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Chapter 1

Introduction

Amongst the world-wide developed pulping technologies the kraft process
is by far the most dominant process for the production of bleachable pulp
grades. Because of the high strength properties of the produced pulps and the
ability to pulp basically all hard- and softwoods the kraft process has outper-
formed the former leading acid sulfite process. However, pulping processes
based on sulfite have also distinct advantages. Compared to the strongly
alkaline kraft process, sulfite pulping is highly adjustable since it can be ap-
plied over a wide pH range and allows the production of various pulp grades.
For example, the ASAM process developed by the work group of Professor
Patt at the University of Hamburg received considerable attention in the
1980s - 90s due to the outstanding properties of the resultant pulps. Addi-
tionally the AS/AQ (alkaline sulfite anthraquinone) process was considered
by some authors as a promising alternative to kraft pulping. But for several
reasons, which shall not be discussed here, none of these processes attained
commercial importance. Owing to the poor market acceptance of the AS/AQ
process, only a handful of studies have been published on this sulfite based
process, with few extending beyond process optimization coupled with stan-
dard analytical methods.

In a later work it was found that a modification of the AS/AQ process leads
to a significant improvement, yielding pulps comparable with kraft pulps,
particularly when softwood was used as feedstock (Rose/2003). The main
modification was the reduction of the NaOH charge in the initial stage, while
raising the NaOH concentration after the heating-up phase by addition of a
second charge.

In the presented work the pulps generated by the aforementioned modified
AS/AQ process were studied in detail by means of pyrolysis - gas chro-
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matography /mass spectrometry (Py-GC/MS). The starting point was the
execution of two delignification series, one without and the other with modi-
fication. One objective was to find the compositional differences responsible
for the superior properties of the pulps produced by the modified process.
Although standard analytical methods including the quantification of sul-
fonic acid groups (Katz et al.||1984) revealed important differences between
the two delignification series, further details in particular about structural
features of lignin were of interest.

Py-GC/MS was initially only intended to be tested as a novel rapid method
to quantify sulfonic acid groups in pulp. But it was soon realized that Py-
GC/MS had the potential to provide chemical fingerprints containing far
more details on the samples, especially in combination with chemometric
analyses. Previous studies have shown that the constituents of lignocellulosic
materials could be distinguished and quantified with the aid of chemomet-
rics (Bremer| 1991, [Kleen et al|/1993). However, in almost all studies only
the major or well identified pyrolysis products were taken into account even
though some of the several hundreds of further minor products contained in
the pyrolysis fingerprints may provide valuable information. Nowadays, the
computational advancement enables the processing of high amounts of data.
In this work the focus was on the task of capturing as much information from
the pyrolysis fingerprints of the AS/AQ pulps as possible. Within this scope
much effort has been put on the pre-processing of data in a semi-automated
manner to cope with the high complexity and to avoid error-prone manual
evaluation. Eventually the pre-processed data was successfully evaluated by
exploratory chemometric approaches revealing details of the residual lignin
composition in AS/AQ pulps.



Chapter 2

Literature review

2.1 Wood and pulp chemistry

The basic purpose of wood pulping processes is the disintegration of the wood
matrix to yield liberated fibers known as pulp which is not only utilized for
papermaking but also as the raw material for various cellulose derivatives like
cellophane and rayon silk (Sjostrom||{1993). Depending on the required end
product, environmental and commercial constraints, and available expertise
a suitable pulping process is selected. For most applications an extensive and
selective removal of lignin from the wood matrix is desired which is referred
to as chemical pulping. With respect to the established pulping technologies
this target is only met by utilizing strong acidic or strong alkaline cooking
conditions. As lignin is substantially responsible for the cohesion between
the wood fibers its removal results in the desired defibration. But because of
the close association with cellulose and hemicelluloses high chemical charges
as well as fairly high temperatures have to be applied. This leads to some
undesired degradation and dissolution of the polysaccharides accounting for
losses in pulp yield and strength.

Regarding its chemical composition wood consists mainly of the three macro-
molecules cellulose, hemicelluloses and lignin which are all composed of the
three elements carbon, oxygen and hydrogen. The components are closely
associated with each other, the cellulose forming the skeleton of the wood cell
and the hemicelluloses functioning as a matrix material and as a 'mediator’
between lignin and cellulose. Lignin is viewed as an encrusting and cement-
ing component being responsible for the rigidity of wood and the cohesion of
adjacent cells. The relative proportions of these three polymeric constituents
may vary depending on the wood species, tree age, habitat, cell type and even
the cell wall type. In table typical values for the overall composition of
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common soft- and hardwoods are displayed according to Sjostrom and West-
ermark (1998). The two major hemicelluloses found in soft- and hardwood,
glucomannan and xylan, are stated instead of the overall hemicelluloses con-
tent. All values refer to 'normal’ wood, compression and tension wood found
in soft- and hardwoods, respectively, have highly deviating values.

Table 2.1: Relative chemical composition of typical soft- and hardwoods used for
pulping (adopted from [Sjostrom and Westermark, (1998)))

Constituent Softwoods Hardwoods
7] 7]
Cellulose 37 - 43 39 - 45
Hemicelluloses
Glucomannan ¢ 15 - 20 2-5
Xylan ® 5-10 15 - 30
Lignin 25 - 33 20 - 25
Extractives 2-5 2-4

a) Galactoglucomannans in softwood

b) Arabinoglucoronoxylan in softwood and Glucoronoxylan in hardwood

Opposed to cellulose exhibiting the same chemical composition in all wood
species, the hemicelluloses and the lignin can show considerable variation
e.g. between softwoods and hardwoods. In addition to the three polymers
low molecular-weight substances summarized as extractives and inorganic
compounds are found in wood (Sixta [2006, Sjostrom|(1993).

2.1.1 Polysaccharides
2.1.1.1 Cellulose

Cellulose is the most abundant biopolymer of the biosphere. In most wood
species it is the main constituent with a relative proportion of approximately
37 - 45 % of the dry matter. Cellulose is a strictly linear homopolysaccha-
ride consisting solely of 5-1-4 linked anhydroglucose molecules with cellobiose
being the smallest repeating unit (figure [2.1). The average degree of poly-
merisation (DP) of wood cellulose is quoted with about 10000. Due to their
long-chained and unbranched character cellulose molecules tend to be sub-
ject to intra- and intermolecular forces leading to the aggregation to polymer
bundles interlinked by hydrogen-bonds. These bundles again aggregate to

9
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micro fibrils which show highly ordered crystalline regions alternating with
less ordered amorphous regions (Sixta 2006} [Sjostrom, (1993)). The high de-
gree of order in its ultrastructure accounts for the good mechanic durability
of cellulose fibers in the direction of the polymer-orientation and is the basis
for various applications of 'industrial” cellulose. Another important physical
property is its insolubility in water and most organic solvents.

, . 4 OH OH
OH 6 OH
g 2 Om N Om
s B
o HO P 0 HO 0
TONT[® ° 3 OH . ) S OH >
OH OH
Figure 2.1: Cellulose structure

2.1.1.2 Hemicelluloses

Hemicelluloses include an assortment of different amorphous heteropolysac-
charides consisting of monomeric units of D-glucose, D-xylose, D-mannose,
D-galactose, L-arabinose, D-glucoronic acid, 4-O-methylglucoronic acid, D-
galacturonic acid or in few cases L-rhamnose. These polysaccharides are
branched and have a much lower DP (approx. 50 to 300) than cellulose
contributing approximately 20-30% to the dry matter of wood (Sixtal[2006,
Sjostrom|/1993)).

, OH OH .
~o0 0 RO 0 0 RO o~
8 OR OR or /"
HO o RO 0
OH o6 0 0
o) OH
OH ; R =CH;CO ORH
HO .
o)
OH OH

Figure 2.2: Softwood glucomannan structure

The predominant hemicelluloses found in softwood are glucomannans, galac-
toglucomannan and arabinoglucoronoxylans. The backbone of glucomannans
consists of a slightly branched or linear chain of $-1-4 linked D-mannopyra-
nose and D-glucopyranose units. Depending on the frequency of single units
of D-galactopyranose being linked by «a-(1-6)-bonds to D-mannopyranose

10
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units these hemicelluloses are referred to as glucomannan or galactogluco-
mannan. The C2- or C3-hydroxyl groups of the backbone are partly substi-
tuted by O-acetyl groups (figure (Fengel and Wegener| (1984, |Sjostrom
1993)).

The backbone of arabinoglucoronoxylan, often referred to as xylan, consists
of B-(1-4)-linked xylopyranose units. 4-O-methyl-D-glucuronic acid and L-
arabinose are linked as single-unit side chains by a-(1-2)- and a-(1-3)-bonds,
respectively. Substitutions by acetyl groups are not found ((figure [2.3)).

]
OH
HO (o) 0 HO o~
oH /*
o] o o
; o - oK 9)

4
~o ]
B
HO
25
;
OH
HO 0
]
OH a
H,CO d

HO.C CH,0H OH

Figure 2.3: Softwood xylan structure

The major hemicellulose found in hardwoods is O-acetyl-4-O-methylglucu-
rono-$3-D-xylan. Opposed to softwood xylan the backbone shows a high
degree of substitution of the hydroxyl groups by acetyl groups at the C2
and C3 positions. Side chains consist of single units of 4-O-methylglucuronic
acid. The second most abundant hemicellulose is glucomannan which has no
side chains.

2.1.1.3 Dissolution and degradation of polysaccharides

Undesired losses of the polysaccharides can be considered the limiting factor
in chemical pulping affecting pulp yield and strength properties. The high
alkalinity and the high temperatures of 150 to 180°C applied in kraft, soda
and AS/AQ pulping have several effects. Already in the heating-up period
low-molecular hemicelluloses are dissolved and hemicellulosic acetyl groups
are cleaved consuming considerable amounts of alkali. With increasing tem-
perature also major parts of the higher-molecular amorphous hemicelluloses
dissolve and both, hemicelluloses and cellulose are subjected to alkali-induced
‘primary peeling’ reactions, i.e. starting from the reducing end stepwise elim-
ination reactions of monomeric units occur. At high temperatures further
degradation of the polysaccharides involves alkali-induced hydrolysis leading

11
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to random cleavage of the glycosidic linkages. Thus, ’secondary peeling’ re-
actions are enabled starting from the new end groups formed. The peeling
reactions continue until a competing ’stopping reaction’ occurs stabilizing
the end groups by the formation of an aldonic acid (Sjostrom||1993).

In the last two decades considerable interest has been focused on the hex-
enuronic acids (HexA) generated by alkali-induced demethoxylation reactions
of the glucuronic acid residues present in xylan side chains. It has been shown
that HexA consume permanganate during the essential Kappa tests leading
to biased results. Furthermore, HexA are associated with paper yellowing, if
not removed in bleaching, and may consume substantial amounts of bleach-
ing chemicals, when e.g. a chlorine dioxide (D)-stage is employed (Buchert
et al.|[1995, Teleman et al. /1995, Li and Gellerstedt| 1998, Jiang et al.[[2000),
Gustavsson and Al-dajani| 2000, Sevastyanova et al.|[2006|, Sjostrom|2006]).

In alkaline sulfite processes reactions between Nay;SO3 and the polysaccha-
rides may occur but do not play a major role. [Yamazaki and Nakano (1972)
have shown that sulfonation of holocellulose may take place with increasing
tendency in alkaline environment. It is also assumed that the addition of
NaySO3 may reduce the oxidative degradation of the polysaccharides (Ohi
et al.|1989).

2.1.2 Lignin
2.1.2.1 Native lignin

Lignin shows the most complex structure of the three major wood con-
stituents. Although the detailed composition still remains unclear its major
structural features have been elucidated. It is a hetero-polymer consisting of
three-dimensionally interlinked monolignols which can derive from the three
different phenylpropanoid precursors para-coumaryl, coniferyl and sinapyl
alcohol. These monomeric building blocks incorporated in the polymer are
commonly referred to as p-hydroxyphenyl, guaiacyl and syringyl lignin units
(abbreviated with the acronyms H-, G- and S-units) which only differ in
their degree of methoxylation of the phenolic residue. Lignins are found in
all grasses, hard- and softwoods, but the overall amount and the ratio of
the three different phenylpropane units vary greatly. Softwood lignin con-
sists almost only of G-units, hardwood lignin of S- and G-units and only in
grasses high amounts of H-units are found next to S- and G-units. A further
characteristic adding to the complexity of lignin is the occurrence of various
different bonding types between the monomers. The main linkages according

12
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toRalph et al.|(2004) are shown in Figure . Table displays experimen-
tally determined values for the abundance of each of these linkages found in
the literature. The arylglycerol-S-arylether (5-O-4) linkage is by far the most
abundant linkage with a proportion of up to 50 % in softwoods and around
60 % in hardwoods (Nimz 1974, |Adler 1977, Brunow et al|/1998). Apart
from the aryl ether linkages (5-O-4 and a-O-4) a number of carbon-carbon
bonds, referred to as condensed structures, are found. Due to the free C5
position at the phenolic residue particular linkages like the -5 and the 5-5
bondings can only interlink G- or H-units. This implies that softwood lignin
consisting mostly of G-units has higher proportions of these linkages and is
more condensed than hardwood lignin.

Lignin also contains various functional groups. Next to methoxyl groups
phenolic and aliphatic hydroxyl groups and a few terminal aldehyde groups
are present. Since the majority of the phenolic hydroxyl groups are involved
in the aryl ether linkages only 10 to 30% of the phenyl propane units have
free phenolic hydroxyl groups (Brunow and Lundquist|2010).

The frequency of each bonding type and functional group is of great interest
for chemical pulping because the reactivity and degradability of the lignin
is directly influenced by these features. In pulping studies on hardwood
the ratio of syringyl- to guaiacyl-units (S/G ratio) is a frequently studied
structural feature (Guerra et al.[2008, Rutkowska et al.[[2009, [Santos et al.
2011} Silva et al|[2012). A high S/G ratio is attributed to a low amount of
condensed lignin structures and hence a high proportion of 5-O-4 linkages,
which is stated to have a positive effect on alkaline delignification (Lapierre
et al.||1999, Baucher et al.|[2003).

Details on the biosynthesis and the structural features of lignin have been
discussed and summarized, amongst others, by Sarkanen| (1971), Ralph et al.
(2004) and Brunow and Lundquist| (2010)).

2.1.2.2 Delignification chemistry

During chemical pulping delignification is basically reached by degradation
and dissolution of lignin. Parts of the inter-unit linkages are cleaved and
hydrophilic groups are introduced to render the resulting fragments soluble.
Since the initially added pulping chemicals are gradually consumed and lignin
fractions are gradually degraded and dissolved according to their reactivity
the rate of delignification changes over the course of pulping. In this con-
text the delignification process is described by dividing it into three phases.
The initial phase is characterized by a rapid dissolution of extractable lignin
already at temperatures below 140°C which may account for a removal of

13
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Figure 2.4: Major linkage structures of native lignins (p-hydroxyphenyl units: R1
= R2 = H; guaiacyl units: R1 = OMe, R2 = H, syringyl units: R1 = R2 = OMe);
adopted from Ralph et al.| (2004).

20% of softwood lignin and 30% of hardwood lignin. In the bulk phase the
major part of the lignin is selectively removed from the raw material. In
kraft cooks approximately only 10% of the lignin remains in the pulp after
the bulk phase. The residual phase refers to the final stage where the reac-
tivity of the so-called residual phase lignin is low and the selectivity towards
lignin degradation is very poor. At the transition to this stage it is usu-
ally recommended to terminate the cooking process to avoid high losses of
polysaccharides (Gellerstedt| 2009, |Bréannvall [2009)).

In neutral and alkaline sulfite processes the active delignifying species are sul-
fite (SO3 27), bisulfite (HSO3 ~) and hydroxide ions (OH™) and hydrophilic
groups are introduced by sulfonation via nucleophilic attack. A key reaction
is the sulfonation of the C, of the propane side chain of aryl-ether units which
may lead to subsequent sulfidolytic cleavage of the adjacent 5-O-4 linkage
(nucleophilic displacement). The delignification chemistry of the neutral sul-
fite pulping process has been studied by |Gellerstedt| (1976) and (Chen et al.
(1994a)) with the aid of various lignin dimers representing typical structures
in native lignin. It has been shown that at a pH range of 7 - 10 $-O-4 cleav-
age was mainly restricted to dimers with free phenolic groups. The reaction
path proceeded via the formation of a quinone methide intermediate which is
also a typical intermediate in kraft pulping. Only non-phenolic S-aryl ether

14
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Table 2.2: Linkages found in soft- and hardwoods

Structure Linkage Type  Norway spruce Beech

7] 7]
A 3-0-4 36 @ (48 1) 65 ©
B a-0-4 6-8 °
B B-5 12 @ 6 ¢
H -1 9 15 ©
E B-5 2.5 5¢
D 5-5-0-4 5 ¢
F 4-0-5 4 1.5¢
G Spirodienone 2@
C 5-5 4 2.3 ¢

a) [Zhang and Gellerstedt| (2000))
b) [Erickson et al. (1973)
¢) Nimz| (1974)

structures with an a-carbonyl group were also cleaved under these conditions
(Gellerstedt||1976)).

Further sulfonation of the side chain may lead to di- or trisulfonic acids but
also sulfomethylation of the aromatic residue has been observed. Secondary
reactions also involved are the subsequent elimination of sulfonic groups,
cleavage of methylene from the methoxy groups and elimination of the ter-
minal hydroxymethyl groups of the propane side chain to form enol ether
structures liberating formaldehyde. Detailed reaction paths are depicted by
Gellerstedt| (1976) and (Chen et al| (1994al).

The delignification chemistry of alkaline sulfite pulping with a pH greater 10
has not been studied in the same detail as the neutral sulfite process. But as
the alkaline pulping process is capable to generate highly delignified pulps -
with poor strength properties, though - it has been concluded that at high
pH even non-phenolic S-aryl ether structures are cleaved (Gellerstedt| 1976)).
The cleavage mechanism was suggested to follow the ’epoxide pathway’ in-
volving nucleophilic attack by the ionized neighbouring group in analogy to
other alkaline processes (Gierer|[1985). Due to the high alkalinity OH™ may

15
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compete with SOs 2~ for the nucleophilic cleavage of phenolic S-aryl ether
structures. The cleavage of the relatively stable condensed structures plays
only a minor role in alkaline pulping (Gierer |1985)).

2.1.2.3 Residual lignin

The lignin remaining in the pulp after the pulping process is termed residual
lignin. The structure of the residual lignin differs from native lignin in sev-
eral aspects. Considering sulfite pulp lignin the first major difference is the
presence of sulfonated lignin structures since not all sulfonated lignin frac-
tions are cleaved and dissolved. Secondly, the proportion of a— and [-aryl
ether structures in the residual lignin is significantly lowered as a function of
the severity and selectivity of the pulping process. Neutral sulfite pulp lignin
can be expected to still contain considerable amounts of the fairly reactive
non-phenolic S-aryl ether structures. But the residual lignin of alkaline sul-
fite pulps may be approximately as enriched with alkali-stable enol ether
structures and unreactive condensed lignin as kraft pulp lignin. However, it
can be anticipated that the sulfonation partially hinders condensation reac-
tions of lignin involving quinone methide intermediates which are typical for
kraft pulping. During neutral sulfite pulping condensation reactions are not
apparent (Gellerstedt||1976, |Gierer |1985)).

2.2 Alkaline Sulfite Pulping

Though the acidic sulfite process was the predominant pulping process until
the 1950s at present it only accounts for approximately 10% of the chemical
pulp production. A number of significant disadvantages have lead to the
preference of the predominant alkaline kraft process for chemical pulp pro-
duction. Foremost the inferior strength properties of the sulfite pulps, the
long cooking time and a lower recovery yield of the cooking chemicals have
to be noted in comparison to kraft pulping. Further disadvantages are its
sensitivity towards bark, softwoods containing considerable amounts of resins
(Rydholm! (1965, Sixtal|1998)). Still, there are some advantages which explain
the continuous interest in the process. To mention is the excellent bleacha-
bility of sulfite chemical pulp and the near-odorless process as opposed to the
malodorous gases generated in kraft cooks. But in particular, its exceptional
flexibility makes the sulfite process suitable for various niche-products (Patt
and Kordsachia |1991). The conventional acidic sulfite process is conducted
with aqueous solutions of calcium or magnesium hydrogen sulfite and sulfur
dioxide at a pH below 2. The strong acidity leading to extensive hydrolytic
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reactions on the polysaccharides is the main cause for the poor strength prop-
erties of the produced pulps. But the introduction of so-called soluble bases
in the 1950s extended the applicable pH range for sulfite pulping. The sub-
stitution of calcium with magnesium, sodium or ammonium allows a higher
flexibility in the adjustment of the pulping conditions. Particularly sodium
as the base is utilized for sulfite pulping with neutral or alkaline aqueous
solutions allowing the process to be conducted in a range between pH 7 and
almost pH 13 (Ingruber|[1985). The pH is set by choosing an appropriate
ratio of the cooking chemicals sodium sulfite, sodium hydroxide and sodium
carbonate. Along with the total chemical charge (based on wood) the ratio of
the aforementioned chemicals permits an adjustment of the process in terms
of severity and selectivity. Depending on the adjusted pH range the alkaline
sulfite processes are divided into neutral sulfite semi chemical (NSSC) and
alkaline sulfite (AS) pulping.

In the NSSC process NaySO3 or a mixture of NaySO3 and NaHSOs is utilized
as primary reactant. NaOH or NaCOj are added to adjust the initial pH
ranging between 7 and 10. Due to the weak alkalinity of the cooking chemicals
the delignification reactions are slow and only minor amounts of lignin (25-
50%) and hemicelluloses (30-45%) are degraded. In a second process step
a mechanical defibration of the weakened wood matrix has to be applied.
Mainly hardwoods and non-wood plants are utilized for the NSSC process
with pulp yields ranging between 65% and 85% (McGovern| /1952, Masura
1998).

The AS process is conducted with an initial pH ranging between 10 and 13
which is achieved by increasing the NaOH concentration. With NaOH as
main reactant a further delignification can be accomplished, but extensive
losses of yield and strength properties of the pulp have to be accepted. In or-
der to receive pulps with acceptable strength properties and yield cooks have
to be stopped at kappa numbers between 90 and 100 and only subsequent
chlorine bleaching may yield pulp with sufficient brightness. Pulps with prop-
erties comparable to kraft pulp can hardly ever be attained (Ingruber||[1985,
Patt and Kordsachia |1991)).

2.2.1 AS/AQ process

The discovery of the positive effect of anthraquinone (AQ) on alkaline pulp-
ing has lead to ongoing studies on alkaline sulfite processes. AQ causes
stabilization of the polysaccharides and an observable improvement of the
delignification kinetics in all alkaline pulping processes, including soda and
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kraft pulping, but the enhancement on the alkaline sulfite process is much
more pronounced. Only in the presence of sulfite and bisulfite AQ remains
highly effective down to nearly pH 7, otherwise a pH range between 12 and
13 is necessary (Blain/[1993] (Chen et al.[[1994b)).

In a number of studies alkaline sulfite anthraquinone (AS/AQ) pulping has
been considered as a promising alternative to conventional kraft pulping.
Particularly in the late 1970s and throughout the 1980s works from Kettunen
et al.| (1979), Ingruber et al| (1982), McDonough et al.| (1985) and Biasca
(1989) have focused on a better understanding of the reaction kinetics and on
possible improvements of AS/AQ pulping to receive pulps being competitive
with kraft pulps. The process may generate pulps with strength properties
similar to kraft pulps and comparably better bleachability and higher yield.
These advantages diminish rapidly, however, when cooks are conducted to
lower kappa numbers than 50 due to a significant decline in the delignification
selectivity. But the lack of an appropriate and affordable chemical recovery
system and the comparably long cooking time are considered as the main
obstacles for an industrial application (Gellerstedt||1976| Biasca |1989).

2.2.2 ASAM process

The ASAM process refers to an AS/AQ process supplemented by methanol.
The addition of methanol enhances the delignification selectivity significantly,
even down to kappa numbers below 30, and enables the production of pulps
with exceptionally high strength properties, high yields, facile bleachability
and extensive lignin removal. The ASAM pulps have shown to be superior to
kraft pulps in basically all important properties (Patt and Kordsachia/[1991
Sixta/|1998)).

Depending on the wood species and the target properties of the pulp ASAM
cooks are mostly conducted with Nay;SO3 to NaOH ratios ranging between
70/30 and 80/20, a total chemical charge of 20 - 25 %, 4.w00a and methanol
amounting to 10 to 35 %jiquer- The process may also be conducted with
NayCOg3 replacing parts or all of the NaOH which lowers the alkalinity and
hence the rate of delignification (Kordsachia and Patt|[1987).

Because of its outstanding delignification performance the ASAM process
has received a lot of attention in the pulping literature. In addition to the
unfavourable chemical recovery system needed for sulfite processes the in-
dustrial implementation of the ASAM process failed because of the methanol
demanding explosion proof equipment.
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Details on the process can be found in various publications (Patt and Kord-
sachial|19806, |Patt et al.|1987, Kordsachia and Patt| 1987, Patt et al.|[1991]).

2.2.3 ASA process

To overcome the shortcomings of the AS/AQ process and to aim for pulp
qualities close to ASAM chemical pulps without the use of an organic sol-
vent |Rose| (2003) examined various cooking parameters of AS/AQ pulping of
spruce and beech wood. The two key features which improved the AS/AQ
process remarkably towards the aforementioned purpose were a shift of the
NaySO3 to NaOH ratio towards NaOH and a segmentation of the added
NaOH into two separate charges, termed NaOH splitting.

The favoured conditions for the modified AS/AQ pulping of spruce included
an adjustment of the NapySO3 to NaOH ratio to 60/40, a fairly high total
chemical charge of 27.5%/ o.d wood and a cooking time of 150 min at the
maximum temperature of 175°C. 25% of the NaOH was added to the initial
cooking liquor and the remaining 75% was added directly after the heating-
up period of 90 min when the maximum temperature was reached (Rose
2003)).

Even without NaOH splitting an increase of the NaOH charge improved
the delignification resulting in kappa numbers well below 30. But on the
downside the viscosity, as an indicator for pulp strength was comparably low
which pointed to an extensive damage of the cellulose (Patt et al.[2002)). The
application of NaOH splitting showed a very pronounced positive effect, as
shown in table 2.3] The kappa number could be reduced by 6.5 down to
almost 20, the viscosity could be increased by 100 mL/g and the brightness
of the pulps could be improved. The modified AS/AQ process was termed
ASA process.

Table 2.3: Influence of NaOH splitting on AS/AQ pulping of spruce according
to [Rose| (2003); total chemical charge: 27.5%, NaySOs/NaOH ratio: 60/40, cooking
temperature: 175°C, cooking time at T,,q,: 150 min

NaOH splitting  Kappa no. Viscosity brightness yield shives
7] %] [ml/g] [ISO % %] %]
100/0 26.7 1125 25.1 47.8 2.1
25/75% 20.2 1228 32.6 47.7 2.3

a) 75% of NaOH added after 90 min when T,,,, was reached
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2.3 Chemical Characterization

For the chemical characterization of lignocellulosic biomass a vast number
of different methods are available and detailed descriptions can be found in
literature. Distinctions between the various methods may be drawn with
respect to the analytical technique or with respect to the level or depth
of characterization. The most basic level is the qualitative and quantita-
tive determination of the main components cellulose, hemicelluloses, lignin,
extractives and inorganics. In most studies on pulping and bleaching per-
formance the quantification of wood and pulp components plays an essential
part. A set of standardized procedures designed for the pulp and paper in-
dustry allows the determination of each component separately (TAPPI and
SCAN test methods). The inorganics are determined via the ash content,
the extractives by a soxhlet extraction procedure, the lignin by Klason lignin
or kappa number determination and the assessment of polysaccharides by
extraction of lignin with sodium chlorite and subsequent alkali dissolution
of the hemicelluloses. The relevant test methods can also be adapted to a
smaller scale (Ona et al.|[1995).

The compositional analysis of each component can be considered the next
higher level of characterization. The methods are more time-consuming and
also demand higher expertise. In particular hemicelluloses and lignin, show-
ing high variation in composition, have been subject to multiple studies.
Most methods involve several experimental steps including isolation and de-
polymerization of the wood component under study. Polysaccharides are
effectively depolymerized by hydrolysis with aqueous acids or by methanol-
ysis which was reviewed by (Chambers and Clamp| (1971), amongst others.
As the final step, the quantification of the monomers is carried out with
chromatographic techniques such as high performance anion exchange chro-
matography with pulsed amperometric detection (HPAEC-PAD) and gas
chromatography /mass spectrometry (GC/MS) (Rocklin and Pohl (1983 |Sul-
livan and Douek|/1994} Sundberg et al.[[1996)).

For the analysis of lignin composition well-established degradative meth-
ods such as nitrobenzene oxidation (Sarkanen|1971)), thioacidolysis (Lapierre
et al[|1985) and derivatization followed by reductive cleavage (DFRC) (Lu
and Ralph|1997)) are applied. These procedures mainly lead to the cleav-
age of the highly abundant $-O-4 linkages without any undesired condensa-
tion reactions. The dissolved monomers are finally analysed by GC/MS, gas
chromatography coupled with a flame ionization detector (GC/FID) or liquid
chromatography (LC) giving close estimates of the ratio between the different
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phenyl propane units (S/G/H ratio) and allow the quantitative determina-
tion of $-O-4 structures. With particular modifications of both procedures
also C-C bonded dimers or even oligomers can be determined (Peng et al.
1998, [Lapierre et al./[1991]).

All degradative methods are unable to reveal the actual sequence and struc-
ture of the wood polymers in the sample under study and the degradation
procedures may even lead to alterations obscuring some structural details.
The highest level of characterization so far can be achieved by solution-state
2D nuclear magnetic resonance (NMR) methods which enable the elucida-
tion of lignin subunit composition, lignin interunit linkage distribution and
polysaccharide profiling without prior isolation of the components (Lu and
Ralph| 2011}, Mansfield et al.|2012).

To supplement the structural analysis of lignocellulosic material there are also
numerous methods available for the quantification of the various functional
groups and, in case of pulps, methods for the determination of physical prop-
erties (e.g. fiber strength, brightness and viscosity) have high significance.
Most studies on pulping and bleaching performance, however, concentrate
only on a few particular structural and physical features to avoid dispens-
able and time-consuming analyses (O’Connell et al.[|2002, Guerra et al.[[2008,
Rutkowska et al.[2009, Santos et al.| 2011} |Silva et al.|2012).

Regarding studies on sulfite pulping and sulfite pre- or post-treatment of
wood or thermomechanical pulp, respectively, the determination of sulfonic
acid groups incorporated into lignin may be of interest. The sulfonation
is often a rate-determining step in the delignification (Rydholm|/1965) and
particularly for high-yield pulps the degree of sulfonation has an impact on
papermaking properties (Atack et al|/1980, Zhang et al.|[1994). Difficulties
in developing an appropriate direct method for the determination of sul-
fonic acid groups arise from the presence of other anionic groups which make
it necessary to distinguish between weak and strong acids. The review of
Beatson (1992)) has thoroughly covered a few direct methods (Sjostrom and
Enstrom| 1966}, |(Cappelen and Schoon||1966, | Katz et al.[|1984) and the indirect
determination of sulfonic acid groups via the sulphur content (Douek and Ing
1989) up until the 1980s. The conductometric titration proposed by Katz
et al.|(1984) has been established as the reference method as it has proven as
highly accurate and enables to distinguish between carboxylic and sulfonic
acids. The method of Sjostrom and Enstrom| (1966) based on the selective
ion-exchange interaction between sulfonic acids and benzidine ions and the
potentiometric titration method proposed by (Cappelen and Schoon| (1966)
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both lack complete selectivity (Katz et al.1984).Westermark and Samuels-
son! (1993) proposed a method similar to the one of |Sjostrom and Enstrom
(1966)) using quinoline hydrochloride as an alternative to benzidin. At a pH
of 2.5 quinoline is selectively bond to the sulfonic groups and can be eluted
again by 0.5 M HCIL. The released quinoline is finally determined by UV-
spectrophotometry. Results showed a very good agreement with the results
using conductometric titration. Applications involving analytical pyrolysis
for the sulfonic acid group determination is discussed in section [2.3.4]

2.3.1 Benefits of instrumental chemistry

The detailed characterization of wood and other lignocellulosic biomass has
advanced quickly in the last decades. Because of the development and refine-
ment of various spectroscopic and chromatographic applications and signif-
icant enhancement of the measuring devices good alternatives to a number
of wet-chemical standard procedures have emerged. Though, wet-chemical
procedures still play an important role, they are mostly time-consuming and
often only allow the characterization of one or two features of the analyte
at the time, e.g. kappa number. At present nearly any available chromato-
graphic and spectroscopic technique has been tested for its suitability to
substitute or complement traditional wet-chemistry. Techniques such as nu-
clear magnetic resonance (NMR), infrared (IR) or Raman spectroscopy and
pyrolysis coupled with gas chromatography (Py-GC) and/or mass spectrom-
etry (Py-GC/MS, Py-MS) (see section [2.3.2)) have gained great interest, since
they are capable of providing information on several structural features si-
multaneously and hence can be used as effective screening tools for large-scale
sample sets. Because of the multivariate nature of the resulting analytical
data the evaluation can be greatly improved by chemometric approaches (see

section [2.3.3]).

2.3.2 Py-GC/MS

Analytical pyrolysis enables the study of solid and liquid organic macro-
molecules. By applying enough thermal energy cleavage of covalent bonds oc-
curs. The analysis of the resulting fragments by gas or liquid chromatography,
mass spectrometry, or infrared spectroscopy may lead to qualitative, quanti-
tative or structural information about the macromolecular analyte (Wampler
1995, Moldoveanu! (1998)). The most common analytical technique hyphen-
ated with pyrolysis is gas chromatography (Py-GC) which allows the separa-
tion of the volatile fragments. For the detection and quantification of these
volatiles mostly FID or MS are coupled with the GC. But also direct hyphen-
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ation of the pyrolysis with mass spectrometry is a well-established technique
(Moldoveanu! [1998). Applications of analytical pyrolysis include the analysis
of natural or synthetic polymers, fuel sources, micro-organisms, surfactants,
composites, complex industrial, forensic and various environmental materials

(Wampler|1995).

2.3.2.1 Aspects of sample preparation

In many cases analytical pyrolysis only demands very little sample prepara-
tion. Apart from reasonable drying solid samples do not have to be milled,
extracted or subjected to other pretreatment as long as they fit into the
device-specific sample holder. In particular, if only overall qualitative struc-
tural information is required this advantage makes pyrolysis a rapid screening
tool.

Though, for the purpose of (semi-)quantitative analyses or detailed compar-
ison of highly similar samples reasonable sample preparation becomes nec-
essary. Because of very small sample sizes (well below 1 mg) being usually
advantageous in analytical pyrolysis thorough milling helps to homogenize
the samples and improve reproducibility significantly. Bremer (1991)) also
recommended a thorough desiccation of lignocellulosic samples since a no-
ticeable influence of residual water on the pyrolysis fingerprints was observed.
In addition, sample contamination has to be avoided as it can have high im-
pact on the analysis results (Wampler| 1995).

Further sample pretreatment may be necessary if certain inorganic species
are present in the analyte. It has been reported by several authors that
inorganic compounds may have a strong catalytic effect on the pyrolysis of
lignocellulosic biomass altering the product pattern (van Loon et al.|1991]
Kleen and Gellerstedt||1995, Muller-Hagedorn et al.| 2003, Fu et al. 2008]).
Higher amounts of e.g. sodium or magnesium ions may even lead to the
absence of any valuable chemical information in the data as it was observed
for freeze-dried pulping liquors (in-house). In this case prior removal of the
inorganic species is advisable.

For the well-established approach of using the pyrolysis apparatus for the si-
multaneous thermal decomposition and derivatization of analytes the manner
of application of the additional reactant has to be considered. As an example
tetramethylammonium hydroxide (TMAH) is widely used as a derivatizing
agent for the analysis of lignocellulosic material. Mostly, the TMAH is added
in excess as a diluted solution to achieve a thorough contact between sample
and reactant. To remove the solvent and avoid undesired oxidation reac-
tions the pretreated samples are dried under nitrogen or vacuum (Hardell
and Nilvebrant||1996, Vane et al.|2001)).
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2.3.2.2 Analytical pyrolysis

By definition, pyrolysis refers to chemical degradation reactions caused by
thermal energy in the absence of oxygen. In most analytical settings pyrol-
ysis is utilized to transform macromolecular organic substances into volatile
fragments which can subsequently be analysed by MS or GC/MS. If sufficient
thermal energy is provided cleavage of covalent bonds by different degrada-
tion mechanisms is achieved and stable fragments are generated. For most
applications pyrolytic reactions take place at temperatures well above 300°C
(Moldoveanu![1998]). Typical temperatures applied to lignocellulosic samples
lie between 450 and 650°C (Alves et al.|2006} Rodrigues et al.[1999,|Choi et al.
2001}, [Ucar et al.|2005, [Yokoi et al.|2001) |Gerber et al.[2012, Faix et al.|1991,
Nunes et al.[|2010, Kleen and Lindstrom|(1994). Temperatures beyond 800°C
lead to unspecific low molecular fragments which often lack any informative
value. Apart from the temperature also other measurement parameters, e.g.
heating rate, heating time and pyrolyzer design have a high impact on the
resulting product distribution. Due to the significant improvement of py-
rolysis instrumentation in the last two decades the measurement parameters
can be controlled in a reproducible way. As a result the repeated pyrolytic
degradation of an analyte under the same conditions ideally yields a similar
characteristic "fingerprint" (Wampler|1995). Nowadays analytical pyrolysis
is utilized for qualitative and quantitative applications and even minor differ-
ences between samples may be traceable by this technique. Wampler| (1995),
Moldoveanu| (1998) and [Irwin| (1982) offer detailed descriptions of the history,
reaction mechanisms and applications of analytical pyrolysis.

2.3.2.3 Gas chromatography

Gas chromatography enables the separation and analysis of vaporizable com-
pounds without decomposition and, hence, the composition of complex mix-
tures may be elucidated. The separation mechanisms are based on the
temperature-dependent different interactions between the inner coating of
the separating column (stationary phase) and each component of a mixture
(mobile phase) because of their molecular size and polarity. The quality of
separation is influenced by a number of parameters, e.g. the choice of col-
umn length, column coating, carrier gas and temperature program. Well
adjusted parameters allow a reproducible time-resolved detection of the sep-
arated components eluting at the end of the column (Hiibschmann| (1996).
Although a slow temperature rise time can be expected to improve separation
there is a trend towards short temperature programs with steep temperature
ramps to increase the analysis throughput. This technique, termed "fast
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GC", utilizes shorter columns and demands sophisticated data-evaluation
due to inferior separation. It is best realized by hyphenation with the new
generation of mass spectrometers (Time-of-Flight(TOF)-MS) which offer a
high rate of data acquisition.

Today gas chromatography can be considered an indispensable workhorse
technique in most analytical laboratories. The ability to detect and quan-
tify trace amounts of various volatile substances present in complex mixtures
and the development of various other analytical techniques hyphenated with
GC results in a broad field of applications. Hyphenated with analytical py-
rolysis sample-specific fingerprints can be obtained which may be used for
classification or other multivariate approaches.

2.3.2.4 Mass spectrometry

For the detection and quantification of the GC separated molecules mainly
flame ionization detectors and mass spectrometers are utilized. The ma-
jor advantage of mass spectrometry is the additional ability to identify the
eluting components. After entering the MS via a transfer line connecting
the GC with the MS the GC separated molecules are ionized under high-
vacuum. The most commonly used ionization method in mass spectrometers
is electron ionization (EI). Here, each molecule is bombarded by electrons
generating a radical cation which initiates an instant further fragmentation
depending on its stability. All charged fragments are recorded by a mass
selective detector resulting in a distinct and highly reproducible molecular
fragmentation pattern called mass spectrum. Various commercial libraries
are available containing extensive collections of mass spectra of identified
compounds.

Instead of recording a broad range of mass fragments to receive comprehen-
sive mass spectra, called full scan, the data collection may be reduced to a
small number of certain ion fragments, called selected ion monitoring (SIM),
to improve the detection limit. The selected ions serve as representatives of
the associated molecules. For evaluation purposes it is also common practice
to extract representative ions for each compound of interest from full scan
measurements. The peak areas of extracted ions or ions collected in SIM
mode are proportional to the corresponding full scan peaks (Hiibschmann
1996)). Reale et al. (2004) has thoroughly reviewed various analytical tech-
niques utilizing mass spectrometry for lignin analysis.
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2.3.3 Multivariate data analysis

For many years now multivariate approaches have been recognized as invalu-
able tools for the evaluation of extensive amounts of data. The early appli-
cation of these statistical and mathematical methods to measured chemical
data is strongly related to the increasing access to computers and go back to
the 1970s (Kessler 2007, Otto|[2007)). Svante Wold and Bruce R. Kowalski in-
troduced the term chemometrics which may be defined as follows: "How to get
chemically relevant information out of measured chemical data, how to repre-
sent and display this information, and how to get such information into data’
(Wold [1995). Chemometric techniques not only include exploratory multi-
variate approaches (pattern recognition, classification, discriminant analysis)
and multivariate calibration methods (e.g. Partial least squares regression
(PLSR)) but also quantitative structure-activity relationships (QSAR) stud-
ies, multivariate curve resolution (MCR) and design of experiments (DOE).

The benefit of multivariate analysis (MVA) of spectroscopic and chromato-
graphic data can be explained by the nature of the acquired data. Most
wet-chemical methods in wood and pulping science (e.g. kappa number de-
termination, ash content) yield a single numerical result per sample. Also
spectroscopic methods are often utilized for single responses, e.g. UV spec-
troscopic determination of dissolved lignin content may be measured at a
wavelength of 280 nm (Sjostrom!|1999). These univariate data sets are typ-
ically evaluated by univariate analysis including statistics (e.g. arithmetic
mean, standard deviation, analysis of variance (ANOVA)), univariate cali-
bration (e.g. simple linear regression) and bivariate analysis, i.e. a relation-
ship between two different univariate data sets at a time is explored (e.g.
kappa number as a function of pulp yield).

In contrast, infrared spectroscopic and gas chromatographic measurements
both yield signal profiles consisting of up to several hundred or thousand
scans and each scan may be regarded as a variable. In chromatographic
profiles, though, it is also common practice to treat the eluting peaks (con-
sisting of several scans) as variables instead. Although by far not every scan
holds valuable information, infrared spectroscopy and chromatographic de-
vices serve the purpose of providing several details of a complex sample or
sample mixture simultaneously. Provided that the amount of measured sam-
ples is sufficient in a statistical sense multivariate analysis enables to extract
all the meaningful information from this kind of multivariate data.
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Conventional univariate or bivariate data analysis is still routinely used for
spectroscopic and chromatographic data but the advantages of MVA have
made it a very popular alternative or even the method of choice.

In the following sections[2.3.3.T]and [2.3.3.2]short descriptions of the two MVA
techniques principal component analysis (PCA) and partial least squares
regression (PLSR) are given. Details on these and various other techniques
can be found in multiple publications (Massart et al.[|1997, Brereton [2003,
Kessler| 2007).

2.3.3.1 Principal component analysis

Principal component analysis (PCA) is a chemometric procedure which may
be applied when a high number of variables, attributes or properties are
measured on a large-scale data set and it is aimed at reducing the extensive
data to a few meaningful and independent factors. PCA enables to reduce a
large N-dimensional space into a small M-dimensional space (M«N). An out-
standing feature of this procedure is that most of the information contained
in the data is retained and in most cases it actually will be displayed in a
clearer way. PCA merges strongly intercorrelated variables into new latent
variables which are also termed factors or principal components (PC). These
principal components are determined with respect to their importance for the
data set. The explained variance of each PC defines the sorting order. The
first PC is always showing in the direction of the maximal variance within
the data. The second PC has to be perpendicular to the first as the PCs
construct a new coordinate system. In addition it has to explain the next
highest variance in the data. It is proposed to extract as many PCs as neces-
sary to gather all important information contained in the examined data set.
The random noise, e.g. caused by fluctuations of the measuring device or
sampling variation, should be excluded. Hence, PCA separates meaningful
patterns from random noise. In certain cases PCA may be susceptible to
errors. If the model contains too few PCs the data is not described suffi-
ciently (underfitting) and if parts of the random noise is included into the
model (overfitting), unpredictable negative effects can arise when the model
is applied on new data (Massart et al.|[1997, Kessler and Kessler|2010)).

2.3.3.2 Partial least squares regression

Partial least squares regression has gained considerable importance in the
last decades to describe dependencies between multiple, sometimes highly
intercorrelated variables. In chemistry PLSR has emerged by far as the most
popular multivariate regression algorithm. In particular in spectroscopy sam-
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ple properties (termed y-variables), tedious to measure by other means, are
calibrated by PLSR from rapidly determined spectra (termed x-variables).
The popularity of this regression method can be reasoned by particular ad-
vantages: Opposed to other multivariate approaches PLSR still performs
well when x-variables are highly correlated and/or intercorrelated and the
number of scans or peaks (variables) is much higher than the number of
samples (objects). Both is usually the case in IR spectra and Py-GC/MS
data. In analogy to PCA the PLSR procedure extracts principal components
but for this purpose the calculations include the known sample properties
(y-variables) of the calibrants. As a result the PLS components are more
associated with the target values than it is the case if the y-variables were
excluded. The risk of over- or underfitting persists. With the aid of the
resulting calibration models the properties of unknown samples can be cal-
culated on basis of their measured spectra or chromatograms (Brereton/[2003,
Kessler and Kessler|2010)).

2.3.4 Applications of analytical pyrolysis

Analytical pyrolysis has been extensively applied for the characterization of
lignocellulosic material. Utilized techniques include Py-MS (Evans et al.
1986, [Pouwels and Boon!|[1990, Tuskan et al.|[1999, |Labbe et al. 2005, Mann
et al.|2009), Py-GC/FID (Bremer||1991, Marques et al.| 1994, [Yokoi et al.
1999, Ucar et al|2005, Alves et al. [2006), Py-GC/MS (Faix et al|/1988|
Kleen et al.|[1993| [Sjoberg et al. 2002, Ucar et al.[[2005) and pyrolysis cou-
pled with simultaneous derivatization primarily with TMAH, often named
THM-GC/MS (Hatcher et al.||1995, Hardell and Nilvebrant| /1996, Filley
et al.[|2002), but also other derivatizing agents were applied (Kurodal 2000,
Fabbri et al|2002). Also derivatization prior to the pyrolysis has been in-
vestigated. |Camarero et al.| (1999) employed diazomethane methylation to
various isolated lignins and concluded that pyrolysis may be used for the
determination of free phenolic groups.

Apart from studies focusing primarily on analytical pyrolysis (Galletti et al.
1995, \(Camarero et al.|[1999)), there are numerous publications comparing or
correlating pyrolysis results with other analytical techniques (Backa et al.
2001, Lima et al|?2008|, Nunes et al|2010) or describing in-depth charac-
terization of lignocellulosic biomass with analytical pyrolysis supplementing
the fleet of analytical techniques applied (Ibarra et al|2007, Rencoret et al.
2008). Most studies concentrate on lignin because of its distinct and highly
reproducible degradation pattern providing straight forward details on the
samples (Galletti and Bocchini [1995). The numerous volatile degradation
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products mainly include derivatives of monomeric phenylpropane units char-
acteristic for the lignin polymer (Faix et al|[1990). Apart from cleavage
of the comparably weak a- and (-O-4 linkages yielding the monomers the
propanoid sidechain of the lignin fragments is partly or completely degraded.
In addition pyrolytic dehydrogenation reactions lead to double bonds in the
side chain. The chemistry of decomposition becomes even more complex as
secondary reactions take place which may result in e.g. the conversion of
guaiacols to catechols (Faix et al.|[1987)). Tt is still not clearly answered which
lignin substructure each of these pyrolysis products derive from (Dorrestijn
2000). To get a better insight into the cleavage mechanisms of the
various chemical bonds of lignin structures numerous studies have been con-
ducted on model compounds (Brezny et al{1983] Klein and Virk|1983, [Evans|
let al.|1986, Faix et al.| 1988, Masuku et al.|1988, Bredenberg et al.|1989, Britt|
let al[1995| [Kuroda et al|[2007, [Kawamoto and Saka 2007, Watanabe et al.|

2009).

Analytical pyrolysis has gained considerable popularity for the assessment
of changes in ratio of the p-hydroxyphenyl (H), guaiacyl (G) and syringyl
(S) units of lignin. Although several alternative methods like thioacidolysis,
NMR or FTIR are also applicable analytical pyrolysis may be the quickest
and most straightforward technique besides FTIR. In particular the S/G ra-
tios of hardwoods are used as an important indicator for the degradability of
lignin and hence has significance in studies dealing with forest breeding (Ro-
drigues et al||1999)), genetic engineering of wood properties (Baucher et al.
2003), the comparison of pulp wood species (Rencoret et al|2007) or the
changes in the course of delignification (Ibarra et al.[2005, Rovio et al|2011)).
Owing to the higher reactivity of syringyl type lignin all degradation meth-
ods including analytical pyrolysis tend to overestimate the syringyl moiety
(Sarkanen and Hergert 1971} (Genuit et al||1987). In most studies the S/G
ratio has been determined by calculating the ratio either between the sums
of all syringyl-type and all guaiacyl-type phenols, respectively
et al|[1999, |Choi et al|2001)), or only between the sums of defined selections
of syringyl-type and guaiacyl-type phenols (Lima et al|2008, Nunes et al.
. To determine appropriate correction factors for the overestimation of
the syringyl-type lignin several studies have correlated the results of analyt-
ical pyrolysis with other methods (Bottcher||1993, [Lima et al.| 2008, Nunes

et al) 2010).

PCA was used by several authors to perform discriminative analyses on the
basis of analytical pyrolysis. In a study on Eucalyptus camaldulensis
(1999) showed that within-tree variations of lignin composition can well
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be traced by utilising Py-GC/FID data for a multivariate approach. And also
a discrimination of trees of the same species with different origins succeeded
(Yokoi et al[2001). Eleven different E. camaldulensis trees were distinguished
using 13 G- and 13 S-lignin derived products as the variables. The products
deriving from polysaccharides were not considered. Also the S/G ratios were
determined simply by taking the ratio of the respectively summed up S- and
G-lignin derived products. But a discrimination by means of the S/G ratios
was insufficient.

Backa et al.|(2001) compared FTIR and Py-GC/FID for the characterization
of fungal degraded birch wood by means of PCA and PLS. They concluded
that both analytical techniques could be utilized to give detailed informa-
tion on structural changes and to predict the weight losses (from 0 to 45%)
due to fungal degradation. But Py-GC/FID was somewhat superior for the
assessment of the different degradation patterns with respect to the type of
fungus under study (brown-rot versus white-rot fungus).

Sjoberg et al.| (2002) employed Py-GC/MS along with a combination of en-
zymatic hydrolysis and capillary electrophoresis for the analysis of the com-
position of the surface and inner layers of softwood pulp fibers obtained
from various alkaline pulping processes. The evaluation of the Py-GC/MS
data by PCA enabled a clear discrimination between surface and inner layer
samples but also between kraft and soda-type pulps. In addition, the sur-
face layer samples could be associated with relatively higher abundances
of lignin-derived products with shortened aliphatic side-chains indicating a
higher degree of lignin degradation. The higher lignin content on the sur-
face layer as compared to the inner layers was also revealed by the pyrolysis
data. The calculations of the respective lignin contents, though, were not
performed by a multivariate approach. For each sample the peak areas of
lignin-derived products were summed up and simply related to the respective
sum of all peak areas. This simple method of lignin quantification has also
been investigated by |Alves et al.| (2006]) and Fahmi et al. (2007) on some soft-
woods and grasses respectively. They correlated the sum of area normalized
lignin-derived peaks to results obtained from the Klason method and built
simple linear regression models with correlation coefficient of R?=0.93 and
R?=0.88 respectively. [Fahmi et al.| (2007) used PCA to preselect the best
correlating lignin-derived products for quantification.

For the quantification of lignin and the polysaccharides also the potential
of multivariate linear regression has been investigated. Bremer| (1991) com-
pared several methods for the quantification of the main constituents by
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Py-GC/FID. More than 50 lignocellulosic samples, mainly comprising vari-
ous wood species, and 114 identified peaks were used as basis for the study.
Next to the comparison of simple linear regressions using various area sums
of meaningful subselections of peaks multivariate PLS regressions were con-
ducted. Although some of the simple regression models were acceptable it
could be shown that PLS regression yielded the best results. PLS models
with correlation coefficients R? >0.99 were obtained for lignin, the sum of
hexoses, sum of pentoses, glucose and xylose. Only for mannose, galactose
and arabinose R? was below 0.9.

In the study of Kleen et al.| (1993) PCA and PLS were conducted on the
Py-GC/MS data obtained from 32 softwood kraft pulps with kappa numbers
ranging from 85 to 25 and pulp yields lying between 59.7 and 43.1%. PCA
enabled a clear grouping of the pulps in dependence of the cooking time
mainly caused by the decreasing lignin content over time by using only 23
pyrolysis products. Various further details were concluded from the PCA
results presented by the score and loading plot which were in accordance with
the prior knowledge of the authors about kraft pulping. From the obtained
PLS regression results the authors concluded a high potential of Py-GC/MS
for the quantitative analysis of the main constituents of softwood kraft pulps.
Various further studies dealing with the analysis of lignocellulosic material
by means of analytical pyrolysis combined with multivariate data evaluation
can be found in literature (Sjoberg et al.[2004, Labbe et al.|2005| |[Meier et al.
2005, |Vinciguerra et al.|[2007, |Alves et al.[2009, Gerber et al.[2012).

The feasability of employing analytical pyrolysis for the quantification of
sulfonic acid groups in lignosulfonic acids has been illustrated by van Loon
et al. (1993). A selective and quantitative procedure based on Py-MS was
applied on a number of reference lignosulfonates and efluent samples from
sulfite pulp mills. In previous studies it was already demonstrated that the
pyrolysis of sulfonic acids yields SO5 and the capability of using this pyrolysis
product for quantification was suggested (van de Meent et al.|1982, van Loon
et al.[[1991). As the Py-MS technique is lacking appropriate separation of the
pyrolysis products the quantification has to be done by selectively integrating
peaks of marker ions unique to the respective analyte. In case of SO, m/z 64
is used as the representative. Best results were achieved with the standard
addition method.
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Materials and Methods

3.1 Alkaline Sulfite Anthraquinone Pulping

Samples analysed in this work were obtained from cookings with wood chips
of spruce (Picea abies). The wood chips were supplied by the sawmill Ruser in
Bornhoved (Schleswig-Holstein). The wood chips were sorted by a vibrating
screen with a slotted sieve of 8 mm and a wire mesh with mesh size of 6 mm.
Afterwards wood chips exceeding the length of approx. 40 mm, as well as
bark and branch particles were manually removed. The dry content of the
screened wood chips was determined by taking five samples of the thoroughly
mixed chips drying them to constant weight at 105°C. After gravimetrical
determination of the dry content, portions of 600 g, 4.we0oq Were sealed in
airtight PE bags. The wood was stored prior and after screening at -18°C.

Prior to the cooks 600 g, 4.wooa Of wood chips were steamed in a wire bas-
ket insert for 30 min. The water uptake after steaming was gravimetrically
determined and taken into account for the adjustment of the liquor to wood
ratio.

Cookings were conducted in two identical batch digesters (M/K-Systems
Inc.) each with a volumetric capacity of 7 1 and equipped with liquor-
circulation. The wire basket insert containing the wood chips was placed
into the digester and the cooking liquor and anthraquinone (0.1%.4.wo00d)
was added. When a sufficient flow of the circulation pump (approx. 2 1/min)
was ensured the digester was sealed and the cook started. A perforated
steel-plate placed on top of each cooking batch ensured an even distribu-
tion of the circulated cooking liquor. The installed JUMO-controller allowed
temperature and time controlled cooks.
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After termination of the cook the sealed digester was quickly cooled down
to as low as 60°C with the aid of a water cooling system (water temperature
approx. 0°C) to minimize losses of matter due to evaporation. Care was
taken to have a similar rate of cooling down in each cook. The degas and
drain valves were opened, all free flowing spent sulfite liquor collected and
stored at -18°C. The chips in the basket insert were rinsed for 10 min under
a flow of tap water and left to drain for another 10 min. In a PE-bucket the
batch was covered with 14 1 of deionised water and left for 24 h overnight.
After the chips were transferred into a strainer and left to drain for 5 min
they were centrifuged in a spin drier for another 5 min. The weight of the
batch was determined and a sample taken and stored in a PE-bag at -18°C.
Depending on the degree of delignification the batch was washed and pulped
in a laboratory pulper. The shives were separated in a screen slot and the dry
content of pulp and shives was gravimetrically determined (at 105°C). If the
the degree of delignification was low samples for dry content determination
were taken after spin-drying and the remaining batch stored in a PE-bag at
-18°C.

The reference kraft and ASAM cooks were conducted in a rotary digester
with a volumetric capacity of 7 1 was used. Due to lack of a cooling system

the cooling down period exceeded 90 min. The work-up procedure was similar
to the AS/AQ cooks.

3.2 Analytical methods

3.2.1 Standard analytical methods

e Lignin content: The lignin content was assessed according to Kla-
son (TAPPI T 222 om-88). The acid-soluble fraction was determined
according to TAPPI T 250 (1976).

e Extractives: The content of extractives was determined by successive
hot-water and cyclohexane/ethanol extraction (Soxhlet apparatus) on
the basis of TAPPI T 204 ¢cm-97.

e Ash content: The ash content was determined according to TAPPI
T 211 om-93 and TAPPI T 413 om-93.

e Dry content: The dry content was determined gravimetrically ac-
cording to the Zellcheming specification 1V /42/67.
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Kappa number: The determination of the kappa number was con-
ducted according to the Zellcheming specification 1V/37/80 using a
titrator device (SCHOTT) based on temperature compensation.

Brightness: The preparation of the samples for the determination
of brightnesses was conducted according to the Zellcheming specifica-
tion V/19/63. The ISO brightness was assessed with an Elrepho 2000
according to SCAN C 11:75.

Intrinsic viscosity: The intrinsic viscosities (termed simply wviscosity
in the discussion) were determined according to the Zellcheming spec-
ification 1V /36/61 by means of a capillary viscometer using a copper
ethylenediamine solution. The pulp viscosity can be utilized as an es-
timate for the mean degree of polymerization of the polysaccharides.
The viscosity may also be used as an estimate for strength potential of

pulps.

Carbohydrate composition: The carbohydrate composition was de-
termined on acid-hydrolysed pulps according to |Sinner et al. (1975),
Sinner and Puls (1978)).

Determination of sulfonic and carboxylic acid groups: The con-
tents of sulfonic and carboxylic acid groups were determined by the
conductometric titration method (Katz et al.||[1984).

Hexenuronic acids: The contents of HexA was determined on 4 pulp
samples at the Royal Institute of Technology, KTH / Wood Chemistry
and Pulp Technology (Stockholm, Sweden) by the method of (Gellerst-
edt and Li (1996)).

3.2.2 Analytical Pyrolysis

3.2.2.1 Sample pretreatment and preparation

Prior to analysis the pulp samples were acid-washed according to the pre-
treatment in the method of Katz et al.| (1984) to remove Na™ and milled in a
ball-mill cooled by liquid nitrogen. Due to incomplete defibration the samples
of the short cookings (Aszg - Agp and Bgg - Ajs0) had to be defibrated before
acid-washing. A bleached chemi-mechanical spruce pulp (BCTMP spruce)
was provided by Abo Akademi, Turku, Finland. Samples were accurately
weighed ranging from 120 - 150 pg and the weights recorded.
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3.2.2.2 Measuring conditions

The pyrolysis system consisted of a Frontier Lab Micro furnace Double-shot
Pyrolyzer (Py-2020iD) equipped with an Autosampler (AS-1020 E). The in-
terface of the pyrolyzer was kept at a temperature of 360°C and was purged
with a continuous helium flow for 10 s prior to pyrolysis. After pyrolysis
the products were transferred (split 1:50) into the capillary column (ZB-1701
(Phenomenex) 60 m x 0.25 mm, 0.25 pm) via the directly connected GC-
injector. The injection port of the Agilent 6890 GC System was kept at
280°C. The gas chromatography (Agilent 6890) was performed with helium
as the carrier gas at a flow rate of 1 ml/min. The oven program started off
with 4 min of isothermal condition at 45°C, then was raised at a rate of 5
°C/min to 280 °C and was finally kept at this temperature for 15 min. For
mass spectral detection an Agilent 5973N MSD was used with an electron
impact ionisation energy of 70 eV. The scan range was 15 - 600 m/z. All
measurements were performed in TIC mode. If not stated otherwise, at least
duplicate analyses were performed.

3.2.2.3 Data processing

Identification of the products was carried out using an in-house library, NIST
MS library (02) and literature comparison. For baseline and smoothing the
software metAlign (Lommen|2009) was utilized. The procedure was con-
ducted in Nominal Mass Mode with the following settings: "Retention Be-
gin" 1, "Retention End" 11500, "Maximum Amplitude" 12000000, "Peak
Slope Factor" 1.0, Peak Threshold Factor" 2.0,"Peak Threshold" 0, "Av-
erage Peak Width at Half Height" 7. "Keep Peak Shape" was activated.
Details on the parameters are found in the manual or have been described
by [Lommen| (2009). Peak detection and deconvolution was performed with
AMDIS (Stein |1999) with the aid of the implemented Batch Job mode. The
following filter settings were used: "Min. Model Peaks" 5, "Weights" 1,
"Minimum S/N" 20.0, "Weights" 1, "Min. Certain Peaks" 0.95, "Weights"
1, "Min. Abundance" 1.0, "Weights" 1, "Min. Signal Strength" 0, "Weights"
0. The following deconvolution settings were employed: "Component width"
32, "Omit m/z" 0 15 17 18 19 29 32 44, "Adjacent peak subtraction" one,
"Resolution" high, "Sensitivity" medium, "Shape requirements" medium.

Extraction of the AMDIS results, data filtering to compile the global peak
list and statistical calculations were conducted with the aid of self-written
scripts in MATLAB (The MathWorks, Natick, MA) using implemented func-
tions. In addition, chromatograms were exported from the ChemStation (Ag-
ilent Technologies) as netCDF files and imported into MATLAB utilizing the
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freely available iCDF function published by |Skov and Bro (2008). For in-
tegration of peak areas of extracted ions MS-SIM-Tools (in-house software)
was employed. Multivariate analyses were performed with the aid of the
PLS Toolbox for MATLAB v. 7.02 (Eigenvector Research, Inc., Wenatchee,
WA). For calculations of Fisher’s discriminant ratios a free MATLAB code
supplied by Will Dwinnell (predictr@bellatlantic.net) was implemented.
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Discussion of Results

4.1 AS/AQ pulping process

In the course of previous in-house studies conducted on alkaline sulfite an-
thraquinone pulping, the influence of important process parameters on the
yield and quality of the generated pulp was investigated (Rose| (2003)), (see
chapter ) The focus was on the generation of bleachable grade pulps
with strength properties comparable with kraft pulps. The effect of variation
of the total chemical charge, duration of the cook and the ratio of cooking
chemicals, sodium sulfite to sodium hydroxide, was verified. A vital find-
ing was that a time-based proportionate addition of sodium hydroxide to the
AS/AQ cooking process can lead to an enhanced delignification of softwoods.
This approach was termed NaOH splitting (see chapter . In compari-
son with AS/AQ cooks, where all cooking chemicals were added to the initial
impregnation liquor, similar cooks with NaOH splitting yielded pulps with
lower kappa numbers as well as higher viscosities, brightnesses and strength
properties. The positive effect of keeping the concentration of sodium hy-
droxide low at the beginning of the cook is also known for the kraft process.
Due to a lower pH at the beginning the pH-dependent degradation of carbo-
hydrates is reduced and the sulfide sorption enhanced at the same time. It
is referred to as one of the principles of so-called extended delignification. To
get a closer understanding of the enhancement achieved by NaOH splitting
in the AS/AQ process, two delignification series were performed. Two series
of ten cooks, each terminated at different times, were conducted. The first
series was performed with all chemicals added at the beginning (series A).
For the second series the conditions of the NaOH splitting approach were ap-
plied (series B). Beforehand approx. 30 cooks were performed to determine
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the cooking parameters for the delignification series. In addition some cooks
of the delignification series were repeated.

4.1.1 Composition of raw material

For all softwood cooks and the subsequent analyses conducted industrial
wood chips of Picea abies were used. Apart from being one of the most
important softwoods for pulping spruce wood is the most thorougly studied
species in terms of its ultrastructure, chemical composition and behaviour in
pulping processes. The composition of the raw material was determined and
is listed in [4.1} The results are in good agreement with values stated in the
literature (Fengel and Wegener| (1984)).

Table 4.1: Composition of Picea abies raw material.

Constituent Picea abies
[%00.d..]
KLASON-lignin 27.32
Acid-soluble lignin 0.3
Extractives Cyclohexane-Ethanol 1.64
Extractives Water 1.57
Glucose 47.4
Xylose 5.2
Mannose 12.4
Galactose 1.9
Arabinose 0.8
Rhamnose -
Ash content 0.239

4.1.2 Determination of favourable cooking conditions

Before the delignification series were performed the desirable process condi-
tions had to be assessed. Although most pulping conditions could be adopted
from the results of the previous work (Rose (2003))), some minor alterations
were done. The total chemical charge of 27.5% 4.w00a (calculated as NaOH),
the ratio of cooking chemicals, sodium sulfite to sodium hydroxide of 60:40,
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and the heating-up period of 90 min were kept unaltered. For all cooking
trials the wood chips were presteamed to remove enclosed air and to enhance
impregnation.

4.1.2.1 NaOH splitting ratio

For the delignification series with NaOH splitting the proportion of NaOH
to be added with the initial pulping liquor had to be defined. For spruce,
under the previously described cooking conditions, it was verified that NaOH
splitting ratios between 50/50 and 25/75 may be favourable. The produced
pulps had kappa numbers well below 25 and exceptionally good viscosities
(Patt et al.|(2002), Rose (2003)). A main goal of this study was to gather
details particularly on the delignification performance of AS/AQ cooks with
and without NaOH splitting. Therefore it seemed appropriate to choose a
splitting ratio for the NaOH of 25/75 for the series B as it resulted in pulps
with the lowest kappa number.

4.1.2.2 Cooking temperature

Most of the cooks of the previous work were performed at cooking tempera-
tures T4, of 180 and 175°C. For the present study it was decided to lower
Tynae to 170°C as it allowed a slightly more gentle pulping (Patt et al. (2002)))
and was more viable in terms of industrial applicability. In first cooking trials
performed with NaOH splitting (25/75) at 170°C it became apparent that
the cooking time had to be prolonged by 30 min to reach a kappa number
well below 30. But lowering T, from 180 to 170 °C resulted in an improve-
ment of viscosities by approx. 200 ml/g at the expense of an increase of the
kappa number from approx. 20 to 27.

4.1.2.3 Time of second NaOH charge

The preferable time for the second NaOH addition was investigated by Rose
(2003)) for cooks conducted at 175°C with pine wood and a NaOH splitting
ratio of 50/50. The results suggested an addition of 75% of the total NaOH
straight after the heating-up period of 90 min when T,,,, is reached. In the
present study the influence of the time for the second NaOH addition was
investigated again for the cooks conducted at 170°C with spruce wood and a
NaOH splitting ratio of 25/75. In table the results are summarized.
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Apart from ASAsp22 and ASAsp23 all cooks displayed in table were
performed with a NaOH splitting ratio of 25/75. The time t of the second
NaOH addition was varied between 90 and 270 min with respect to the
cooking time of 300 min including the heating-up period of 90 min. The
duplicate cooks performed without NaOH splitting (ASAsp22 and ASAsp23)
serve as reference cooks.

The yields of all cooks ranged within narrow limits of 49 and 51% implying
that the variation of to only had marginal effect on the yield. Overall, the
cooks with NaOH splitting (except ASAsp30) yielded pulps with lower kappa
numbers and higher viscosities than the two reference cooks. This confirmed
the observations of Rose (2003) with respect to the general improvements
achieved with NaOH splitting. But also the influence of the time of the
second NaOH addition became apparent. Opposed to the results of the
former work (Rose (2003)) the lowest kappa number was achieved when to
was 150 or 180 min. Presumably the reduction of T,,,, from 175 to 170°C,
resulting in a decreased rate of reaction, and the lower amount of NaOH in
the first stage of the cook lead to a discrepancy with respect to former results
(Rose; (2003)).

In the case of cook ASAsp30 the high final kappa number of 34.2 may be
explained by the late addition of the second load of NaOH. Added only 30
min before termination of the cook the remaining time may not have been
sufficient for the NaOH to accomplish the slow alkaline cleavage reactions
and dissolution of the unreactive residual phase lignin.

Other effects achieved by NaOH splitting are higher brightnesses and viscosi-
ties of the unbleached pulps. The brightness of 22.4 %ISO and the viscosity
of 1135 ml/g, as measured for the reference pulp of cook ASAsp22, could be
raised by up to 10 %ISO and 250 ml/g, respectively (ASAsp29). The later
the second NaOH charge was added the higher was the viscosity and the
brightness of the pulp.

Figure illustrates the influence of t5 on the kappa number and viscosity
of the generated pulp for the cooking conditions described above. For the
delignification series with NaOH splitting (series B) it was decided to set
the time ty of the second NaOH charge at 180 min, where the lowest kappa
number and yield of rejects were achieved, and the viscosity and brightness

were reasonably high (table [4.1.2.3]).

A further alteration was the introduction of a water cooling system. In this
context it has to be noted that in table [4.1.2.3] only the cook ASAsp31 was
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performed with water cooling and may explain the higher kappa number and
viscosity of the pulp as compared to cook ASAsp27.

Since the series of cooks were intended to yield pulps and sulfite spent liquors
for analytical studies, biased results may arise due to continuous reactions
occurring at a long cooling-down phase and losses of volatile components
when degassing the digester. For a temperature drop from 170 to 100°C
the cooling system enabled to shorten the duration of cooling from 90 to
30 min keeping the digester sealed. Because of the rapid cooling and the
lower cooking temperature, as mentioned above, the cooking time at T,,,,
was finally prolonged to 240 min with respect to the results shown in table
4. 1.2.9l

It can be anticipated that cooks employed with a different charge of spruce
raw material may demand another optimal time of addition of the second
NaOH charge.
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Figure 4.1: Effect of time ty (including heating-up period) of second NaOH charge
on the kappa number and viscosity.
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4.1.3 Effects of NaOH splitting on pulps

For the two delignification series 10 cooks were performed for each series. It
was anticipated that the most significant differences between the two series
would be observable before to (time of second NaOH addition). Hence, for
the period of the first 180 min the AS/AQ cooks were terminated at relatively
short time intervals after 30, 60, 90, 120, 150 and 180 min, respectively. The
time intervals between each of the last three cooks in the sequence were 60
min, at 210, 270 and 330 min. An additional cook was terminated at 190
min, ten minutes after the second alkali charge, to monitor any rapid effect
hereof. In the following discussion the delignification series without NaOH
splitting is referred to as series A and the series with NaOH splitting as series
B, respectively.

Table 4.3: Chemical composition of pulping liquor.

Series A Series B

Chemical charges, as NaOH, %, 4.wo0d

Total charge 27.5 27.5

Initial charge 27.5 19.25

NaySO3 16.5 16.5

NaOH, initial charge 11 2.75
Anthraquinone charge, %o.d.wo0d 0.1 0.1
Liquor/wood ratio

Initial 4.38 4.3

at 2nd charge - 5.38

Although the chemical charge (in %,.4.w00a) in both series was identical with
respect to a complete cooking cycle, it has to be kept in mind that the
composition of the initial cooking liquors of series A and series B differ fun-
damentally from each other (table [£.2). Only 25% of the NaOH charged in
series A was present in the initial liquors of series B. Also after addition of
the second NaOH charge in series B the difference in liquor to wood ratio
between the two series increased. Hence, comparisons of results from each
series had to be made carefully, in particular regarding the cooks covering
the first 180 min of the cooking time.
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Table summarizes some of the results of the analyses conducted according
to the standard analytical methods described in section for the deligni-
fication series which will be discussed in the following sections. To simplify
the discussion the time of termination (30 - 330 min) and the ratio of the
NaOH splitting (100/0 or 25/75) are referred to as A and B series subscripted
with the termination time of the respective cook (e.g. Agg or Bajp).

Table 4.4: Comparison of results on total yield, kappa number, carbohydrate yield,
viscosity, brightness and rejects of series A and B.

Cook Total Kappa Yield Visco- Bright-  Rejects

yield number > CH sity ness

[%00.d.0.] [%o0.4.w.]  [ml/g]  [% iso] %]

Asp 94.8 173.1%) 62.9 - - -
Ago 83.5 176.5%) 59.5 - - -
Ago 67.9 125.9%) 49.6 - - -

- A1z 58.0 73.4 48.6 727 19.4 37.2
3 Aiso 54.8 54.7 47.3 1084 20.4 12.4
§ Ao 52.9 50.6 48.3 1173 22.0 5.3
A1go 51.5 42.4 45.9 1183 21.8 3.4
Asio 51.7 40.3 - 1158 22.0 3
Asno 50.5 35.9 45.7 1108 22.3 1.8
Assg 50.3 28.6 46.5 1066 23.1 1.1
B3 95.4 167.9% 63.9 - - -
Beo 91.5 168.3%) 60.2 - - -
Bgo 84.5 130.8%) 61.1 - - -

- Biag 72.8 101.2% 58.0 - - -
3 Biso 67.6 78.8%) 53.8 - - -
§ Bisgo 64.8 70.4 55.5 673 36.1 36.8
Bigo 54.0 48.9 47.2 921 31.2 10.9
Ba1o 53.3 40.0 48.6 1251 30.5 5.1
Ba7o 51.8 30.1 48.8 1326 31.6 2.4
Bsso 48.7 23.3 44.5 1221 30.6 1.4

a) kappa numbers were estimated on basis of KLASON and acid-soluble lignin

fractions and a kappa factor of 0.165
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Figure 4.2: PH profile over the course of the two delignification series.

When the pH values of the sulfite spent liquors after each cook are plot-
ted against the cooking time (figure the aforementioned differences in
cooking liquor composition become apparent. The pH values plotted were
measured on cooled liquors (20°C) and were not corrected to account for the
actual pH at the corresponding cooking temperature (temperature compen-
sation). But even with these biased values the difference between the pH
profiles of series A and series B can be noticed. For both series the initial
pH was between 13.5 and 14 which is also a typical initial pH range of white
liquors in kraft cooks. Due to the higher initial NaOH charge the initial pH of
the cooking liquor of series A was slightly higher than for series B. For series
A a steady and slow decresase of the pH can be observed with a final pH of
11.7. The decline in the initial phase is slightly steeper and if temperature
compensation was considered the decline would be even more pronounced.
The steeper decline in the heating-up period was most likely mainly due to
deacetylation of the glucomannans and dissolution of low molecular hemicel-
luloses converted to sugar acids which is also typical for kraft cooks. Com-
pared to series A the pH profile of series B is highly deviating between 0
- 180 min of the cooking time. The much more pronounced decline of pH
from 13.5 to 10 in the heating-up period may be explained by the stronger
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neutralising effect induced by the liberated acetyl groups and low molecular
hemicelluloses as the initial NaOH charge was much lower. The overall low
pH between 9 and 10 in the subsequent cooking time between 90 and 180
min could be assumed to have severe effects on the course of sulfonation and
delignification. After addition of the second NaOH charge the pH leaped up
to a pH just below 13 showing a similar trend to the A series for the final
150 min but at an overall higher level (approx. pH difference of 0.35).
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Figure 4.3: Pulp yields of series A and B as a function of cooking time.

When the pulp yield is plotted against the cooking time (figure a good
overview on the quality of the two delignification series is obtained. For both
series no apparent outlier should be present to assure reasonable evaluation
of the course of delignification. Knowing the cooking conditions the displayed
courses of yield loss are in line with the expectations and match well with
the courses of delignification for both series depicted in figure |4.4}

The concept of dividing the pulping process into three distinct kinetic phases
of delignification was initially elaborated for kraft pulping. Particularly the
plot for series A in fig. [4.3] with its three clearly separable stages of yield loss,
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indicates that this concept may also apply for AS/AQ pulping. The initial
phase characterised by only minor degradation is followed by the bulk phase
which is the core delignification stage consequently leading to a rapid yield
loss. In the residual phase the rate of delignification is notedly diminshed
and the proportion of undesirable carbohydrate degradation is elevated which
finally demands a termination of the cook.

In the early heating-up period (after 30 min at 90°C) only minor yield loss
with respect to the native wood before pre-steaming was observable (approx.
5%o.d.wood) and was almost identical for both series. This minor loss is be-
lieved to be mainly due to the release of NaOH-soluble extractives and of
acetyl moieties of the glucomannans hydrolysed during pre-steaming and by
NaOH. But also dissolution of some hemicelluloses and lignin fractions may
have taken place.

Alterations caused by pre-steaming were not evaluated here. The almost
exhaustive cleavage and removal of the acetyl groups during pre-steaming and
the first 30 min of the heating-up period was verified by pyrolysis-GC/MS
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Figure 4.4: Lignin content of pulps as a function of cooking time.

47



CHAPTER 4. DISCUSSION OF RESULTS

(section . Only approx. 10% of the initial acetyl groups were found
in samples Asq and Bgy.

The first 30 min may be considered as the impregnation phase where pri-
marily penetration of cooking liquor into the wood voids and subsequent
diffusion of the reactants into the wood matrix take place. The high alkalin-
ity of the cooking liquor and the steadily increasing temperature promoted

the swelling of the wood matrix enhancing hereby gradually the accessibility
for the chemicals (Sixtal2006)).

Within the subsequent 90 min the course of the series A showed a rapid
yield loss of almost 40%y.4.weoq- The impregnation process may not have
been complete after 60 min, but the onset of extensive delignification and
carbohydrate degradation reactions was apparently responsible for the con-
siderable yield loss already after 60 min at 130°C, when T,,,, has not yet
been reached. Comparing the yield loss and the change in lignin content of
series A within the first 60 min (figure and it can be seen that the
lignin content slightly increases even when considerable yield loss between 30
and 60 min was observed. This implies an unfavourable higher degradation
and dissolution of polysaccharides as compared to the delignification.

After 120 min at a yield of 58%.4.we0q the yield loss and the rate of delig-
nification within series A slowed markedly down. After 150 min the bulk
phase was completed indicated by the subsequently slow rate of delignifica-
tion. For the cooks covering the last 210 min of series A a slow and almost
linear decline in pulp yield and lignin content was observed.

The yield loss and delignification rate within series B show different trends,
particularly in the period between 30 and 190 min, which can be explained
by the NaOH splitting. The initial chemical charge was substantially lower.
The neutralising effect of released acids rapidly reduced the pH as already
shown in figure [4.2) resulting in a less extensive swelling of the fibers, a slower
penetration of chemicals and a less severe degradation. The period of the
initial phase associated with the impregnation phase with only minor yield
losses was apparently prolonged. In series B the steep decline in yield began
30 min later than in series A (at 60 min). The gradient of the decline in
this phase was slightly smaller and, analogous to series A, after 150 min the
degradation eventually slowed down marking the end of the bulk phase at a
much higher yield (67.6%) and kappa number (79%) than in series A. As a
kappa number of 73.4 was already reached in series A after 120 min, hence
only after 30 min at T,,,., it took an hour longer for the pulp of series B to
reach a similar kappa number.
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The major impact of the alkalinity on the delignification in the AS/AQ pro-
cess was already described in former works (Ingruber et al.||{1982, Kettunen
et al.[{1979, McDonough et al. 1985, |Patt et al.|2002)). Without the second
NaOH addition the course of degradation would be expected to continue
more or less in parallel to series A with a final pulp yield of approx. 60% and
a kappa number of approx. 50 after 330 min.

As soon as the second NaOH charge was added in series B the delignification
process was instantly accelerated. Within 10 min, between the cooks B;gy and
Bigo, the kappa number decreases by more than 20 units. Also an instant
loss of yield attributed to lignin and polysaccharide degradation could be
observed. As an effect the difference in yield and the degree of delignification
between series B and series A diminished. The positive key effect of NaOH
splitting could eventally be demonstrated on the pulps of the terminal cooks.
The pulp Bssg was superior to the pulp Asszy with respect the kappa number,
viscosity and brightness. The final kappa number of 23.3 reached with the
final cook of series B was significantly lower than the respective kappa number
of series A (see table . However, in comparison of the pulps Assg and Bssg
the yield of Bszg was slightly lower. Though, retrials of the full-length cook
with NaOH splitting indicated that the yield of Bszg was unusually low. As
the aforementioned results in table [4.1.2.3] illustrate the yield could not be
improved by NaOH splitting.
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Figure 4.5: Dissolved lignin as a function of pulp yield.
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If the dissolved lignin is plotted against the pulp yield the higher selectivity
of the cooks with NaOH splitting can be visualized (figure . 15-20%
more of the lignin is dissolved at yields between 65 and 85% in series B. This
difference diminishes as soon as the second NaOH charge is added, but a
minor advantage in selectivity remains for series B.

Next to the delignification a considerable degradation of the polysaccharides
has to be accepted for all alkaline pulping processes. Not only the close as-
sociation between the components and intensely cross-linked nature of the
lignin-carbohydrate-complexes is hindering the selective removal of lignin,
but also the harsh conditions applied in most pulping processes and the use
of chemicals with limited selectivity result in unwanted carbohydrate degra-
dation. Depending on the chemical and structural features of the various
carbohydrates they are known to show vital differences in sensitivity towards
degradation (Sixtal[2006|, Sjostrom!|1993). Particularly alkaline peeling reac-
tions lead to an extensive degradation of hemicelluloses.

Comparing the progression of carbohydrate degradation between series A
and series B again a considerable influence of NaOH splitting was apparent
(figure . The significant difference in pH between the two delignification
series for the first 180 min of the series may explain the major differences.
In series A 30% of the polysaccharides were degraded after 180 min and only
further 3% are decomposed in the remaining 150 min of the series. As for
the slower yield loss and delignification the weak alkalinity in series B also
caused a preservation of the polysaccharides in the first 180 min. Only 20%
are lost here. After addition of the second alkali charge, though, an instant
dissolution of 10% of carbohydrates took place. At the end of the series
at 330 min 65% of the initial carbohydrate content remained in the pulp,
slightly less than in pulp Assp.

Known for its alkali-instability particularly the glucomannans were prone to
a rapid degradation within the first 90 min of series A, already after 60 min,
when T,,,, was not yet reached, the mannose content was more than halved.
After 90 min the mannose content stayed at a more or less constant level.
In series B the lower pH in the first 180 min caused a higher preservation
of the cellulose and glucomannans. The xylans are more alkali-stable which
is reflected in the results of the carbohydrate analysis in table [4.4, The
proportion of xylose with respect to the total carbohydrate content increased
gradually in the course of delignification in both series. Regarding the last
cooks of each series where the yield differences between the two series are
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only marginal the xylose content of pulps of series A was actually slightly

higher.
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Table 4.5: Carbohydrate composition of the pulps of series A and B.

Cook R > CH Glu Man Xyl other
CH
[%] [%] [%] [%] [%] [%]
Aso 27.1 664 465 116 4.9 3.3
Ago 98.5 712 556 6.7 6.0 2.6
Ago 20.5 73.0  59.9 5.1 5.8 2.3
- Arso 1.3 838  70.0 5.8 6.4 1.7
. Arso 7.3 864  72.8 5.8 6.6 1.2
5 Arso 6.8 91.3 770 5.9 7.0 1.4
Argo 5.5 89.0 754 5.8 6.8 1.0
Az1o - - - - - -
Aaro 5.0 905  77.2 5.7 6.7 1.0
Aszo 3.9 924 788 5.6 7.0 1.0
Bso 97.1 669 463 121 5.0 3.5
Beo 2.7 658 472  10.6 5.0 3.0
Boo 21.1 723 542 9.6 5.5 3.0
- Biso 167 796 615 9.4 6.0 2.8
= Biso 12.8 795 627 8.5 5.7 2.8
5 Biso 9.8 856 69.2 8.1 6.1 2.3
Bioo 7.3 874 742 5.8 6.1 1.3
Bao 5.8 911 776 5.8 6.4 1.4
Baro 3.9 942  80.8 5.5 6.6 1.2
Baso 2.9 914  79.2 5.1 6.2 1.0

52



CHAPTER 4. DISCUSSION OF RESULTS

4.1.3.1 Effect on viscosity and brightness

Already in chapter it was pointed out that the application of NaOH
splitting enhanced the viscosity and the brightness of the pulp under cooking
conditions stated. Though, regarding the results in table[£.1.2.3]a comparison
of the effect of NaOH splitting can only be made on basis of equal cooking
time.

For the different cooking conditions used in the two delignification series (see
section basically the same effects were observable. Table displays
the kappa numbers, viscosities, yields and brightnesses of the pulps at the
progressing stages of the two series. The viscosity and brightness of the
terminal pulp generated with NaOH splitting (Bssg) were significantly higher
than the pulp Asszp. But the kappa number and yield were lower for the pulp
Bs3p as compared to Assp. On this basis alone the results may be misleading
as it could be assumed that a cook without NaOH splitting to the same
yield or kappa number as the pulp Bszy might eventually result in a similar
viscosity and brightness. Continuous removal of lignin and hemicelluloses
may enrich cellulose and hereby improve viscosity and brightness.

Following the trend of viscosities and brightness throughout the progression
of the cooks, though, leads to other conclusions. In series A already after
190 min the highest viscosity was reached which slowly decreased towards
the final cook at 330 min. Any extension of the cooking time is very likely
to further decrease the viscosities of the generated pulps. Regarding the last
three cooks the viscosities were all approx. 100-200 ml/g lower than the
respective viscosities of series B.

Just as the yield is decreasing slower for series B the point of defibration was
reached later in the course of the cooks than in series A. The low viscosities
for Bigp and Bigg were due to high amounts of lignin and hemicelluloses
and incomplete defibration and are not representative for comparison. The
viscosities of the last three pulps Boyg, Ba7g and Bssg reflect the high viscosity
level reached by NaOH splitting and the applied cooking conditions.

The brightness of the pulps of series A increased slightly from the first mea-
surement of 19.4 %ISO at 120 min to 23.1 %ISO for the final pulp. For the
respective pulps of series B a significantly higher brightness was observed
throughout. At a kappa number of around 70 the pulp had more than 15
%ISO higher brightness than the pulp with a similar kappa number cooked
without NaOH splitting. The addition of NaOH at 180 min may explain
the brightness loss from 36.1 to 31.2 %ISO of Bygg. But the pulps of the
subsequent cooks maintained the brightness at around 30 %ISO.
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Both, higher viscosities and higher brightnesses of the unbleached pulps can
be considered as main benefits of NaOH splitting.

4.1.3.2 Effect on sulfonation

As it is one of the key reactions in the AS/AQ-process the degree of sul-
fonation of the lignin was of particular interest for this thesis. Although the
sulfite charge was identical in both delignification series it was anticipated
that differences in the extent of sulfonation reactions between the two series
existed. In previous studies it has been shown that different ratios of NaySO3
to NaOH applied in AS/AQ-cooks vitally affect the kinetics of the process.

Table 4.6: Sulfonic and carboxylic acid groups content in pulps of series A and B.

Cook Lignin SOszH SO3H per COOH
lignin
[%] [mol /g] [pzmol /g] |[mol /g]
Aso 28.6 41.3 145 180
Ao 29.1 55.2 190 187
Ago 20.8 50.6 244 189
. A1s0 12.1 39.1 323 138
g Aqso 9.0 31.2 345 123
- A1so 8.4 23.4 280 115
A1g0 7.0 26.7 382 99
Ao 6.7 23.0 346 104
Ao 5.9 18.7 315 94
Ass0 4.7 13.3 282 87
Bao 27.7 50.2 181 153
Bso 27.8 100.0 360 161
Boo 21.6 149.7 694 148
. Biao 16.7 132.2 792 146
T Biso 13.0 109.4 842 135
o Biso 11.6 79.5 685 112
Bigo 8.1 40.1 497 96
Ba1o 6.6 22.9 347 91
Baro 5.0 19.9 400 85
Bsso 3.9 16.0 417 86
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The amount of sulfonic acid groups in the pulps was determined by con-
ductometric titration according to Katz et al| (1984). The results received
directly for the samples (table , col. 3) are based on pulp. Already within
the heating-up period sulfonic acid groups were found in the fibers. In se-
ries A the pulp received after 60 min had the highest amount of sulfonic
acid groups (55.2 pmol/g). In the further course of the series the amount
decreased steadily. The results for series B showed clear differences. The
maximum amount of sulfonic acid groups was reached later, after 90 min
when T,,,, was reached, and its abundance was almost three times as high
as in series A. Again, it gradually decreased and the pulps of the final cooks
of both series were almost equally low. Hence, by comparison of the sulfonic
acid group content of the terminal pulps no hint is given towards the ap-
parent differences between pulps produced with NaOH splitting and those
produced conventionally.
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Figure 4.7: Degree of sulfonation in pulps of series A and B.

The conductometrically determined values of sulfonic acid groups are based
on pulp. To draw meaningful conclusions about the kinetics of sulfonation it
is more appropriate to review the sulfonic acid group content on the basis of
the lignin content of each pulp as almost exclusively the lignin is sulfonated.
The values of sulfonic acid groups based on lignin are displayed in table
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column 4. Again clear differences in the course of delignification of the two
series could be described. When plotted against the cooking time (figure
the degree of sulfonation of the lignin in series A shows a moderate, almost
linear increase towards the cook terminated at 190 min. For the pulp Aigg the
highest degree of sulfonation of series A was estimated with 382pmol/gj;gnin-
Also the subsequent decline is slow and almost linear. Here it may be assumed
that until the cooking time of 190 min the rate of sulfonation was slightly
higher than the lignin dissolution. The pulp A;gy showed an unexpectedly
low value. It is believed that the cook was not conducted appropriately, e.g.
the liquor circulation was possibly too low. This assumption was supported
by the other analytical results also showing unexpectedly diverging values.

The degree of sulfonation of series B increased immediately and much steeper
than for the corresponding pulps of series A. The peak value was measured
for the pulp generated after 150 min (Bysq). Apparently it was not the second
NaOH charge alone causing a steep decline of the degree of sulfonation in
the further course of series B. A change in the reaction kinetics already
within the 30 min before the second NaOH charge is likely to explain the
decline between the pulps Bi59 and Bsjg. Until a cooking time of 150 min
the speed of sulfonation reactions was notedly higher than the speed of the
dissolution of cleaved lignin fragments. The lower degree of sulfonation of
pulp Bigo thereafter may only be attributed to a somewhat abrupt slowing
down of sulfonation. A sudden increase in the rate of lignin dissolution is not
reasonable without the second NaOH charge being added. The drastically
decreasing values for the pulps Bigg and By may well be explained by the
immediate promotion of lignin dissolution due to the second NaOH addition.
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4.1.3.3 Reference and replicate cooks

Table 4.7: Degree of sulfonation of 4 pulps with kappa numbers of approx. 30.

Pulp Kappa No. SOsH @) S/Cy ¥
pmol/g

Acid sulfite 29.3 1365 0.259

ASAM 28.4 921 0.175

Ba7o 30.1 401 0.076

Asso 28.6 982 0.054

a) based on lignin content

b) molar ratio based on lignin monomer of 190 g/mol

The degrees of sulfonation of the pulps Aszy and Boyg were compared with
those of two reference pulps, one generated by an acid Na-sulfite and the
other by an ASAM process. All 4 pulps compared had a kappa number
of approx. 30. A molar ratio was calculated assuming a molar mass of a
lignin monomer to be 190 g/mol. The results displayed in table indicate
that the degree of sulfonation is highest in the acid sulfite pulp with 25%
of the lignin monomers being sulfonated. The residual lignin of the ASAM
pulp also showed a considerable degree of sulfonation with 17.5 %. For
the two AS/AQ pulps the degree of sulfonation was far below 10%. The
slightly higher degree of sulfonation of the pulp Bs7y was anticipated upon
the aforementioned results.

At this point it has to be highlighted, that the pulps Ay and Bayg had almost
the same pulp yield, kappa number, carbohydrate composition and degree
of sulfonation. All other cooks of series A and series B, compared on basis
of cooking time, yielded pulps with clear differences either in pulp yield or
kappa number or both. The viscosities and brightnesses though were differ-
ent. It was decided to take a closer look at this particular cooking stage. For
this purpose additional cooks with the same conditions, two for each deligni-
fication series, were performed. The results are shown in table [4.7 It can be
noticed that the chemical compositions of the pulps from the replicate cooks
show some variation. Unfortunately results from the carbohydrate analysis
of sample Asjy are missing. Hence only the Bsjg pulp could be compared
with the replicate pulps with respect to carbohydrate composition. The glu-
cose content only showed little variation, but the amount of mannose was
apparently higer and of xylose lower in the replicate pulps. In addition the
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Table 4.8: Analysis results for pulps generated by replicate cooks with a cooking
time of 210 min. The corresponding results for As1g and Bsjg are included for
reference.

Cook SOs;H* Kappa HexA >CH Glu Man Xyl  other
No. CH
[pmol /g] [pmol/g] — [%] ] v . v %]
Ao 346 40.3 - - - - - -
R1A51g 481 42.1 31.5 90.0 77.2 6.3 5.6 1.0
R2A519 496 40.2 35.2 93.7 79.9 6.4 6.2 1.2
Boio 348 40 - 91.1 77.6 5.8 6.4 14
R1Bs1g 594 41 21.1 90.7 77.5 6.3 5.4 1.5
R2Bs1g 545 40.8 17.8 92.1 78.7 6.3 5.6 1.6

*) based on lignin content

degrees of sulfonation were considerably higher in the replicate pulps. And
when the replicate pulps from series A are compared to the corresponding
pulps from the B series a clear difference in the degree of sulfonation could
be noticed. However, the kappa numbers were around 40 for all pulps. The
compositional differences, which may have also effected the gegree of sulfona-
tion, are believed to be due to the different batch of spruce raw material used
for the cooks.

The hexenuronic acid content was only determined for the 4 replicate pulps.
The results (depicted in table illustrate that the high NaOH concen-
tration throughout the cooks of series A had a significant effect on HexA
formation. It can be assumed that, in comparison to series B, also the pulps
from the other cooking stages of series A contained higher amounts of HexA.
The higher HexA content may be partly responsible for the lower degrees of
brightness of the pulps from the A series.
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4.2 Pyrolysis of ASA pulps

For the analysis of the sulfite pulps pyrolysis-GC/MS was chosen to reveal
details on structural features which would confirm or supplement the results
gathered by the other analytical methods discussed in section [£.1} For the
discrimination of the pulps generated in the two AS/AQ delignification time
series, series A and series B, Principal Component Analysis (PCA) was em-
ployed. PCA is also able to extract the most significant pyrolysis products
if a successful discrimination is achieved. To confirm the detected differ-
ences between the time series isolated evaluation of the meaningful pyrolysis
products was conducted.

The second objective was to assess whether and which wood components of
the studied samples could be quantified employing multivariate calibration
with the Partial Least Squares regression (PLS) method on the Py-GC/MS
data. PLS was already successfully applied to Py-GC/FID data of various
woods and grasses (Bremer||1991) and on Py-GC/MS data of kraft pulps
(Kleen et al.|[1993). Opposed to the approaches of Bremer| (1991) and Kleen
et al| (1993) which used the peak areas of 114 pyrolysis products of the
FID signals and the peak areas of only 26 peaks of the total ion current
(TIC) respectively, in the presented work the calibrations were based on
peak areas of extracted ions as representatives. Furthermore the number of
peaks considered for the multivariate calibrations was considerably higher
than in the aforementioned studies. The reasons for this approach will be
discussed in the respective sections.

The quantification of sulfonic acid groups was of particular interest as they
represent a unique structural feature of sulfite pulps and lignosulfonates.
Pyrolysis-GC/MS was tested as a rapid alternative to the time-consuming
conductometric method of |[Katz et al.| (1984). Apart from using multivariate
calibration also the applicability of straight-forward univariate linear regres-
sion using external standards was assessed. Multivariate calibrations gener-
ally demand a considerable amount of calibrants, therefore univariate linear
regression with a small set of calibration samples was believed to be easier
and quicker to perform. Moreover the pyrolysis of sulfonic acids only yields
one major product.

A further objective was to conduct appropriate preprocessing procedures on
the gathered Py-GC/MS raw data. There are many pitfalls and problems
arising when Py-GC/MS data is to be processed by multivariate analysis. All
of these are discussed extensively in various publications. In this study only
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one of many possible approaches was worked out which largely depended on
the available software tools and expertise.

4.2.1 Sample preparation

As it holds true for most analytical techniques care had to be taken on
an appropriate sample preparation. Milling in a ball-mill cooled by liquid
nitrogen ensured a sufficient homogeneity of the samples. Prior to ball-
milling pulps were acid-washed according to the pretreatment conducted in
the conductometric method of Katz et al| (1984) to remove Nat. It was
already described by other authors (Kleen et al.[1993) that Na*t vitally affects
the pyrolysis resulting in a different pyrolysis fingerprint. It would not be
helpful to find differences between samples without knowing whether they
are caused by differences in structural features or caused by variations of the
Na* content.

4.2.2 Data pre-processing

Many GC/MS applications including Py-GC/MS are well suited for large-
scale analyses because of rapid and fairly simple sample preparation and a
relatively high repeatability. But several hindrances can make evaluation
of large data sets difficult. Foremost the long-term reproducibility of the
GC separation conditions is of concern (Windig et al.|1979). Instrument
fluctuations result in variations in the overall signal intensity and gradual
column degradation causes retention time drifts, alterations in the product
patterns and background noise due to column bleed and artefacts. Data pre-
processing may not yield any analytical results of interest, but is critically
significant and can decide between failure and success (Pierce et al.|2012).

Before qualitative or quantitative evaluation of Py-GC/MS data is to be em-
ployed it is recommended to assess whether and which data pre-processing
steps may be necessary to yield reliable results. The purpose of pre-processing
is the minimization or removal of unwanted and irrelevant systematic varia-
tion, e.g. caused by uncontrolled external factors, scatter or baseline shifts
(Gabrielsson and Trygg2006). The necessary pre-processing steps highly de-
pend on the complexity of the chromatographic data and the aim and method
of evaluation. If only a small set of well separated, prominent peaks is used
for analysis the pre-processing steps may be marginal which is often the case
in standard GC/MS applications. Using single ion monitoring would even
further reduce the number of peaks and a straightforward integration and
normalization of the resulting peak areas by sample weight, sample concen-
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tration or internal standard leads to the desired results. Another important
intention of pre-processing is to prepare a unified format of the analytical
data. In particular when statistical analysis and the application of MVA
methods are intended, the data is best evaluable when transformed into ma-
trix format.

In terms of complexity Py-GC/MS fingerprints of lignocellulosic samples have
much in common with GC/MS profiles in metabolomic studies (Jonsson et al.
2006, Dixon et al.|2007)) or in studies on herbal medicines (Liang et al.|2010).
Py-GC/MS of wood or pulp samples may also yield highly complex total
ion current (TIC) signals which can contain far more than 300 pyrolysis
products. Many of the products are coeluting or are near the detection limit.
In figure 4.2.2| a pyrogram of sample B3y is depicted. The retention time
range between 3 and 45 min, which is depicted in graph A, contained almost
all of the major pyrolysis products. Graph B shows an enlarged section of
the retention time range between 20 and 30 min. This time interval alone
contained more than 100 peaks when the minor peaks were included. Again,
in many cases only the prominent and well separated peaks are chosen which
reduces the effort on evaluation, e.g. Bremer| (1991) used 114 and |[Kleen et al.
(1993)) only 26 peaks. When multivariate approaches are to be employed it
can be advantageous to keep as much information as possible in the data
set throughout the preprocessing procedures. Hence, ideally all peaks should
be retained. Eventually, the multivariate analysis is supposed to extract the
valuable information from the preprocessed data. In metabolomic studies it is
quite common that amongst several hundred peaks only very few metabolites,
maybe even of low intensity, are the sought-after biological markers (Jonsson
et al. 2006). Likewise it was anticipated by the author that a thorough
pre-processing would facilitate to find meaningful differences between the
AS/AQ pulps of series A and series B. In particular the pulps of both series
after the cooking time of 210 min were of interest. Regarding the results of
the previous compositional analyses they showed very high resemblance.
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The key measurement series conducted with Py-GC/MS amounted to 160
measurements which all had to be preprocessed in the same manner. Be-
cause none of the software tools available to the author was able to execute
all desired pre-processing steps 5 different software tools were utilized. The
chromatography software (ChemStation, Agilent Technologies) was responsi-
ble for the data acquisition. It is also commonly used for evaluation but the
demand for a batch-wise or sequential processing of 160 measurements could
not be met by the available software package. Sequential smoothing and
background correction was conducted with metAlign (Lommen 2009), peak
detection and deconvolution with AMDIS (Stein 1999). MATLAB (The
MathWorks, Natick, MA) was utilized to build a global peak- and ionlist
based on the deconvoluted peaks in all measurements. The sequential inte-
gration of the extracted ion peaks based on the ionlist was automated by the
MS-SIM-Tools (in-house software) in connection with the ChemStation.

Although retention time drifts are commonly of major concern and have
been addressed by various studies (Johnson et al.[2003, [Clifford et al.|2009)
it was not an issue in the aforementioned measurement series conducted. If
measurements were to be compared over a longer time period retention time
alignment or another preprocessing strategy would have been necessary.

The employed pre-processing steps are summarized in figure 4.8/ including the
main benefits and obstacles associated with each step. Details are described
in the sections and the following.
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Obstacle

Minor peaks hidden under
background noise,
low S/N ratio of minor peaks
causes noisy peak shapes leading
to poor automated integration

Considerable amount of
overlapping/coeluting peaks

Intricate determination of peak
areas of TIC signals of
overlapping/coeluting peaks

Not all extracted ions suitable as
representatives because of ion
coelution or low intensity leading
to erroneous integration

Variation of sample weight and

sensitivity of measuring device,

sample-specific differences of
area sum of TIC signal

Redundant data

Extremely heterogeneous peak
pattern with few peaks contributing
to major part of total peak area
leading to concealment of
information of minor peaks

Procedure

Smoothing and background
correction
Software: metAlign

Peak detection and
deconvolution
Software: AMDIS

lon extraction and
integration

Software: MATLAB,
MS-SIM tools

Selection of representative
extracted ion for each peak
from several candidates
Software: MATLAB

Normalization
Software: MATLAB

Removal of insignificant
ions
Software: MATLAB

Centering and scaling
Software: PLS toolbox

\

Benefit

Improvement of :
detection of minor peaks,
allocation of peak maxima and
automated integration leading to
higher reproducibilty of
integration results

Detection of more peaks,
reduction of errors when TIC
signal peaks are integrated

Avoidance of coelution problem,
extracted representative ions of
each peak proportional to
TIC peak

Most suitable ions as
representatives for each peak
improve precision and
reproducibilty of
integration

Unbiased comparison of samples
possible

Reduction of noise in MVA

Improvement of discriminative
information contained in data of
minor peaks

(1 ion per peak)

Pre-processed data of 408 representative ions

Data matrix consisting of 160 rows and 408 columns

Figure 4.9: Flowchart summarizing the conducted pre-processing steps.
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4.2.2.1 Smoothing and baseline correction

Smoothing and baseline correction (BC) are the first steps in most pre-
processing pipelines employed on GC/MS data. These two procedures im-
prove the signal to noise ratio (S/N) by eliminating the chemical and detector
noise from the signal and background respectively with a minimum of signal
distortion (Vivo-Truyols and Schoenmakers||[2006| |Lommen|2009)). Though,
possible loss of chemical information has to be taken into account and be
kept at a minimum by adjusting the processing parameters to the data.

In the presented work the most significant benefit from smoothing and base-
line correction was the overall improvement of the automated integration of
the peaks by the ChemStation integration algorithm. Because of the high
number of measurements and peaks in each measurement a manual inspec-
tion of the 'quality’ of peak integration was to be avoided as far as possible.
For the two procedures, abbreviated in the following with BC, the free soft-
ware metAlign was used. The details on the algorithms have been described
by the author of the software (Lommen|2009).

with BC
without BC
E
14
2
_(3: D
2 F

B

31 312 314 316 318 32 322 324 326 328 33
Retention time (min)

Figure 4.10: Effect of smoothing and baseline correction shown for a small section
of a pyrogram. The peaks denoted with the letters A - F are picked as examples
for the calculations of RSDs shown in table 4.8
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Regarding Py-GC/MS most of the fairly constant background noise is con-
tributed by air which is easily identifiable in the pyrograms by the masses
m/z 18, 28, 32 and 44. At elevated temperatures the column bleed increases
and exceeds the contribution by the air. In figure a small section of a
pyrogram after smoothing and baseline correction is compared to the un-
processed mirror-imaged correspondent (referred to in the following as raw
chromatogram). Apart from peak B (medium sized peak) all peaks displayed
are of low intensity compared to the main peaks of the pyrogram. At the illus-
trated level of magnification the effect of smoothing is not observable, but it
can clearly be seen that the offset caused by the background has disappeared
and some almost buried peaks (between C and D) show more articulate peak
shapes. Because of an already high signal to noise ratio (S/N) in the raw
chromatogram the BC processing for the more prominent peaks (e.g. peak
B) is not really demanded. The effect is barely observable in the respective
mass spectrum (figure [4.10)).

x10°
with BC -
8 without BC ||
s
_§ |
<C ]
0 1 1 1 1 g 1 1 1 1
31.2 31.25 31.3 31.35 314 31.45 31.5 31.55
with BC RT (min) without BC
97 97
3 41 3 41
g 3 126 E 3 126
3 3
<C <C
|||| L ..|‘ R I \\H‘ ‘M‘\ J A 11
0 50 100 150 0 50 100 150
m/z m/z

Figure 4.11: Effect of BC processing on TIC signal of peak B (upper plot) and
the mass spectrum of peak B (lower left plot) in comparison with the unprocessed
signal (lower right plot).

But in case of minor peaks the BC processing leads to a considerable im-
provement of the signal to noise ratio which can be visualized by comparison
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of the mass spectra after and before BC. Depicted in the upper graph of
figure the contribution of the background to the total signal at the re-
tention time of peak C (dotted line) can be observed. In the mass spectrum
of peak C of the raw chromatogram (lower right in figure the mass ions
of Ny and CO5 (m/z 28 and 44) show the highest intensity masking the mass
spectral information of the minor peak C (lower left in figure .

x 10
8 T T T T :I T T T ]
: with BC
8 6 . without BC |7
3 4 :
C '
3 :
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31.6 31.65 31.7 31.75 31.8 31.85 31.9 31.95
with BC RT (min) without BC
57 28
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5 5 44
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Figure 4.12: Effect of BC processing on TIC signal of peak C (upper plot) and
the mass spectrum of peak C (lower left plot) in comparison with the unprocessed
signal (lower right plot).

To assess the benefit of the BC preprocessing the relative standard deviations
(RSD) of normalized peak areas were calculated on the basis of 17 replicate
measurements. For each of the 6 peaks denoted in figure with A - F
a representative ion of their respective mass spectra was integrated. By
these means erroneous integration because of overlapping peaks was avoided
(see section [1.2.2.4). The RSDs of the peak areas before and after the BC
step (RSD,.q, and RSDpg¢) together with the respective retention times (RT)
and selected ions are shown in table 4.8l The RSD,,, values lie all between
approx. 9 and 22%. 5 out of the 6 RSDs were improved by the preprocessing,
only one value slightly increased. 4 of the 5 improved RSDg¢ values only
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Table 4.9: Results for the RSDs calculated for 6 normalized ion peak areas of 17
replicate measurements. RSD,.4,, refers to the raw and RSD g¢ to the BC processed
data basis. Peak areas were normalized by the total mass spectrum (sum of all
mass spectra of entire pyrogram).

Peak A B C D E F
RT (min) 31.15  31.37 31.79 3226 3236 32.70
Ion 137 97 57 164 111 138

RSD,., (%) | 7.38 2213 1617 947 10.22 8.67
RSDgsc (%) | 658 2052 454 1077 870 7.64

show a difference of 1-1.5% compared to the RSD,,,, values. Though for peak
C the improvement is highly significant decreasing from 16.17 to 4.54%.

Abundance
Abundance

31‘.6 31:65 31‘_7 31:75 31‘_8 31:85 31‘_9 31:95 31‘.6 31:65 31‘.7 31:75 31‘.8 31:85 31‘.9 31:95
RT (min) RT (min)

Figure 4.13: Effect of BC processing illustrated on extracted ions at the RT of peak

C. Plot A shows the processed, plot B the raw signals.

In case of the conducted measurement series the effect of smoothing was
only moderately perceivable when the TIC signals were inspected. When
the corresponding extracted ion currents (EIC) were reviewed the effect of
smoothing was clearly visible. Figure displays the currents of the 4
biggest ions at the retention time of peak C for the BC processed (A) and
raw data (B). The initially very noisy peak shape of the signal of ion 57 (B)
was considerably smoothed by the BC processing (A) resulting in a much
more reliable automated integration of the ion peak. This explained the
significant improvement of the RSDg¢ over the RSD,.,,, of peak C.

That the smoothed ion signals of m/z 31, 57 and 85 are showing poor peak
shapes (ideally a gaussian peak shape is achieved) indicates that the intensity
of this particular peak is close to the detection limit and at the limit of the
BC algorithm to work reliably.
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4.2.2.2 Peak detection and deconvolution

The purpose of chromatography - the best possible separation of the compo-
nents in a sample mixture - is commonly tried to be met by optimizing the
measuring conditions. Ideally this instrument optimization prior to the data
acquisition would lead to a complete chromatographic separation of all sam-
ple components of interest resulting merely in gaussian shaped peaks. In this
case the peak detection and the integration would be straightforward. But
for the separation of complex samples containing various substance classes
and yielding a high number of components complete separation of all compo-
nents is hardly achievable. Some peak shapes are asymmetric and the quality
of separation and peak shapes decrease due to the gradual column degrada-
tion. Considerable numbers of overlapping and even some truly coeluting
peaks are the rule. The task of peak detection takes a central role in almost
all evaluations of chromatographic data and hence detection algorithms are
implemented in virtually every evaluation software for chromatography to
enable automatized peak detection. The quality of the algorithms, though,
can vary greatly.

For the Py-GC/MS data it was found that the peak detection performed
by the ChemStation, even in combination with the MS-SIM-Tools, was in-
complete and therefore unsatisfactory. Manual review of each processed mea-
surement was necessary and for a large measurement series this was regarded
as unacceptable. The visual inspection of the acquired pyrograms revealed
a high number of overlapping peaks. Most of the overlapping peaks could
be recognized visually because of typical double peak shapes or peak shoul-
ders. Figure illustrates the overlapping of two components, an unknown
lignin derived product (A) and a further unknown component (B), leading
to a barely perceivable peak shoulder in the TIC signal of the corresponding
peak (blue dotted signal in plots A2 and B2). The ChemStation detected
and integrated the two components as one peak ignoring the presence of the
minor counterpart A. When marker ions, selected from the respective mass
spectra of the two components (plots Al and B1), are plotted (in this case
4 each, see plots A2 and B2) the components can easily be distinguished. A
difference in retention time of 0.04 min can be observed.

Figure depicts a further example of interference between two compo-
nents, 5-hydroxymethylfurfural (A) and an unknown component (B). In this
case neither the ChemStation nor the visual inspection revealed the two al-
most coeluting components with a retention time difference of 0.14 min. The
TIC signal (blue dotted signal in plots A2 and B2) describes a perfectly
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Figure 4.14: Effect of deconvolution. Deconvolution revealed the mass spectra of
two overlapping components indicated by the mass traces marked red in plot Al
and plot Bl respectively. Plot A2 and B2 show the corresponding peaks of the
4 most prominent extracted ions for each component. The intensity of the TIC
signal was lowered for display purpose.

shaped peak without any shoulder. The plotted marker ions (plots A2 and
B2) show that the smaller component B is buried beneath component A.

To oppose the problem of overlapping and coelution several deconvolution
strategies and algorithms were developed. Deconvolution enables the separa-
tion of overlapping signals into their individual contributions. Deconvolution
is of major interest not only in chromatographic but also in spectroscopic ap-
plications (e.g. Infrared and Raman spectroscopy). The necessity of decon-
volution in chromatography even increases with the ongoing trend towards
time-saving, short measurements.

For the presented work the freely available and user-friendly software AMDIS
was utilized for peak detection and deconvolution. The software allowed to
process the data in a sequential mode, i.e. a high number of measurements
could be processed with the same parameter settings so that for each mea-
surement peaks were detected and deconvoluted. Although it is often referred
to as batch-processing it may be more precisely termed sequential processing
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Figure 4.15: Effect of deconvolution. Two almost coeluting components (5-
hydroxymethylfurfural with an unknown component) revealed by deconvolution.
Plots Al and B1 show the mass spectra (marked red) and A2 and B2 the corre-
sponding peaks of the most prominent mass traces. The intensity of the TIC signal
was lowered for display purpose.

in order to contrast the AMDIS procedure with the fairly recent approach of
processing all or a subset of all measurements together by multivariate curve
resolution (MCR), hence by a true batch-processing step (Jonsson et al.[2005,
Thysell et al.|[2007)).

For the set aim of capturing as many peaks as possible in the chromatographic
profiles AMDIS performed well in detecting many peaks which were missed
out in the initial attempts using only the MS-SIM-Tools and the ChemSta-
tion. But by following the path of using AMDIS several new problems arose
which had to be coped with. Firstly the deconvolution often resulted in two
or even three results for the same peak with varying ’suggestions’ for the pos-
sible nature of the extracted mass spectrum. This problem was reduced by
optimization of the parameter settings but could not be completely resolved.
Secondly, as the deconvolution was performed on each pyrogram separately
the task of combining and matching the results of many measurements to
build a global peak list had to be solved. The results of AMDIS are stored in
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text-files. To tackle these problems some free software solutions are available
which were made to process AMDIS results (Broeckling et al.[[2006, [Behrends
et al[2011). Although those options could have met the target the solution
of [Behrends et al.| (2011) was too recent and the solution of Broeckling et al.
(2006) not flexible enough to meet the desired demands. The novel decon-
volution procedure based on MCR could have been a helpful alternative but
was restrained by the lack of expertise in MCR and lack of a freely available
software tool tailored for GC/MS data. The MCR method would have been
advantageous as it processes all measurements together yielding a global peak
list. Also the method is able to deconvolute truly coeluting peaks which is
not possible with AMDIS where a small RT deviation of coeluting peaks is
necessary.

It was decided to write own MATLAB scripts to perform the extraction and
filtering of the AMDIS data to yield an appropriate global peak list. A global
peak list served to give the data matrix necessary for subsequent analyses its
dimension. For the 160 measurements a matrix was built consisting of 160
rows (one measurement per row) and one column for each peak found in at
least two measurements (see description below). After peak integration each
cell contained the peak area of the representative ion peak and if peaks were
absent for some samples the corresponding entries would be set to zero (see

also section 4.2.2.3]).

Table 4.10: Path of generation of the global peak list for all 160 deconvoluted
chromatograms.

Peak extraction process No. of peaks
Peaks found by AMDIS in each pyrogram 243 - 444
Concatenation of all peaks 42475
Filter 1 17118
Filter 2 746
Filter 3 467
Manual removal of replicate entries 458

Table summarizes the size of the peak list after each step performed
for the generation of a global peak list. Deconvolution was employed on
all 160 measurements resulting in quite varying amounts of detected peaks
in each pyrogram (243 to 444 peaks), despite the same parameter settings.
After importing the AMDIS results into MATLAB the individual peak lists
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of the pyrograms were concatenated. To end up with a global peak list
summarizing all occurring peaks in the data without multiple entries for the
same peak the concatenated peak list had to filtered. Several steps were
chosen for this purpose starting from pre-filtering for removal of obvious
replicate entries. This step (filter 1) reduced the peak list approx. by half
through comparing mass spectral data with equal retention time on the basis
of ordering the mass traces (m/z) for each entry by intensity and matching
the most significant ordered ions (in this case 4) against each other. In
addition singular entries were removed assuming that these were non-optimal
deconvoluted peaks or artefacts because all samples were at least measured
as duplicates. For the next step (filter 2) small adjustable 'RT windows’
were selected and all entries were merged with the same base ion. By this
coarse filtering step coeluting components would disappear from the peak list
if they have the same base ion (e.g. isomers). The step could have been fine-
tuned by the application of more advanced algorithms (e.g. Probability Based
Matching (McLafferty| [1977) or Weighted Dot Product (Stein/[1999)) but it
has proven to work reasonably well for the analyzed data and reduced the
peak list to 746 entries. Because of the aforementioned problem of AMDIS
sometimes giving several suggestions for the same peak (missing the base ion)
or because of inferior deconvolution of peaks near detection limit in some
samples a further filtering step (filter 3) had to be applied. Like in the first
step the most significant mass traces (in this case 4) were compared against
each other but this time in ’'RT windows’ to account for small retention time
shifts. The resulting peak list of 467 peaks was finally reviewed and some
replicate entries of strongly time-shifting peaks of anhydrosugars (see figure
4.15] B) were removed manually. The three briefly described filters could be
merged to one step but the adaptability would probably be lost.
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Figure 4.16: Overlay of the peak of 4-Vinylguaiacol (A) and Levoglucosan (B) for
160 measurements.
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Figure illustrates why several entries for levoglucosan (plot B) could be
found after automated filtering of the data. As stated in the introduction of
section [4.2.2retention time shifts were not accounted for in the pre-processing
procedures applied. Plot A shows the overlay of the symmetric peak of 4-
Vinylguaiacol from 160 measurements. The retention time drift can be con-
sidered as reasonably small. Plot B gives a different picture. Levoglucosan,
a major product from pyrolysis of pulp, shows a poor separation behaviour
on the GC column resulting in highly asymmetric peak shapes which may be
due to overload and high polarity. The elution of levoglucosan starts for all
measurements within close proximity of 39.55 min. But because the highly
varying abundances and the asymmetry the peak maxima are shifted within
a range of 0.5 min (RT between 39.65 and 40.15 min) which can be considered
a very high deviation in GC/MS applications. The RT windows selected for
filter 3 were smaller than the deviation hence levoglucosan (and two other
products) had multiple entries in the peak table.
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Figure 4.17: Comparison of coeluting peaks extracted from a pyrogram at the
initial (A1, A2) and the terminal cooking stage (B1, B2). In the initial stage no
coeluting peak was detectable.

It could have been considered to use only a subset of the measurements to
construct the global peak list but as one wood and 28 different pulp samples
were measured it was not straightforward to decide which samples to select.
Moreover, the additional effort of evaluating 160 instead of 28 measurements
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would have been marginal as the peak selection was eventually executed
by the written MATLAB scripts. The simplest approach which was tested
would have been to only use one measurement, e.g. from the center of the
delignification time series. But in this case peaks were missed. In figure
an example is given where a pyrolysis product may have easily been
overlooked. Al shows the mass spectrum and A2 the TIC and ion profiles
measured from a sample of the initial cooking stage at 30 min and B1 and
B2 are from a sample of the final cooking stage at 330 min at the same
retention time. On pyrolysis of the sample B3, from the initial cooking stage
basically only guaiacol was eluting with the ions m/z 109 and 124 as the most
prominent mass traces in the mass spectrum (Al and A2). Measurements
of the samples from the terminal cooking stage ( Bssg) revealed that one or
two other components elute at the almost same retention time (difference
of 0.01 min between red and blue dotted vertical lines) with the ions m/z
43, 128 and 53 as most prominent mass traces (Bl and B2). It is not clear
if the latter mentioned ions are of the same component or if actually two
components (m/z 128 and 57 of one and m/z 43 of the other) coelute with
Guiacol with a retention time difference marked by the blue and green dotted
vertical lines. AMDIS results suggest two components but ion m/z 43 highly
correlates with the ions m/z 128 and 57. Regarding the B series the intensity
of the second/third component starts increasing for the samples taken after
a cooking time of 180 min. Hence if any sample from an earlier cooking stage
was used as the only measurement for the deconvolution these procedure the
coeluting components would have most likely been missed.

Although it was anticipated that the global peak list containing 458 peaks
had many redundant entries marker ions for all peaks were extracted and
integrated as described in the following section [£.2.2.3] With the aid of
statistical methods on the integration results further reduction of the global
peak list could be achieved.
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4.2.2.3 Ion extraction and integration

The most straightforward procedure of evaluating the chromatographic pro-
files would be to use the peak areas of the TIC chromatogram for each peak.
But this approach is hindered by the numerous overlapping and coeluting
peaks. When FID detectors are used instead of MS detectors the only reme-
dies are to ignore the coeluting peaks, to try to resolve them by MCR methods
or to prolong the chromatographic separation (using low temperature gradi-
ents, e.g. 3°C/min) to minimize the overlapping as far as possible as it was
done e.g. by Bremer| (1991). In case of wood or pulp analysis it is also com-
mon practice to only concentrate on the evaluation of the most prominent
peaks where the error due to coelution is not regarded as significant (e.g.
Rodrigues et al.|{1999).

As discussed before when MS detectors are employed there is the additional
option of using the mass spectral data to aid the separation of overlapping/-
coeluting peaks. Kleen et al.|(1993) and Sjoberg et al.|(2004) used the peak
areas of the TIC chromatogram for well separated peaks. For some over-
lapping/coeluting peaks they utilized the peak areas of extracted ions as
representatives for the mass spectra of the corresponding components. Since
the peak areas of extracted ions are proportional to the respective TIC peak
areas they multiplied the peak areas of the extracted ions with prior deter-
mined factors to obtain the TIC peak areas. This step is necessary when
the actual contribution of a component (only biased by the varying response
factors) to the chromatogram is of interest.

In the presented work all data analyses are based on extracted ions as rep-
resentatives for each peak, thus the extracted ion currents (EIC) are utilized
rather than the TIC signals. At the initial stage of pyrolysis data evaluation
the use of AMDIS was not considered. Instead the MS-SIM-Tools were in
the focus as evaluation tool. The MS-SIM-Tools allow the extraction of one
or even several representative ions for each peak and the integration of the
respective peak areas. One of the main benefits was to yield more or less
Gaussian peak-shaped and noise-free signals for the extracted ions facilitat-
ing the automated integration and helping when overlapping peaks were to
be evaluated as illustrated in figures and of section The
downside of using the MS-SIM-Tools for peak detection was that many minor
components in overlapping/coeluting peaks were not automatically detected
because it relies on the peak detection algorithm of the ChemStation where
no deconvolution is performed. As examples both peaks depicted in the
aforementioned two figures were not detected when the MS-SIM-Tools were
employed. The only remedy would have been to add missing representative
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ions manually to the extracted ion list generated by the MS-SIM-Tools. But
this could only be done if the coeluting components were discovered by other
means. Another possibility would have been to choose as many as 10 to 12
ions to be extracted for each peak with the hope that one of the numer-
ous ions belongs to the coeluting peak but this would have generated a too
extensive amount of data.
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4.2.2.4 Selection of extracted ions

When AMDIS is employed for peak detection and deconvolution the gener-
ated results also include extracted ions used as model ions for deconvolution.
It could have been an option to use these ions as representatives for the peaks
but it was found that in many cases these proposed model ions varied from
measurement to measurement causing conflicts when the global peak list was
set up. In other cases these were also not optimal to use for the analysis of
the delignification time series because when ions of already low intensity in
the corresponding mass spectra were proposed as model ions these ions dis-
appeared completely in measurements where the analyzed components were
near the detection limit. Particularly to monitor the changes of minor peak-
s/components in the course of pulping it seemed most appropriate to choose
the most prominent ion in each mass spectrum. An example where this
choice is appropriate can be reviewed in figure [£.14] in the previous section.
The ion 97 for the major peak and ion 55 for the minor coeluting peak should
preferably be picked.
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Figure 4.18: Selection of representative ions. The most prominent m/z 43 is a
major ion of 3 overlapping peaks.

Though several cases were found in the data where the most prominent ion
would have been the wrong choice. In figure a case of three overlapping
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peaks at a retention time around 6.45 min is illustrated. Only the EIC signals
for the 4 most prominent ions recorded at the retention time marked with
the vertical dotted line are displayed (A2 and B2). Al and A2 are the mass
spectrum and the ion profiles respectively extracted from the pyrolysis data
of a sample of the initial cooking stage at 30 min and Bl and B2 from a
sample of the final cooking stage at 330 min.

Ion m/z 43 is by far the most prominent ion for the middle peak but ion
m/z 43 is also present in the two other overlapping components. Proper
integration of the signal of ion m/z 43 is hindered and subject to errors.
Instead of ion m/z 43 the ion m/z 86 with much lower intensity but much
better peak shape is preferably chosen as the representative ion of the middle
peak. When the initial and terminal stage samples are compared the change
of the relative intensities of the 3 overlapping peaks to each other can be
observed by the shape-change of the profile of ion m/z 43.

The obstacle of selecting the most appropriate ions as peak representatives
for each peak without manual review was tackled by extracting and inte-
grating the 4 major ion peaks from the deconvoluted mass spectra of each
pyrolysis product (in some cases only 1 to 3 ions were extractable). The
selection of the presumed 4 major ions was carried out in MATLAB. The
extraction and integration of the 1615 ion peaks was conducted with the
MS-SIM-Tools. A subsequent selection procedure was applied to choose fi-
nally one ion per component. The selection procedure was based on Pearson’s
correlation coefficients calculated for the ion peak areas by the equation:

= —1 (4.1)

It was assumed that within replicate measurements nearly all peaks highly
correlate with each other. Low correlation coefficients computed for a peak
would indicate that the amount of random variation of the corresponding
peak is higher than the systematic variation affecting all peaks equally. Hence
if 4 ions of the same TIC peak are compared the ion with the highest aver-
age of 1615 correlation coefficients is presumed to have the most consistent
integration results. To account for the changes in sample composition the
calculations were performed for 9 sets of replicate measurements separately
(with 6 to 17 replicate measurements each).
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Table 4.11: Two examples for the selection of the representative ion on basis of
mean correlation coefficients.

4-Ethylguaiacol Methyl pyruvate
Sample No. m/z m/z m/z m/z | m/z m/z m/z m/z
replicates | 137 152 98 39 43 31 102 45
Bso 10 0.69 0.69 0.69 069 |0.62 037 0.66 0.49
Beo 17 0.74 0.74 0.73 0.73 | 0.69 0.65 0.68 -0.19
Ag 11 0.75 0.74 0.73 0.74 | 0.55 048 0.60 0.57
Bgo 13 0.73 0.73 0.71 0.72 | 0.70 0.55 0.69 0.11
Biag 6 0.72 0.71 0.71 0.71 | 064 0.71 0.71 0.11
Biso 6 0.73 0.73 0.72 0.71 | 0.61 0.58 0.67 0.52
Bavo 6 0.65 0.62 0.66 -0.28 | 0.64 0.66 0.64 0.29
Basso 8 0.62 0.60 0.62 0.60 | 0.50 0.35 049 -0.12
Spermp 12 0.68 0.68 0.65 0.67 | 0.55 042 0.51 0.55
sum 6.30 6.24 6.24 529 | 549 4.77 5.64 2.33

In table the ion selection is exemplified by the results for the 4 extracted
ion peaks of two pyrolysis products, 4-ethylguaiacol and methyl pyruvate.
For 4-ethylguaiacol the 4 ions m/z 137, 152, 98 and 39 and for methyl pyru-
vate the ions m/z 43, 31, 102 and 45 were extracted. The mean correlation
coefficients range for most ions between 0.5 and 0.75. Only the fourth ion
in case of both pyrolysis products shows strongly deviating results for some
replicate sample sets.

The poor correlation for m/z 39 of sample set Bayg may be explained by the
low intensity of that ion compared to m/z 137 and 152 (see figure plot
A1) hence in sample sets with low lignin content m/z 39 was in some mea-
surements below the detection limit and set to zero. The same explanation
may apply for m/z 45 of methyl pyruvate resulting in the overall poor mean
correlations (m/z 45 is not displayed in figure plot B1). The sum of the
mean correlation coefficients was the selection criterion for the choice of the
representative ion for each pyrolysis product. For 4-ethylguaiacol the most
prominent ion m/z 137 was selected but for methyl pyruvate m/z 102 was
selected instead of m/z 43 despite the much lower intensity of m/z 102. Plot
B2 in figure may illustrate a likely explanation. The peak of ion m/z 43
shows a peak shoulder indicating that the ion is also found in the overlapping
peak eluting before which easily leads to erroneous peak integration.
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Figure 4.19: Selection of representative ions. The selected ions (highlighted red)
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for 4-ethylguaiacol (A1, A2) and methyl pyruvate (B1, B2) on the basis of the
results displayed in table [£.10]

Instead of using the mean correlation coefficient, which is in this case equiv-
alent to the sum of correlation coefficients, for the selection of the best ion,
some threshold value could be set and only correlation coefficients passing

the threshold would be summed.

81



CHAPTER 4. DISCUSSION OF RESULTS

4.2.2.5 Normalization

In Py-GC/MS applications between-sample variations are mainly introduced
by differences in sample-weight but also by inhomogeneity due to insufficient
milling. The measurement device is another source causing variations in
the acquired data. Here sensitivity changes of the mass spectrometer be-
tween each measurement are of major concern. They may not be significant
for short measurement series, but particularly when large-scale analyses are
conducted unpredictable fluctuations have to be expected. If the mass spec-
trometer demands a 'tuning’ procedure in between a series, as it was the case
in the presented measurement series, an abrupt sensitivity leap can be ob-
served. To compensate these and other between-measurement variations and
to facilitate sample comparison chromatographic data is usually normalized.

The internal standard method is the most common normalization technique
in GC applications (Lu and Ralph/[1997, [Sundberg and Holmbom![2004}, Eke-
berg et al.[2006) where the internal standard (IS) may be added to the sample
stock solution before injection. Hereby sensitivity changes of the measuring
device and deviations of injection volume can be compensated. It is also,
but less frequently, utilized when analytical pyrolysis is hyphenated with GC
(Bocchini et al[/1997, Odermatt et al.| 2003, Becerra and Odermatt| |2012).
Because of the different sample introduction in pyrolysis (solid samples) addi-
tionally to the IS a sample-weight normalization is appropriate to compensate
the sometimes considerable sample weight differences. A shortcoming of the
IS method may be that the sample handling of the internal standard can in-
troduce additional variation. It may also be a challenge to find an adequate
IS for the samples to be measured as it should behave similar to the analyte,
be inert towards interaction with the analyte and completely resolved from
the latter. In all Py applications a potential volatility of the IS is of addi-
tional concern since all sample containers (e.g. sample cups) are open. This
holds particularly true when autosamplers are used and hence each sample
may be exposed to atmospheric environment for a different time period.

When internal standards are not utilized, as it is the case in most Py-GC/MS
studies, other normalization techniques have to be applied. Especially when
MVA methods are employed normalization to constant sum (also termed sum
or area normalization) is most commonly used (Johansson et al./[1984)). For
each chromatogram all baseline corrected signals are summed up and the
obtained total sum used as a normalization factor. Hence constant sum nor-
malization results in the total sum of each normalized chromatogram to equal
1 (Pierce et al|[2012)). Although the variations between replicate measure-
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ments are minimized effectively some major problems can arise from constant
sum normalization. Because of the fixed sum for all samples an unwanted
interdependence between the variables is introduced. The increase of the
intensity of major variables (i.e. peaks) automatically lowers the intensity of
other peaks in the sample. This dependency may be true for compositional
data but not for ‘open’ data acquired by Py-GC/MS where all or many com-
ponents may increase in intensity resulting in an overall higher total signal
(see figure . The consequences of this so called closure effect due to
normalization can be the introduction of spurious correlations and the elim-
ination of true correlations between variables (Johansson et al|1984). An
additional negative effect arising from constant sum normalization is related
to the presence of heteroscedastic noise, i.e. increase of absolute noise with
increasing signal intensity, in GC/MS data. By constant sum normalization
the high absolute amount of noise present in large peaks is redistributed to the
other peaks which can affect particularly the minor peaks obscuring relevant
information (Kvalheim et al.[1994). The same problems arise for other com-
mon normalization methods like mean normalization where the mean signal
of each chromatogram is forced to equal 1, or minimum-maximum normaliza-
tion where the biggest peak is forced to equal 1. It has been recommended to
use these normalization procedures only for measurements with overall high
similarity which was not the case with the measured pulp samples.

The series of 160 measurements was conducted without internal standard.
For the purpose of direct monitoring of changes in intensity of various sin-
gle pyrolysis products as a function of the delignification progress constant
sum normalization was not an option because of the aforementioned reasons.
Therefore a different normalization strategy had to be applied. Although
the sensitivity fluctuations showed to be moderate a major obstacle was the
MS tuning procedure which was employed in the middle of the series after
80 measurements. In figure the weight normalized TIC signals (sum
of all signals across each chromatogram which can be regarded as equiva-
lent to the total peak area) of the 17 replicate measurements (wn TICpgq)
are plotted against the series of measurements. It can be noticed that the
tuning induced a sensitivity leap resulting in an approx. two-fold increase
of the weight normalized TIC signal. A further indicator for the sensitivity
changes may be the background noise signal which can easily be monitored
by the extracted ion current (EIC) m/z 28 (base ion for Ny) as air is always
a major contributor to background noise in pyrolysis applications. In fact
two different contributions of air to the TIC signal in a pyrogram can be
observed. One air signal observed as a prominent peak at the beginning of
the pyrogram is due to the brief opening of the device for the sample in-
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Figure 4.20: Comparison of 5 different signals across the 160 measurements con-
ducted. The BC processed TIC signals of the 17 replicate measurements of sample
Bgo were weight normalized (wn TICp¢). Ton 28 EIC,q, and Ton 28 EICpc refer to
the summed up ion current of m/z 28 for each unprocessed and BC processed chro-
matograms respectively, Ton 28 EICpqg was calculated as the difference between

ITon 28 EIC, 4, and Ion 28 EICac.
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troduction (ion m/z 28 EICpc in figure and the second contribution
is a constant noise signal (ion m/z 28 EICpq) caused by minor leakage of
the system which is never completely sealed. The black signal (ion m/z 28
EIC,4,) amounts from the sum of these two contributions. A further marker
ion for the background noise is m/z 207 (SiO4 marker, ion m/z 207 EIC,,)
mainly arising from column bleed which showed the least variation between
measurements.

Table 4.12: RSDs of sample Bgg (wn TICp¢) calculated for 10 replicates within the
first, 7 replicates within last 80 measurements and all 17 within the whole series.
Additionally the RSDs calculated for Ion m/z 28 EIC; 4, Ion m/z 28 EICc and
Ion m/z 28 EICRq separately for the first and last 80 and for all 160 measurements.

Measurements
1-80 81 - 160 1-160
RSDynr1c 6.80 4.92 30.39
RSDagrqw 2.50 5.92 31.48
RSDaspx 10.72 15.52 35.28
RSDaspa 2.4 5.35 31.28

As mentioned above apart from the sensitivity leap between measurement 80
and 81 the variation of the TIC signals within the 17 replicate measurements
was moderate with an RSD of 6.8% for 10 weight normalized replicates (wn
TICpc) within the first 80 measurement series and 4.92% for 7 replicates
within the second half (see RSD,,,r7¢ in table . When the RSDs for the
marker ion (m/z 28) of the background noise, the air peak and the combined
signal are calculated separately for the first 80 and the last 80 measurements
the RSDs for the background noise are the lowest with 2.4 and 5.35% respec-
tively (RSDagpg). As expected the RSDs for all displayed signals over the
complete measuring series are high due to the sensitivity leap.

It was decided to combine weight normalization for all samples with one of
the 4 displayed signals as an additional normalization factor analogous to
an IS method. The background noise signal (ion m/z 28 EICpq) turned out
to give the overall best results for the complete measurement series range
with calculated RSDs for all but one replicate measurements well below 10%
and the lowest mean RSD. The only exception were the four-fold replicates
of sample A7y which yielded an RSD slightly above 10%. In table the
RSDs (RSDysnric) for the replicates of 5 samples are displayed. Of these
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Table 4.13: RSDs of BC processed TIC signals for 5 different sets of sample repli-
cates after weight-background normalization.

Sample No. of replicates RSDpnrr0

Bsg 10 7.49
Bgo 17 7.56
Ao 11 3.45
Boo 13 5

Bsso 8 2.65

5 displayed samples the RSD of sample Bgg with the 17 replicates actually
showed the highest RSD.
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Figure 4.21: BC processed and weight-background normalized TIC signals acquired
for samples of the delignification series as a function of cooking time. Errorbars/-
standard deviations were calculated from 2 to 17 replicates for each sample. For
display purposes all TIC signals were multiplied by the factor 1000.

The benefit of the elaborated normalization method, referred to from here
on as weight-background normalization (wbn), was that it allowed to com-
pare the measurements over the complete series rather than only separately
within the first and last 80 measurements. This was of particular interest as
not all samples of the two delignification series were measured either within
the first or the last 80 measurements. When the wb normalized TIC signals
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of the delignification series are plotted against cooking time, as depicted in
figure [4.20] significant changes of the TIC signals can be observed. Com-
paring samples at a cooking time of 60 min and 330 min the TIC signal
has almost doubled. The figure also illustrates that the variations in the
TIC signal show a systematic pattern with an initial decrease followed by
gradual increase over the cooking time. Only sample As7g, which also had
the highest RSD (as shown in table illustrated by the large errorbars
in the figure, shows an unexpected behaviour. The reasons for the strong
divergence of the TIC signals is not straightforward but is most likely associ-
ated with the significant change of pulp composition in the course of pulping.
The samples with the lowest TIC signal have the highest and the samples
with highest TIC signals the lowest lignin content. One explanation could
be different ratios of volatile products to char residues. But it may also be
explained by the differences in relative detector response between the vari-
ous pyrolysis products. Although response factors of the pyrolysis products
were not determined on the employed measuring device, anhydrosugars like
levoglucosan (main product from pyrolysis of lignocellulosic biomass) have
significantly higher response factors than phenolic compounds. Hence the
high carbohydrate content of the samples from the final stage of pulping
should be expected to result in higher TIC signals.

Apart from the weight-background normalization another mormalization pro-
cedure was elaborated for the data set. |Johansson et al.|(1984) suggested to
use only the sum of a subset of the available variables (e.g. peaks) for normal-
ization to minimize the closure effect caused by constant sum normalization
and termed it selective closure. The recommended criteria for the selection of
the variables was to choose as many variables as possible with the constraint
that only variables with similar means and standard deviations are selected
and the very large and very small variables are excluded. This normalization
technique was applied by Kleen et al.| (1993) and [Sjoberg et al. (2002) on
pyrolysis data of pulps.

Also in the presented work constant sum normalization on the pyrolysis data
of the analyzed pulps was having strong biasing effects because the differ-
ences between the measurements were huge regarding comparison of samples
from the initial and terminal cooking stage. In particular the levoglucosan
peak amounted for some samples to a relative peak area of over 30% domi-
nating the pyrogram and hence also normalization results when included as
a variable for normalization.

Because of the particular problem of the autotune performed in the middle of
the analyzed measurement series the approach suggested by |Johansson et al.
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(1984)) for selecting peaks for normalization led to abnormally high standard
deviations and biased calculated means for all peaks. It could have possibly
been solved by applying the selection procedure for the first 80 and last 80
measurements separately and than merge the results.

But instead a different method for the determination of a suitable subset of
peaks for normalization was elaborated. The scope of the procedure was to
conserve the partially large differences between the TIC signals of different
samples (as already shown in figure and to minimize the deviations
within replicate measurements. Although the weight-background normaliza-
tion described above already gave reasonable results it was hoped to find an
appropriate normalization independent of the background noise as the back-
ground noise could easily deteriorate the data if e.g. a small leakage of the
measuring device abruptly or gradually increases.

Analogous to the selection of the representative ion for each peak described
in section this approach based on the correlation coefficients between
the peak areas within the replicate measurements. The assumption was
made that variables with the highest sum (or mean) of correlation coeffi-
cients within replicates were more likely suitable candidates for normaliza-
tion. Since again 9 different replicate sets were utilized a ranking order of
the ions was calculated by summing up, for each variable (peak) separately,
the mean correlation coefficients of the 9 replicate sets. A further assump-
tion made was that the TIC signal (area sum) trend yielded by the weight-
background normalization (displayed in figure closely represented the
unbiased data. Hence a subset of peaks was to be selected for normaliza-
tion, termed here selected-peaks normalization, which yielded a similar trend
of the TIC signals as displayed in figure Mathematically the conver-
gence to the weight-background normalized data was assumed to be achieved
with the highest correlation between the selected-peaks normalized and the
weight-background normalized TIC signals. Following the aforementioned
ranking order of the ions the peak areas were added up stepwise and each
resulting sum was applied for normalization. For each step the correlation
was calculated on one data set consisting of all replicate sets. It has to be
mentioned that prior to the described stepwise summation of the peak ar-
eas each ion peak area was multiplied by a previously determined respective
factor to estimate the corresponding TIC peak area for each component.

In figure it can be seen that the iteratively calculated correlation coef-
ficient gradually increases reaching values beyond 0.95 when more than 280
peaks are included. After the inclusion of the 305th peak the correlation
coefficient abruptly declines and stays constant at around 0.75. From the
458 peaks eventually 285 peaks were selected when a correlation coefficient
of 0.974 was reached. It may appear that the normalization factor amounting
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Figure 4.22: Iteratively determined correlation between selected-peaks normalized
and weight-background normalized TIC signal plotted against the number of peaks
included for selected-peaks normalization.

from 285 peaks could possibly be similar to a constant sum normalization
(i.e. using all peaks). But it has to be kept in mind that among the 458 peaks
extracted from the data most are minor components with very little contri-
bution to the total sum. The abrupt decline of the correlation coefficient is
induced by the major peak of levoglucosan (305th peak) which underlines
the biasing effect of the levoglucosan peak on normalization.

To estimate the performance of the described selected-peaks normalization
procedure the mean and median RSDs may be helpful which are displayed
in table [1.13] For each replicate set the RSDs for each of the 458 peaks were
calculated and the respective mean and median RSDs determined. Lower
RSD values imply less scatter within the replicates which is one of the major
scopes of normalization. The mean RSD alone, though, is easily biased by
extreme values, i.e. peaks showing extensive scatter resulting in extremely
high RSD values may obscur the effect of normalization. The median RSD
is robust against those extreme values as long as those extremes are only
present in relatively small numbers. Hence it better reflects the average
RSDs of the majority of the peaks. When the results displayed in table [4.13]
are reviewed large differences between the mean and the respective median
RSDs can be observed indicating the presence of extreme values (outliers). A
second conclusion which can be drawn from the displayed results is that the
selected-peaks normalization reduced the overall scatter within the replicate
sets more effectively than the weight-background (wbn) and constant sum
normalization (csn) reflected by the lower RSD values.
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Table 4.14: Comparison of the mean and median RSD values (RSD.p,,, RSD.s,, and
RSDgpnass) resulting from weight-background, constant sum and selected-peaks
normalization for the 9 replicate sets. For the selected-peaks normalization 285
peaks selected by the ranking order described above were used.

Mean Median
Sample RSDyprn  RSDesn, RSDgpnogs | RSDwsn  RSDesp RSDgpnass
Bsg 32.3 33.4 32.1 14.2 16.5 13.8
Bgo 35.2 32.8 31.6 15.9 13.1 11.6
Ago 27.6 27.6 27.0 11.7 11.7 11.2
Bogg 27.8 27.2 26.5 12.8 12.2 114
Bigo 22.9 23.3 23.0 9.9 10.4 10.1
Bis0 27.5 26.4 25.8 11.6 10.3 10.0
Ba7o 33.8 31.2 30.4 15.0 11.6 10.0
Bsso 38.1 38.7 37.7 12.4 13.5 12.3
Spermp 38.2 39.0 36.9 16.3 17.3 14.6
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Figure 4.23: Comparison of weight-background and selected-peaks normalized TIC
signals acquired for samples of the B series as a function of cooking time. Error-
bars/standard deviations were calculated from 2 to 17 replicates for each sample.
For display purposes all weight-background and selected-peaks normalized TIC
signals were multiplied by the factor 1000 and 200, respectively.
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To survey whether the selected-peaks normalized TIC signals show a trend
converging with weight-background normalized data the TIC signals of the B
series samples were plotted against cooking time in analogy to figure [4.20] It
can be observed in figure that both trends show high similarity. Hence
it may be concluded that apart from the weight-background normalization
also the elaborated selected-peaks normalization conserved the systematic
differences between the samples.
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4.2.2.6 Removal of insignificant peaks

One of the last steps of the pre-processing procedure was the removal of ap-
parently meaningless data for the subsequent analysis, i.e. peaks without
any significant discriminative ability may as well be excluded. It could be
considered to perform this step in an earlier stage of pre-processing but for
the univariate statistical procedures applied for this purpose prior normal-
ization of the data was inevitable. The exclusion of meaningless variables,
or vice versa, the preselection of potentially discriminative marker peaks is
also commonly known as feature, variable or subset selection. But the fea-
ture selection may also be splitted into two stages. The first stage could be
considered a preliminary selection applying a low threshold to remove peaks
which are insignificant for the whole data set and retain all peaks which
have a discriminative potential in the data analysis. Hence this weak pre-
selection can rather be considered a pre-processing step. The second stage
is the application of feature selection as an integral part of the data analy-
sis where moderate to high thresholds are set for the selection of variables.
This enables to greatly reduce the number of peaks and retain only the
most significant markers needed for discrimination or regression. This makes
particularly sense when multivariate analysis is to be conducted on several
different subsets of samples, e.g. when only samples from two cooking stages
are compared it is advantageous to perform the feature selection only on
these analyzed samples.

For the preliminary removal of overall insignificant peaks Oneway ANOVA
(analysis of variance) was considered as an appropriate tool which is applied
to each variable/peak separately (hence univariate). ANOVA is a global
test based on hypothesis testing using F statistic. The goal of ANOVA is
to prove the absence or existence of any statistically significant difference
between the means of several groups. The procedure relies on the calculation
of two different estimates of variance for a sample set which are referred to
as the between-sample estimate of variance and the within-sample estimate
of variance, i.e. in the case of the pyrolysis data the variance between the
different replicate sets is compared to the variance within each replicate set.
The resulting F-value is determined by the ratio of these two estimates and
a corresponding p-value is extracted from the F statistic table. The higher
the F-value the more significant is the difference between at least one group
and the remaining groups of samples. The p-value provides the significance
level of the difference.

The generalized formula for the between-sample variance expressed as sum
of squares (SS) is given by:
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SSBw = zp: nj(X; — X)? (4.2)

Jj=1

The within-sample variance is calculated by:

Py
SSwyin =D Y (Xij — X;)* (4.3)
j=11i=1
where X refers to the mean value, i is any score, j any group, n the number
of scores and p the last group within the tested set.
Prior to the calculation of the F-value these two variances are divided by
respective degrees of freedom which are determined on the basis of the total
amount of measurements tested and the amount of measurements in each
group. As for all statistical tests high numbers of measurements/replicates
in each sample group greatly improves the confidence of the results. There-
fore again only the 9 replicate sets were used for the ANOVA peak removal
procedure. The threshold for rejection of variables can be arbitrarily set.
But commonly a cut-off p-value of 0.05 is applied corresponding to the 95%
confidence level. Hence in the case of the peak removal task analyzed peaks
with p>0.05 were rejected. ANOVA has been implemented by various au-
thors into their feature selection routines (Ebrahimi et al.| 2007, Sinkov and
Harynuk [2011)).

ANOVA allows to determine if any of the analyzed measurement groups show
significant differences to the others but does not provide any information
how many and which groups vary significantly from each other. One test
giving details on the variation of each group to each other is Tukey’s honestly
significant difference (HSD) test. The means of each pair of measurement
groups is compared against each other including a predefined confidence level
(typically 95 %). If the results are plotted the details of the variance between
the groups can be reviewed. Graph shows the result for the mean peak
areas of the unknown component (represented by m/z 55) coeluting with
5-hydroxymethylfurfural which was already discussed in section (see
figure . It can be observed that the peak area means of several replicate
sets show significant differences to each other, e.g. the peak area mean of
the sample Bjy replicates (marked blue) differs significantly from the peak
area means of 6 other replicate sets (marked red). In the same fashion each
of the other replicate sets can be compared against the remaining replicate
sets. Hence this peak may be important for discrimination.
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Figure 4.24: Visual representation of the results of Tukey’s HSD test on the mean
peak areas of ion m/z 55 eluting at RT 31.38 min (ID 282). 9 replicate sets were
compared against each other.
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Figure 4.25: Tukey’s HSD test on the mean peak areas of ion m/z 44 eluting at
RT 36.6 min (ID 351). This peak was discarded from the peak list.

94



CHAPTER 4. DISCUSSION OF RESULTS

The graph depicts an example of a peak which was rejected by signifi-
cance testing via ANOVA. This was actually a peak coeluting with the two
components also discussed in section (see figure , but of very
low intensity and as shown in the plot [£.24] not having any discriminative
relevance.

Surprisingly only 36 of the 458 peaks were discarded by the ANOVA method.
Further 14 peaks were removed which had mainly missing data and only spo-
radic peak entries. Hence the final global peak list consisted of 408 potentially
meaningful peaks which was much more than expected. The second stage of
feature selection for extraction of the meaningful peaks for each particular
multivariate analysis conducted on subsets of the data is discussed in section

4.2.0l
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4.2.2.7 Centering and scaling prior to MVA

For the application of PCA and PLS it is common practice to mean-center
the data before analysis. This variable centering procedure shifts the axes
of the coordinate system of the latent variables (e.g. principal components)
into the center of the data. One benefit of mean or median centering is that
it facilitates the description of variation in the analyzed data.
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Figure 4.26: Loadings plot for PC1 of mean-centered data taken from the PCA
analysis of the replicates of Asjg, AR1s19, AR2210, B21g, BR1219g and BR2219.

For the multivariate analysis of the pyrolysis data two variable scaling meth-
ods were used, autoscaling and pareto scaling. When only mean-centering
is applied to the data the original weight of each variable/peak is preserved,
i.e. the major peaks have more influence on discrimination than the minor
peaks. Although it may be of interest to reflect the importance of pyrolysis
products owing to their intensity there were two reasons why scaling was ad-
vantageous or even necessary for the analysis of the pyrolysis data of pulps.
Firstly, as peak areas of extracted ions were utilized instead of the peak ar-
eas of the TIC signal the actual contribution of each pyrolysis product to
the pyrolysis fingerprints was biased. Each extracted ion reflects a varying
proportion of the respective TIC peak. Secondly, in most measurements the
levoglucosan peak deriving from cellulose was by far the most dominating
peak in the pyrograms. In figure the loadings of the 408 peaks for the
first principal component (PC) of a PCA analysis is shown. The loadings

96



CHAPTER 4. DISCUSSION OF RESULTS

reflect the contribution of each peak to the variance of the reviewed PC and
it can be seen that basically only one variable (levoglucosan) is explaining
this variance obscuring any other meaningful variation.
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Figure 4.27: Loadings plot for PC1 of autoscaled data taken from the PCA analysis
of the replicates of Aglo, Anglo, AR2210, Bglo, BR1210 and BR2210.

Autoscaling is the most widely used scaling method applied. By autoscaling
the columns of the data matrix are mean-centered and scaled to unit variance.
As an effect all peaks/variables are put on an equal basis and affect the
multivariate analysis by their variation regardless of their overall intensity.
This allowed to emphasize meaningful variation of minor peaks which was of
considerable importance to discriminate highly similar samples. Often the
minor peaks may contain more information to explain differences. A negative
effect of auto-scaling though is that also the noise in the data is enhanced
resulting in more unexplained variance in the extracted PCs. In figure
the loadings plot of the auto-scaled data taken from the same PCA analysis
as in figure [4.25] The influence of levoglucosan has been levelled.

Instead of using the columnwise standard deviation as for autoscaling the
scaling factor for Pareto scaling is the square root of the standard deviation.
This results in an intermediate between only mean-centered and autoscaled
data giving some emphasis to the minor peaks but keeping up intensity dif-
ferences between the peaks (see figure m This scaling method proved as
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Figure 4.28: Loadings plot for PC1 of pareto scaled and mean-centered data taken
from the PCA analysis of the replicates of A210, ARlQlo, AR2210, B210, BR1210

and BR2210.

useful for the PCA analyses. Almost all PLS regressions worked best with

autoscaling.

98



CHAPTER 4. DISCUSSION OF RESULTS

4.2.3 Exploratory data analysis

There are several common approaches for comparative or quantitative anal-
ysis of pyrolytic data. A direct comparison of peak areas of characteristic
pyrolysis products may be applied, or the changes of peak area ratios be-
tween selected products within each pyrogram may be assessed. In the case
of the pyrolysis data generated from the AS/AQ pulps of the delignification
series the peak area changes are in many cases only subtle, hence, a straight
forward comparison did not lead to any conclusion. With an increasing num-
ber of peaks being considered for evaluation these approaches may result in
losing track of the data. PCA was considered by the author as a suitable
tool to evaluate the pyrograms upon differences in composition.

In short terms the Principal Component Analysis transforms a set of mea-
sured variables into new latent variables which are called principal compo-
nents. Mathematically, these principal components are a linear combination
of the original variables and are determined by finding the direction of max-
imal variance of the original data.

4.2.3.1 External interferences

Prior to analysis of structure features explaining differences between the pulp
samples the data was analyzed for possible interferences biasing the results
which may lead to misinterpretations. These interferences can e.g. caused by
sample preparation, device fluctuations or artefacts. PCA is not only suit-
able for the elucidation of differences in sample properties but also to detect
outliers or external interferences. Possible outliers were not searched for at
this stage of analysis because too quickly measurements may be discarded al-
though only a few peaks might be responsible for the abnormal behaviour in
the multivariate analysis. This can be caused by poor automated integration
and particularly when as many as 408 peaks are included with high numbers
of minor peaks the chance increases. One obvious outlier was already re-
moved prior to pre-processing by rapid visual inspection. It was considered
as more appropriate to remove possible outliers in the analysis procedure
before or after variable selection.

Since the sample Bgy was measured 17 times the sample was predestined to
monitor two possible interferences. The first possible biasing influence was
the milling procedure. Though all samples were milled in the same mode
possible differences between different batches of the same sample being milled
could be caused by differences in homogeneity. Sample Bgy was milled in two
batches and were kept separate. The PCA analysis though did not show
any perceivable difference between the two batches (results not shown here).
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Hence biasing effects by milling were considered as negligible although only
one sample may not be sufficient to draw this conclusion.
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Figure 4.29: Score plot of PC1 versus PC2 of weight-background normalized and
mean-centered pyrolysis data (408 peaks) of sample Bgp.

The second analyzed interference was the autotune performed in the middle
of the measurement series which was discussed in detail in section [4.2.2.5
Although much effort has been put into minimizing the disturbance by the
sensitivity leap caused by autotuning a remaining influence was feared. PCA
was performed on the mean centred data (including 408 peaks) of the 17
replicates of sample Bgg. When the first 3 PCs were reviewed no clear dis-
crimination between the measurements before and after autotuning was per-
ceivable. The score plot of PC1 against PC2 displayed in figure shows
the measurements being evenly spread. PC 4 though showed finally a dis-
crimination of the measurements before and after autotuning (not shown

here).

But when PCA is performed on auto-scaled data already the score plot of
PC2 against PC1 reveals the interfering effect of the autotune (figure . It
can be clearly seen that the measurements are separated along PC2 which ac-
counted for 11.34 % of the explained variance in the auto-scaled data. Hence
the autotuning of the mass spectrometer caused a noticeable interfering effect
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Figure 4.30: Score plot of PC1 versus PC2 of weight-background normalized and
autoscaled pyrolysis data (408 peaks) of sample Bgg.

on the data. This was important to assess in order to explain unexpected
discrimination between measurements. As the above results arose from the
weight-background normalized data it was anticipated that the undesired
discrimination was due to the normalization being insufficient to remove the
sensitivity leap. But also PCA on the auto-scaled constant sum and selected-
peaks normalized data showed similar discrimination. Rather than by the
normalization the interference could most likely be explained by the high
numbers of minor peaks which were included in the data set. More than
2/3 of the 408 included peaks were minor peaks, many of those close to the
detection limit, and are more heavily influenced by sensitivity changes of the
measuring device. When no scaling is applied the minor peaks have hardly
any effect on the first few PCs of PCA models. But auto-scaling raises all
peaks to equal importance and makes the influence of those peaks visible.

The scope of PCA was to assess differences between the samples, in particular
between series A and series B samples. Hence it was interest if the effect of
autotuning was still disturbing when two different samples were compared.
For this purpose the two replicate sets of samples Bgg and Bzg were compared.
The score plot of PC1 versus PC2 (figure of the auto-scaled data shows
an acceptable discrimination along PC1 between the two samples with the
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autoscaled pyrolysis data (408 peaks) of samples Bsg and Bgg.

and

Bgo replicates clustering on the right half and the B3y replicates on the left.
The effect of autotuning is not clearly perceivable.
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Figure 4.32: Score plot of PC1 versus PC3 of weight-background normalized
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autoscaled pyrolysis data (408 peaks) of samples B3y and Bgg.
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But when the score plot of PC1 versus PC3 is reviewed a discrimination of
the measurements along PC3 due to autotuning is clearly observable. These
described findings were of some importance for the course of data analysis.
Apart from helping to explain inconsistencies in the data this interfering effect
enforced the necessity to find strategies to still evaluate the data without
discarding all minor peaks.
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4.2.3.2 Variable selection

Variable selection techniques are intended to aid in the reduction of the com-
plexity of the data and in the identification of a subset of variables that show
the best discriminative ability for exploratory MVA or are most suitable to
achieve accurate regression models. Other than the procedure described in
section variable selection is best performed separately on each subset
under study, e.g. when only the measurements of pulps from two cooking
stages are compared. The intention is to reduce the number of variables)/-
peaks to be left only with relevant variables which explain the differences. As
the thresholds or parameters of the variable selection procedures are flexible
and arbitrarily set there is always the danger of removing too many variables
which may have been of interest. Hence it is commonly applied several times
with varying settings.

Various variable selection techniques based on mathematical methods have
emerged in the past decades including genetic algorithms (GA), successive
projections algorithm (SPA), interval PLS (iPLS) or ANOVA (with arbitrar-
ily set thresholds) amongst many other techniques. These techniques are
intended to perform an unbiased selection of significant variables irrespec-
tive of any prior knowledge about each variable, i.e. in case of pyrolysis data
even unidentified components may be selected. In contrast hereto the manual
variable selection, which has mostly been applied to pyrolysis data in stud-
ies of lignocellulosic material, is heavily biased as usually the well identified
pyrolysis products are utilized for any exploratory or quantitative analysis.
Obviously this approach has the major advantage that differences detected
by any analysis can be interpreted much easier. But the risk of missing out
possibly significant information contained in the ignored variables has to be
taken into account. Often it may be useful to combine manual selection with
a mathematical selection method.

If only two sample groups/classes are to be compared by PCA the appli-
cation of Fisher’s discriminant ratio (FDR) can be useful. This simple and
straightforward selection technique is based, in analogy to ANOVA, on the
calculation of the ratio of between-class scatter to within-class scatter of each
variable separately irrespective of their absolute intensities. FDR is calcu-
lated by the equation:

(m1 — m2)2

s? + 53

FDR = (4.4)
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with m;, and my being the means of class 1 and class 2, and s?, and s3 the
respective variances.

The application of FDR for two-class discrimination was termed by |Weiss and
Indurkhya) (1998)) independent features significance testing. It is suggested
that variables are only retained if the significance value (FDR) is at least
2. When the significance threshold is increased the discrimination via PCA
may be improved further but useful information might be lost.

A further variable selection method applied in the presented work was inter-
val PLS which was primarily designed for PLS regressions applied to spec-
troscopic data (Norgaard et al.[2000). In spectroscopy (e.g. NIR) usually
regions of highly collinear variables are present as the chemical information
held in the measurements is expressed by several adjacent bands/scans. The
iPLS algorithm is based on dividing the measurement profiles into several
segments each containing a number adjacent variables. To find the relevant
segments for modelling the dependent y-variables (i.e. externally determined
sample properties) PLS models are calculated for each segment separately.
The models are compared on the basis of the validation parameters RM-
SECV and RMSEP (root mean square error of cross-validation/prediction)
and a selection of the most significant intervals is proposed for a previously
specified validation setting.

However, the iPLS algorithm, implemented in the PLS Toolbox for MATLAB
v. 7.02 (Eigenvector Research, Inc., Wenatchee, WA), may also be applied to
chromatographic data with the intervals only consisting of one variable each.
It can be performed in forward selection or backward elimination mode.
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4.2.3.3 Identification of pyrolysis products

Table 4.15: Extract of the 408 peaks found. Listed are the compounds relevant for
the discussion of the results including extracted ions used for data evaluation. Fd
= furan derivative, Xyl = xylose derivative, Glu = glucose derivative, H = H-lignin
derivative, G = G-lignin derivative, Vs = variable selection, FDR = selected by
Fisher’s discriminant ratio, u = unknown structure of side chain.

1D RT Compound Ton marker Vs
(min) m/z

5 4.16 Sulfur dioxide 64 FDR

9 4.44 Methanol 32 FDR

101 18.01 4-Cyclopenten, 1,3-dione 42 Fd1 FDR

134 21.17 Unknown 73 FDR

149  21.83 Unknown (similar to 2-Hydroxy-benzaldehyde) 122 H-u

163 22.80 Unknown phenol derivative 121 H-u

165  23.04 Phenol 94 H

169 23.63 Guaiacol 124 G

176 24.48 2-Methylphenol 107 H-C

177 24.50 Furoic acid methyl ester 39 Fd2 FDR

196 25.49 4-Methylphenol 107 H-C

198  25.54 3-Methylphenol 107 H-C

200 25.71 3-Methyl guaiacol 138 G-C

201 25.73 Unknown lignin derivative 121 H-u

202 25.78 Unknown furan derivative 98 FDR

210 26.31 Unknown lignin derivative 123 G-Cu

213 26.55 Unknown 85 FDR

215 26.60 Unknown 43 FDR

216 26.60 4-Methyl guaiacol 123 G-C

221 26.83 2,4-Dimethylphenol 122 H-C

223 26.97 Unknown phenol derivative 121 H-u

225 27.15 Unknown lignin derivative 152 G-C-Cu

228  27.66 Unknown (similarities to 4-vinylphenol) 120 H-u

229 27.80 Unknown 69 FDR

230  27.85 Unknown (similarities to 2,4-dimethylphenol) 107 H-u

233 27.96 3- or 4-Ethylphenol 107 H-C-C

236 28.38 3-Ethylguaiacol 152 G-C-C

239  28.66 Unknown (similarities to 2,4-dimethylphenol) 107 H-u

240  28.93 4-Ethylguaiacol 137 G-C-C

245 29.14 Unknown 134 H-u

256 29.89 Unknown lignin derivative 137 G-C-Cu FDR

257 29.89 Unknown 39 FDR

267 30.44 Vinyl guaiacol 150 G-C=C

277 31.08 Eugenol 164 G-C-C=C

278  31.15 Unknown lignin derivative 137 G-C-Cu

289 31.83 Unknown phenol derivative 107 H-u

292 32.13 Unknown lignin derivative 164 G-u

296  32.26 Unknown lignin derivative 164 G-u

297 32.36 Unknown 111 FDR

299  32.50 Isoeugenol (cis) 164 G-C=C-C

302 32.65 Unknown phenol derivative 7 H-u FDR

. continued on the next page
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ID RT Compound Ton marker Vs
(min) m/z

303 32.70 Unknown phenol derivative 138 H-u

306 33.16 Unknown phenol derivative 134 H-C=C-C

314 33.70 1,5-Anhydro-3-D-xylofuranose 29 Xyl FDR

315 33.78 Isoeugenol (trans) 164 G-C=C-C

318 33.90 Unknown 98 FDR

323 34.31 Unknown 72 FDR

325  34.39 Vanillin 151 G-C=0 FDR

327 34.71 Unknown phenol derivative 121 H-C

328 34.72 1-(4-Hydroxy-3-methoxyphenyl) propyne 147 G-CC-C

330  34.97 1-(4-Hydroxy-3-methoxyphenyl)allene ? 162 G-C=C=C FDR

331 34.98 Unknown 110 FDR

334  35.05 Unknown 74 FDR

343 35.76 Homovanillin 122 G-C-C=0 FDR

346 36.13 Unknown 98 FDR

348 36.31 Acetoguaiacone 151 G-CO-C

350  36.56 unknown lignin derivative 151 G-C-C-Cu FDR

353 36.61 Unknown phenol derivative 121 H-C-C

355 36.84 4-Hydroxy-benzaldehyde ? 122 H-C

362 37.45 Guaiacyl acetone 137 G-C-CO-C FDR

363 37.68 Homovanillyl alcohol 137 G-C-COH

365  37.84 Unknown lignin derivative 149 G-C-C-Cu FDR

370 38.20 Propioguaiacone 151 G-CO-C-C

371 38.48 Unknown 121 FDR

372 38.49 Isomer of coniferyl alcohol 7 124 G-C-C-Cu

373 38.51 Guaiacyl vinyl ketone 178 G-CO-C=C

375  38.69 Unknown lignin derivative 151 G-C-C-Cu FDR

387  39.39 1-[5-(2-Furanylmethyl)-2-furanyl]-ethanone 190 Fd3 FDR

388  39.49 Unknown 52 LCC* FDR

390 39.85 Levoglucosan 60 Glul FDR

391 39.87 3-Methoxy-2-naphthalenol 174 FDR

393 40.20 Dihydroconiferyl alcohol 137  G-C-C-COH FDR

396  40.77 Unknown lignin derivative (phenyl coumaran) 150 G-u FDR

401  41.11 Unknown lignin derivative (phenyl coumaran) 178 G-u FDR

419 4299 Coniferyl aldehyde 178 G-C=C-CO

420  43.04 Homovanillic acid methyl ester 137 G-C-COOC

421 42.96 Unknown saccharide derivative 29 Glu2 FDR

423  43.34 Unknown lignin derivative 136 G-u

424 43.36 Unknown 126 FDR

428 44.94 Unknown 97 FDR

436 46.16 Unknown 85 FDR

440 49.43 Unknown lignin derivative 192 G-u

445  53.32 Unknown lignin derivative 137 G-Gu

452 55.30 Unknown lignin derivative 240 G-Gu

456  57.52 Unknown lignin derivative 138 G-Gu

460  62.49 4,4’-Dihydroxy-3,3’-dimethoxystilbene 272 G-C=C-G

For peak identification the NIST02 MS library, literature sources (Ralph and
Hatfield 1991) and an in-house library were utilized. It was not attempted to

identify all 408 detected peaks. Even though the NIST libraries may contain a
vast collection of identified compounds most attempts to identity some of the
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minor or even fairly prominent unknown peaks failed. This can be considered
the downside of extracting and evaluating unknown peaks. Interpretation of
results is hindered. The tentatively assumed H- and G-lignin peaks listed in
table were classified by the combinations of their major mass traces,
with m/z 107, 108, 121, 122 and 134 indicating towards H-lignin units and
m/z 124, 137, 138, 150, 151, 164, 178 and 180 indicating towards G-lignin
units.
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4.2.3.4 Comparison of different pulping processes

Within the measurement series consisting of 160 measurements also pulp
samples from three reference cooks were measured (only duplicates). Spruce
was pulped to a target kappa number of approx. 30 by an ASAM, Kraft and
acid Na-Sulfite process, respectively, and were meant to serve for comparison
with the two cooks Assg and Borg both having also a kappa number around

30. Hence 5 cooks could be compared with respect to their lignin composition
via PCA.
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Figure 4.33: Score plot of the first two PCs for the complete pyrolysis data (408
peaks) of 5 pulp samples produced by kraft, acid sulfite, ASAM, AS/AQ and ASA
process with similar kappa number. Peak areas were weight-background normalized
and pareto-scaled.

When PCA was performed on all 408 pareto-scaled peak data a clear sep-
aration of the 5 cooks was possible. Foremost the score plot of PC1
versus PC2 illustrates that the replicate measurements were sufficiently re-
producible as the replicates (apart from the ASAM sample measurements)
are clustered closely together. It can also be concluded that the samples
from the acid sulfite and kraft process show the most pronounced differences
as these two samples have the furthest distance to each other along PC1
(explaining 86.4 % of the total variance in the data). Additionally, the plot
implies that the ASAM pulp has the highest compositional similarities to the
acid sulfite pulp followed by the pulp Bo7g and the pulp Assg is closer asso-
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ciated with the kraft pulp. Along PC2, explaining 9 % of the total variance,
the 3 pulps from alkaline sulfite processes are separated from the sulfite and
kraft sample. As the carbohydrate compositions of the three reference cooks
could be expected to have pronounced differences but were not assessed a fur-
ther elucidation of the differences with respect to all pyrolysis products was
not followed. Instead only the lignin derived pyrolysis products were chosen
for a closer analysis of the residual lignin composition which were manually
selected according to the identification results listed in table [4.2.3.3]
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Figure 4.34: Score plot of the first two PCs for the pyrolysis data of G-lignin
fragments (40 peaks) of 5 pulp samples produced by kraft, acid sulfite, ASAM,
AS/AQ and ASA process with similar kappa number. Peak areas were weight-
background normalized and pareto-scaled.

In most previous studies where lignin derived products were selected for
multivariate analysis typically 12 - 14 major G-lignin products were utilized.
Opposed hereto it was decided to include also the minor products which
were tentatively identified as being derived from G-lignin. The score plot
of PC1 versus PC2 illustrates the discrimination of the 5 pulp samples
utilizing the peak data of 40 G-lignin products. Again, the kraft sample can
be assumed to have the least compositional resemblance with the other pulps,
in this case solely with respect to the lignin composition, as the kraft sample
shows the furthest distance to the other samples along PC1. Again the pulp
As3p seems to have the closest resemblance with the kraft pulp. Also the
ASAM and Bazy pulp seem to have a relatively close resemblance of lignin
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CHAPTER 4. DISCUSSION OF RESULTS

composition to each other and show the highest difference toward the kraft
pulp sample.

The biplot showing both the loadings (the weights of the peaks/vari-
ables) and the scores for PC1 and PC2 in parallel helps to visually explain
the discrimination depicted in the score plot [4.33]

It can be seen that most loadings are clustered close to the center of the
plot indicating that they have only little influence on the discrimination.
Although it can be perceived that the clustering is mainly around the acid
sulfite, ASAM and to some extent the Bo7g pulp sample which are also located
nearer to the center as compared to the kraft pulp sample. Performing the
analysis on autoscaled data (not displayed here), resulting in similar over-
all weights of all variables, similart but more articulate clustering around
the aforementioned samples could be noticed. This may indicate that these
samples have an overall slightly higher lignin contents as compared to the
kraft and Agso pulp. When the kappa numbers of the pulps are reviewed (see
legend in score plot this may be a reasonable explanation. If the kappa
factor for kraft pulp (approx. 0.15) is taken into account the actual differ-
ence in lignin contents between the ASAM and kraft pulp would increase
assuming the kappa factor for ASAM pulps to be around 0.165. This is not
reflected by the only marginal difference between the kappa numbers. But
a further explanation could also be a significant difference in the contents of
hexenuronic acids between the pulps which can be assumed to be highest in
the kraft pulp.

Most interesting though are the pyrolysis products having significant influ-
ence on the discrimination of the 5 pulps. The loadings of the pyrolysis
products located farthest away from the center indicate a high significance
of those variables. In the upper right quarter homovanillin (G-C-C=0) and
two unknown lignin derivatives (G-C-C-C,, G-C-CO-C) appear to be present
in higher abundances in the acid sulfite and ASAM pulp in particular when
compared to the kraft and Aszp pulp. The unknown lignin derivative denoted
with G-u was a late eluting compound with the major ions m/z 192, 164,
135 and 107, which indicate that it is possibly a phenyl coumaran structure.
The other unknown lignin derivative (G-C-C-C,,) was tentatively considered
to be a phenyl propane unit (m/z 151, 123, 108, 194).
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CHAPTER 4. DISCUSSION OF RESULTS

The loading which is located in the corner of the lower right quarter implies
a higher abundance of the phenyl propane guaiacyl acetone (also denoted by
G-C-C-C) in the ASAM and particularly in the Byzg pulp as compared to
the kraft and Aszy pulp. To the far left, close to the kraft pulp, the loading
of 4-vinyl guaiacol is located. This may point towards a higher abundance
of enol-ether structures in the kraft pulp than in the other pulps. Enol ether
structures, resulting from the well studied C, cleavage in alkaline pulping,
are partly made responsible for the low reactivity of residual lignin.

On the other hand a high abundance of phenyl propane units may indicate
a higher reactivity of the residual lignin. Overall most loadings of phenyl
propane units are either located near the center or in the upper half of the
plot so that a higher abundance of phenyl propanes in the acid sulfite and
ASAM pulp can be assumed.

The results from the PCA match fairly well with known aspects of the dif-
ferent pulping procedures. Acid sulfite and ASAM pulps have proven to be
easier bleachable than kraft pulps which is attributed to higher reactivity of
the residual lignin.
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Figure 4.36: Biplot of PC1 versus PC2 for the pyrolysis data of H-lignin fragments
(20 peaks) of 5 pulp samples produced by kraft, acid sulfite, ASAM, AS/AQ and
ASA process with similar kappa number. Grey markers represent loadings of the
variables/pyrolysis products. Assignment of loadings corresponds to assignment in

table
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CHAPTER 4. DISCUSSION OF RESULTS

In addition to the G-lignin pyrolysis products also H-lignin units were exam-
ined. Although all products derived from H-lignin were expectedly of very
low abundance it was wondered if they give any indication of differences in
demethoxylation reactions or in the degree of lignin condensation occuring
in the pulping processes. When the H-lignin fragments were evaluated to-
gether with the G-lignins on autoscaled data the H-lignin products only had
negligible influence on discrimination.

As it is depicted in the biplot basically all loadings of products possibly
derived from H-lignin cluster close to the acid sulfite and particularly around
the ASAM pulp. Knowing of the good bleachability of ASAM and acid sulfite
pulps this observation is most likely not due to a higher amount of condensed
or demethoxylated lignin in those pulps. It may rather be explained by an
overall slightly higher lignin content in those pulps as already mentioned
above. Another possible explanation could be that the residual lignin in
ASAM and acid sulfite pulps is more accessible for pyrolytic reactions leading
to less char formation. The char residues remaining in the sample cups were
not determined and may vary in dependence of the sample composition.

However, the main objective was the comparison of the two AS/AQ deligni-
fication series so that the vague interpretations of the observations described
above were not scrutinized any further. The results show that pulps with
nearly similar lignin content including the two pulps from the delignification
series can be well discriminated by PCA.
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CHAPTER 4. DISCUSSION OF RESULTS

4.2.3.5 Comparison of samples A210 and B210

From the results presented in section it was concluded that a more
detailed comparison of the the two samples As1g and Bag could be help-
ful to explain the improved pulping when NaOH splitting is applied. Both
samples appeared to be highly similar although the cooking conditions and
the generated pulps prior to the cooking time of 210 min showed obvious
differences. Also the pulps produced with longer cooking times of 270 and
330 min again showed more diverging properties. To be more specific, in
comparison to series A the pulps of the last two stages of series B had a
lower kappa number with almost similar pulp yield. The higher viscosities
and brightnesses of the pulps of the B series were observed throughout the
terminal stages including on the pulp Bsjg. This was giving a hint towards
structural differences between the pulps As;g and Bajg. For this reason 4
further cooks were performed to verify the high similarity between the pulps
A9 and Bajg. With the aid of two replicate pulps for each of the two stages
(210 min, A and B series) to be compared it was aimed to ensure more reli-
able results. The results of the standard tests are displayed in section [4.1.3]
in table [4.7] For simplification of discussion in this subsection the two sets
of samples/measurements from the cooking stage at 210 min will be referred
to as series A and series B pulps.

For each of the 3 pulps Asp duplicate and for the pulps R1A5;0 and R2A41g
triplicate measurements, and for the pulps Bsjg, R1Bs1g and R2Bsy five
replicate measurements each were conducted. PCA including all 408 peaks
was performed to get a first impression. Regarding the first 3 PCs neither
of the normalization and scaling techniques yielded a clear discrimination
between the series A and series B pulps. The best separation was achieved
when PC4 was taken into account. The scoreplot in figure depicts a
discrimination of the two pulps mainly along PC4. But additionally the
series A pulps are separated into two groups by PC1. This separation was
again due to the autotune and therefore an unwanted interference. Also a
possible outlier could be detected (located on the confidence level border
line). To enhance the discrimination between the pyrolysis data of the A and
B series pulps appropriate subsets of pyrolysis products were selected.

Analogous to the approach in section the 40 products derived from
G-lignin were chosen to examine if differences in lignin composition could be
detected. PCA analysis on the G-lignin subset revealed an outlier. Figure
m shows the plot of the Q residuals (lack-of-fit statistic) versus Hotelling

115



CHAPTER 4. DISCUSSION OF RESULTS

Scores on PC 4 (2.09%)
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Figure 4.37: Score plot of PC1 versus PC4 for the complete pyrolysis data (408
peaks) of samples Aglo, RlAQlo, R2A210, B210, RlBQlo and R2B210. Peak areas
were selected-peaks normalized and pareto-scaled.
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Figure 4.38: Plot of the Q residuals versus Hotelling T? revealing outlier

T? (measure of variation in each measurement within the model) for the
measurements. The blue dotted line borders the 95% confidence level. Mea-
surements beyond the confidence level are likely outliers. The outlier depicted

in the plot corresponds with the measurement presumed as an outlier in the
previous PCA analysis (figure [4.35)).

116



e ¢z H] orqes wr yuowuSisse 09 spuodser1oo sgurpeo]

Jo quewrugissy  -s1onpoid sisAjordd /so[qrirea oy} Jo sSurpeo] juesarder siesrewr Aorr) -0Teqzy pue 0legry 0leqg ‘O0leyzy
‘0Tey 1y 012y sopdures jo jo (syead (f) sjyuewrdely urusi[-r) jo viep sisA[ordd ay) 10] gHJ snsioa 1D jo joidig :6¢F oIS

X
O (%+0°28) L Od
v £ 2 I 0 - z- e~
T T T T I T T
— 7 — N|
n-9 i
o f
7
0=0-9-9 | oiza  oizd
no-9-0-9 f @ ®
= 7 -
008 0282 oizge | ES oreved
no-0-0-9 g -5 o® b ® ® A
©-00-9-H Smmmmo @ © ” orzg A
(@)
@ )
oLzgzH o1zgIH & Oi Oleved 3
oizg1y ® o O x
—_—— e @ oot — — — — — — 0o 3
o ¢ 9=079 § ®Q S
orzary 0-009 43 O % 2
Oo o
° % zazu | Qievid
HOO-0-0-9 0098 | A orey
0rzaty 7 oLeviy A
® no-0-9 | A
- —=r— )44 —
0000-0-9 © 970=09 o 7 F
o 7 oLevid
o™ S) | A
0=0-9 A
o 7 orzved
09-0-9 f
o |
— 9} 7 —2
.

Ok X

117



CHAPTER 4. DISCUSSION OF RESULTS

The biplot in figure shows the separation of the samples of the two
series achieved utilizing the 40 G-lignin derived products and loadings of the
py-products. It can be perceived that the discrimination with respect to PC1
is not clear. 4 measurements of the series B samples are grouped on the left
side of the plot together with the series A samples. All these 4 measurements
were from the Bgjg pulp. Though, if PC2 is taken into account these 4 By
measurements are somewhat separated along PC2 from the A series samples.
A second obvious observation is that all loadings are located on the right half
of the plot. This may imply that the series B samples have an overall higher
lignin content and it is believed that it partly affects the discrimination. The
sample Bojy had actually the lowest lignin content of the 3 series B pulps.
However, reviewing the kappa numbers displayed in table this can not be
verified as the main reason for the discrimination. Even when a correction
by the hexA content is considered lowering the kappa numbers of the series
B samples by approx. 2 and of the series A samples accordingly by approx.
3 the samples R1A319, R1Bgjg and R2By1g have comparable lignin contents.
Consequently, these 3 samples would be expected to cluster together. It is
rather assumed that the discrimination depicted in the biplot reflects
an overall higher accessibility or lower degree of condensation of the lignin re-
sulting in overall more monomeric lignin pyrolysis products amenable to gas
chromatographic separation. It may further imply that the residual lignin
in the B series pulps is better accessible for continuous degradation. This
is supported by the previously discussed observation that the measurements
of acid sulfite, ASAM and Bsyy pulps yielded lignin fragments with slightly
higher intensities. Both, acid sulfite and ASAM pulps are known to show
better bleachability as compared to kraft pulps (see figure [4.2.3.4] and [4.34]
in section . Yet, the most striking influence on the discrimination
between the pulps of the two series is apparently caused by the loadings of
two lignin derived products, guaiacyl acetone (G-C-CO-C) and homovanillin
(G-C-C=0), located furthest right in the lower right quarter. Hence, a sig-
nificantly higher abundance of these components in the pyrolysis data of the
B series pulps could be concluded. Guaiacyl acetone may be taken as an in-
dicator of an overall higher abundance of phenyl propane units in the B series
pulps hinting towards a less extensive degradation of the propane side chains
of the lignin monomers and a higher reactivity of the residual lignin. A pos-
sible explanation for the higher abundance of homovanillin in measurements
of the B series pulps will be discussed on the biplot [4.2.3.5]

Instead of manual selection of variables like the G-lignin fragements it was
wondered if an unbiased selection of the most discriminative variables would
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Figure 4.40: Visual presentation of results obtained from FDR peak selection with
a the significance threshold of 3 (marked by horizontal red line).

lead to an improved discrimination, to the same conclusions and would pos-
sibly provide further details. For this purpose Fisher’s discriminant ratio
was employed on the 408 variables to select the pyrolysis products showing
a significance above a given threshold. When the significance threshold was
set to 2, 135 peaks were selected. To further reduce the amount of variables
the threshold was increased to 3 resulting in the selection of 38 peaks. In
figure the results obtained from the significance level (marked by hori-
zontal red line) set to 3 is visualized. All variables above the threshold line
were selected regardless of the absolute intensity of each peak. Consequently
major and minor peaks were treated equally. The reduction to a small subset
of variables was expected to enhance the discrimination of the two sample
sets. In order to highlight also the minor peaks selected by FDR PCA was
conducted on autoscaled data.

It has to be emphasized here that out of the 38 selected peaks 17 were minor
products with unknown identity. It is believed that most of these unknown
products are never considered in any study on pyrolysis of lignocellulosic
biomass. Though these 17 unknown products showed, according to the FDR
selection, significant differences between series A and B measurements some
may still turn out to be false positives. The pyrolysis products selected by
FDR are listed in table 4£.2.3.3

When the resultant score plot of PC1 versus PC2 (figure [4.38)) is reviewed it
can instantly be observed that the variable selection with the aid of Fisher’s
discriminant ratio greatly improved the discrimination between the two sam-
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CHAPTER 4. DISCUSSION OF RESULTS

ple sets along PC1. Along PC2 no obvious separation is visible which was
not expected in any event as the FDR approach was applied to find the most
discriminative variables for two classes. Consequently the improvement of
discrimination is primarily along the most important principal component
PC1. Though keeping in mind that autoscaling may also enhance noise or
any interferences the trend along PC2 seems actually to be due to two effects
which counteract to some extent. These two effects are the slight differ-
ences in lignin content between the replicate pulps and again the previously

discussed autotune (section 4.2.3.1]).
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Figure 4.41: Score plot of PC1 versus PC2 for the pyrolysis data of 38 selected
peaks of samples A210, R1A210, R2A210, Bglo, R1B210 and R2B210. Peak areas
were weight-background normalized and autoscaled.

The corresponding biplot in figure confirms previous observations dis-
cussed on the PCA analysis of the G-lignin derived products but also reveals
new details about the differences between the series A and B pulps. It has
to be noted again that the autoscaling affects the loadings of the variables
in such a way that all peaks are of similar importance for discrimination ir-
respective of the peak size. This explains why most loadings in the plot are
located on an imaginary circle around the center. The unimportant variables

which would have been located closer to the center have been removed by
FDR selection.
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The biplot reveals several aspects. Because of all loadings of lignin derived
products being located in the upper right quarter it is believed that PC2
describes the overall differences in lignin content between the samples with
the lignin content increasing in the direction from bottom to top. The ex-
ternal interference by the autotune obscurs this trend to some extent but it
is still visible. PC1 rather describes the structural differences between the
two sample sets. The assumption that the residual lignin of the series B
pulps may be more reactive because of an overall lower degree of degrada-
tion of the propane side chain is impressively underlined by 6 phenylpropane
derivatives. Guaiacyl acetone (G-C-CO-C), dihydroconiferyl alcohol (G-C-
C-COH), 1-(4-Hydroxy-3-methoxyphenyl)allene (G-C=C=C) and three ten-
tatively assumed Cg units (G-C-C-C,) show significantly higher intensities
in the measurements of the B series pulps.

Further products which shall be highlighted are methanol, sulfur dioxide and
homovanillin (already highlighted in the biplot in figure . They are
also positively correlated with the B series measurements and their loadings
are located in the upper right quarter. Sulfur dioxide is the major product
derived from the sulfonic acid groups and when table is reviewed it can
be verified that the highest degree of sulfonation out of the compared sam-
ples is found in the R1By1g and R2Bs1g pulps. Methanol is a very unspecific
pyrolysis product with various possible origins. It was proposed by [Shen:
et al|(2010) that methanol may derive from an elimination reaction of 4-O-
methylglucuronic acids. But methanol may also evolve from the demethoxy-
lation of the guaiacyl moieities or from the cleavage of the y-carbon on the
propane side chains (Evans et al.||1986, Kleen and Gellerstedt||1995).
Loadings located close to each other can be assumed to be highly inter-
correlated. The close neighbourhood to the loading of homovanillin may
suggest that methanol and homovanillin are derived from the pyrolytic cleav-
age of a G-unit with a hydroxypropane side chain. Thus homovanillin may
be a further indicator of higher abundance of phenylpropane units in the B
series pulps.

Three assignable products correlating positively with the A series pulps were
1,5-Anhydro-5-D-xylofuranose (Xyl), a main pyrolysis product derived from
xylan, and two products associated with cellulose, levoglucosan (Glul) and
an unknown anhydrosugar (Glu2). From the results of the carbohydrate
analyses displayed in table of section neither a significantly higher
amount of xylose nor of glucose in the A series pulps can be assumed. Un-
fortunately analysis results for the pulp Ay are missing making the analysis
results even less meaningful.
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When the plot in figure in section is recalled where the total
peak areas (area sum, TIC signal) are plotted against cooking time it can
be noticed that the total peak areas of the measurements of sample A
were significantly higher than those of sample Bsyg. The two aforementioned
cellulose markers (Glul and Glu2) are major peaks in pulp measurements and
were actually mainly responsible for this difference in total peak area. Hence
it is believed that a reason other than the divergence of cellulose content
between the two sample sets was responsible for the intensity difference. A
hypothesis is that a lower DP of cellulose may result in more monomeric
glucose derived products upon pyrolysis and less char residues originating
from cellulose. The lower viscosities of the A series pulps supports this
hypothesis. The same may hold true for the xylan.

Another pyrolysis product that is worth to be mentioned here is an unknown
product with the main fragments m/z 68, 192, 109 and 39. It is believed
that it is possibly derived from lignin-carbohydrate-complexes (LCCs) only
formed during sulfite pulping. In fact, also 3 other products with closely
similar mass spectra, whereof one is depicted in figure B1 (section
4.2.2.2)), were found only in sulfite pulps. Neither the pyrolysis of the kraft
pulp nor the native wood sample yielded these 4 products. The suggestion
that it might by derived from LCCs is only made on the basis of the fragment
pattern of the mass spectra. It contains mass traces typical for lignin and
furan derivatives. Whether sulfur is contained in the product could not be
verified. Omne of these products (LCC*) showed a significant difference in
peak intensity between the two sample sets.
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CHAPTER 4. DISCUSSION OF RESULTS

4.2.3.6 Comparison of the two delignification series

Another approach to evaluate the pyrolysis data was to plot the peak areas
of the marker ions of single pyrolysis products against the cooking time or
against the lignin content. To verify the results received by the PCA analysis
it was considered as most reasonable to normalize the peak areas of the
lignin fragments under study by the total lignin content at each stage of
delignification. Hereby the ratio of the lignin fragment to the overall lignin
content is reflected. These ratios then may be plotted against the lignin
content. The vertical dotted line in all following plots against lignin content
marks the cooking stage after 210 min.
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Figure 4.43: Peak areas of guaiacyl acetone marker ion m/z 137, normalized by
the lignin content, plotted against the lignin content

According to the PCA results the series B pulps contained higher propor-
tions of the phenyl propane unit guaiacyl acetone. The plot in figure [4.39
verifies the observation. In all 4 last cooking stages, which were after the
second addition of NaOH, the proportion of guaiacyl acetone in the residual
lignin of the series B pulps was significantly higher. In the earlier stages of
delignification, though, no clear difference can be noticed. It can be assumed
that guaiacyl acetone is not an indicator for lignin moieties involved in 5-O-4
structures. Such an indicator would have been expected to show a steady
decline in the course of delignification.
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Figure 4.44: Peak areas of homovanillin marker ion m/z 164, normalized by the
lignin content and plotted against the lignin content.

The §-O-4 linkages are the primarily attacked lignin structures and are de-
graded steadily in the course of delignification. In contrast, homovanillin may
be derived from lignin moieties involved in $-O-4 structures. Accordingly, in
figure a steady decline of the homovanillin fraction can be noticed.
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Figure 4.45: Peak areas of methanol marker ion m/z 32 plotted against cooking
time.
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In section it was contemplated that homovanillin may derive from
phenyl propane units under pyrolytic cleavage of the ~-carbon releasing
methanol. Although methanol may derive from several sources within lig-
nocellulosic biomass figure [4.41] suggests that lignin is the main source of
methanol detected. When the peak areas of the marker ion (m/z 32) are
plotted against the cooking time the decreasing trends of the abundance of
methanol match considerably well to the trends of delignification for both
series, depicted in figure in section [L.1.3] It can be noticed that the
abundances for series B are throughout higher in comparison to the corre-
sponding series A stage, even at the last cooking stages. It is believed that
methanol is a very good indicator for phenyl propane units present in lignin.
Extensive demethoxylation reactions are not expected to have occurred, par-
ticularly not under the fairly mild cooking conditions in the first stages of
series B. Here the methanol abundances were highest which indicates that
pyrolytic cleavages of the y-carbon of propane side chains are the primary
source of methanol.
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Figure 4.46: Peak areas of 3-hydroxybenzaldehyde marker ion m/z 121 plotted
against lignin content.

In softwoods only low proportions (3 - 5 %) of p-hydroxyphenyl (H) lignin
units are found. Compared to S- and G-lignin units these are known to show
a higher degree of condensation and to be more resistant towards degra-
dation. Because of the overall low abundance of these moieties they have
been hardly considered in pulping studies on wood. In particular when Py-
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GC/MS is employed for analysis care may have to be taken to choose phenol,
methylphenols or dimethylphenols as markers for H-lignin, even though they
are usually the most abundant H-lignin components found in pyrolysis data
of pulps. It has been reported that these phenolic components may also de-
rive from carbohydrates (Moldoveanu||1998). In figure the extracted ion
for 3-hydroxybenzaldehyde is plotted against the lignin content. It can be
observed that the abundance stayed more or less constant in the course of
the cooking series, only a slight increase is noticeable. If the product was
derived from polysaccharides it would be expected to increase towards the
end of the delignification.
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Figure 4.47: Peak areas of 3-hydroxybenzaldehyde marker ion m/z 121, normalized
by the lignin content and plotted against lignin content.

When the ratio of 3-hydroxybenzaldehyde to overall lignin content is reviewed
a more or less exponential increase of the H-lignin fraction becomes apparent
(figure . Several H-lignin monomers, including 4-hydroxybenzaldehyde
and phenol, showed a similar trend. For some H-lignin monomers, however,
the trend was less pronounced. One example depicted in figure [4.44]

It could not clearly be verified whether the phenolic compounds, tentatively
assumed as H-lignin markers, were derived from lignin or polysaccharides.
But the low correlation of these compounds with well identified products
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Figure 4.48: Peak areas of 4-methylphenol marker ion m/z 107, normalized by the
lignin content and plotted against lignin content.

derived from polysaccharides supports the assumption that these products
originate from lignin.

In figure the trend of the overall most prominent pyrolysis product is il-
lustrated. It was discussed before that samples with similar cellulose
content may show considerable differences in the abundance of levoglucosan.
From the plot it can be concluded that these differences are rather due to
structural or compositional differences between the samples than to random
scatter of the abundance. Only the replicates of one sample of series A
showed a considerably low reproducibility of the levoglucosan (depicted by
the large errorbar).

Some further details of interest could be derived from the pyrolysis data. As
already discussed in section the rapid decline of the pH in the cooks of
series B was attributed to the almost exhaustive cleavage of the acetyl groups
of the glucomannans. Figure illustrates that Py-GC/MS is well suited
to monitor the fate of the acetyl groups. Already after the first cooking stage
only approx. 15 % of the initial abundance of acetic acid could be found.
All subsequent stages showed a fairly constant level of acetic acid. It can
be noticed that in the first 5 cooking stages the abundances for series B
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Figure 4.49: Peak areas of levoglucosan marker ion m/z 60 plotted against lignin
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Figure 4.50: Peak areas of acetic acid marker ion m/z 43 plotted against cooking

time

129



CHAPTER 4. DISCUSSION OF RESULTS

were slightly higher. This may be attributed to comparably mild cooking
conditions and the higher glucomannan content.
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Figure 4.51: Peak areas of sulfur dioxide marker ion m/z 64 plotted against cooking
time.

It has been shown by van Loon et al| (1993) that sulfur dioxide may be used
as an indicator for the contents of sulfonic acid groups in lignosulfonates.
Also for pulps Py-GC/MS has proven to be very suitable to monitor the
degree of sulfonation. At a pyrolysis temperature of 500°C SO, is the only
major pyrolysis product associated with sulfonic acids. When the abundance
of SO, is plotted against cooking time the difference in the degree of sulfona-
tion within the first 6 cooking stages becomes apparent (figure . These
differences were already discussed in section [£.1.3.2] When the errorbars are

reviewed a high reproducibility of the marker ion for SO, can be assumed.

Another interesting observation was the detection of anthraquinone in the
pulps. In figure the abundance of the marker ion (m/z 180) is plotted
against cooking time. It can be noticed that AQ was not detected in the
pulps of the last 3 cooking stages. A further observation was that both
series showed distinct systematic differences in the abundances of AQ. In
series A the abundance of AQ increased more rapidly than in series B. The
maximum abundance was reached directly after the heating-up period and
rapidly declined hereafter. Additionally, the maximum abundance was nearly
2-fold higher than the maximum in series B. In series B a slower and more
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Figure 4.52: Peak areas of anthraquinone marker ion m/z 180 plotted against
cooking time.

moderate increase and decline of AQ in pulp could be perceived. These
observation may be explained by the differences of the pH profiles and the
rates of delignification in the course of the two delignification series. The
high NaOH concentration in series A promoted the swelling of the fibers and
the penetration of the chemicals. The implication of this observation may be
that the more rapid delignification in the first stages of the A series was due
to both, higher NaOH concentration and quicker AQ penetration.

131



CHAPTER 4. DISCUSSION OF RESULTS

4.2.4 Quantitative data analysis
4.2.4.1 Quantification of sulfonic acid groups

Only a brief section shall be dedicated to the quantification of sulfite pulp
constituents. As it was mentioned before the initial intention of the ap-
plication of Py-GC/MS was to test whether sulfonic acid groups could be
quantified. The conductometric method of Katz et al.| (1984)) is fairly time-
consuming and therefore not appealing when large-scale studies are intended.
SO, has proven as a suitable marker for sulfonic acid groups and no other
pyrolysis products could be found which directly derived from those. Hence,
the most straightforward approach was to try quantification by means of ex-
ternal calibrations. Because of considerable overlap with other early eluting
peaks, again the marker ion m/z 64 was utilized as extracted ion. The de-
termined values from the conductometric titration were utilized as reference
and appropriate pulp samples with known sulfonic acid group content were
selected as calibrants. The pulps chosen were Bggy, Agg, Bgg, Basg and a spruce
BCTMP which covered the whole range of sulfonic acid group content of the
available pulps.

25-

-
&4
T

Intensity

-
T

0.5

0 25 50 75 100 125 150
Sulfonic acid groups (mmol/kg)

Figure 4.53: 9 calibration curves for SOs.

In figure 9 calibration curves measured within the series of 160 mea-
surements are plotted. The peak areas of m/z 64 were normalized by sample
weight. Two sets of calibration curves with similar slopes can be perceived
which can be explained by the previously discussed autotune in the middle of
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the series. It can also be seen that the measurements of the sample Bgg (100
mmol /kg sulfonic acid groups) apparently showed a too low response which
may have been due to inaccurate values acquired by the reference method.

Table 4.16: R? and slopes of 9 calibration curves for SO marker ions m/z 48, 64
and 66.

Cal. R? Slope R? Slope R? Slope
m/z48 m/z48 m/z64 m/z64 m/z66 m/z66
0.999 345.52 0.999 781.52 0.999 36.66
0.998  304.51 0994 68176  0.994 32.12
0.999  296.78 0.999  667.22  0.999 31.31
0.989 615.07 0.980 1316.12  0.978 62.18
0.996  606.16 0.996 1369.69  0.998 66.18
0.989 560.74 098  1313.59  0.988 63.99
0.990 57124 0977 124521  0.975 57.39
0.994  575.07  0.996 1280.39  0.995 61.24
0.998  561.69  0.998 1258.39  0.997 60.78

© 00 N O Ut e W NN =

In table the coefficients of determination and the slopes of the regres-
sion curves are listed for the three major ions m/z 48, 64 and 66 of sulfur
dioxide. Overall high coefficients of determination were received for all 3
ions. It was concluded that the external calibration approach may be well
suited to determine sulfonic acid groups. However, when it was tested on the
remaining samples some it showed overall acceptable results with deviations
between 2 and 18 %. It could not be assessed whether the highly deviating
measurements were due to inaccurate reference values or due to measurement
deviations. The conductometric titration method, though, is considered as
highly accurate. The normalization techniques discussed in section
were not tried on the data. It is believed that the method is a rapid, but less
accurate method, to assess the sulfonic acid group content in larger sample
sets. If more than 4 or 5 calibration samples had been employed the accuracy
may have been improved.
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4.2.4.2 Quantification of pulp constituents

Another approach for quantification is the application of multivariate regres-
sion methods. As already described in the literature review wood and pulp
constituents have been quantified by several authors by means of Py-GC/MS
using partial-least-squares regression. In all works, as far as known, only the
major or well identified peaks were utilized as variables.

An alternative approach is to employ variable selection algorithms to select
the most feasible pyrolysis products for quantification. To test if the 408
peaks extracted may be helpful to find appropriate variables to quantify the
constituents the variable selection method iPLS was applied. For prelimi-
nary testing the algorithm was employed on 19 calibration samples. The 19
samples were taken from the two delignification series. And for this first trial
the means of the normalized replicate measurements were calculated and uti-
lized as calibration data. The iPLS algorithm can be conducted in several
modes. For the trial it was set to perform an exhaustive search for the best
variable set for each of the constituents lignin, cellulose, mannose, xylose,
galactose, arabinose, 4-O-methylglucuronic acid and also for the sulfonic and
carboxylic acids. The search was constrained to only use a maximum of 5 la-
tent variables (LVs). Afterwards PLS calibration models were calculated for
each constituent to be predicted. In addition, all three normalization meth-
ods described in section were compared. The results are displayed in
table [1.2.4.2

A good predictability of lignin and cellulose content has been shown before.
But when the correlation coefficients of cross validation (R?)) and the root
mean square errors of cross validation (RMSECV) were reviewed surprisingly
good values were found for galactose and carboxylic acids. And also all other
constituents appeared to be predictable by means of PLS.

However, the results may be misleading and are overly optimistic. The most
important process in setting up PLS models is the validation of the models.
For this purpose independent validation sample sets with known composition
are needed. Also, it is recommended to apply the variable selection procedure
to several subsets of the calibration sets. Hereby more robust models may
be built which have lower RZ, and higher RMSECYV values but may not fail
as quickly.

But several likely conclusions could be drawn from the PLS trial: pulp con-
stituents, including carboxylic acids, may be quantified by Py-GC/MS. The
selected-peaks normalized data showed the best results. Several minor un-
known pyrolysis products were selected for each constituent to be quantified.

134



G817V 170°0 L8V'C ¢€0°0 8¢0°0 €720 8¢1°0 6¢€°0 [q44ll) ADHSINY

6860  LL60 G660 L1670 9660 6860 7660 6660 6660 o

8 1 € A 9 9 L €1 L syead Jo ‘oN

q q iz g g g g G g AT syead-pagoates
€er'9 1900 99%°¢ €500 L5070 Gs1°0 810 TIF'0  8.S°0 ADASINY
V.60 9¥60 16670 9€6°0 ¢86°0 €660 7660 6660 9660 o

L 4l €1 6 9 9 6 T 9 syead Jo "ON

g g G G g g iz G € AT PunoIsydeq-jysom
veL'S  6L00  60LF 190°0 7700 Le¥0 erI0 vEV0 LSS0 ADISINY
860 8060 €860 €160 166°0 €96°0 P60 6660 9660 Rt

1 8 0% 8 g 8 9 61 L syead jo roN

€ q ¢ ¢ G G G € ¢ AT Wms JueIsuod
HEOS 7-0-°IN HOQ)D 9osoulqely 9SOjoR[RY)  9SOUURIN 9SO[AY  9S00N[Y)  UIUSI UOT)RZI[RULIOU

“UOTJRPI[RA SSOID SPUI[( URIIOUIA UO Poseq orom ADHSINY PUn "3 “ejep Pa[essojne uo paje[noqed
oIom S[PpPoOW S pue wWyiose STJl SAT G 10] A[oreredos pouniofrod Uedq SeY UOIJId[es S[qRLIBA QT SIUSNIIISUOD 9Y) JO
oeo 10 ‘SO[(RLIRA-A S@ POSN 8IoM SPIOR DI[AXO(IRD PUR OIUONS SUIPN[OUI SjUan)Iisuod ding -uorjezijeuriou syeod pojoolos
puR WIns JuURISUOd ‘PUNOIZHORJ-JYSIoM A( POZI[eULIOU B)ep SISA[OIAd U0 uorjelqres §Td Jo sinsor jo uostredwo)) /1§ 9[qRL

135



Chapter 5

Summary

In the work of Rose| (2003) it was sought to modify the AS/AQ process as
such as to yield pulps with properties close to ASAM pulps without the use
of any organic solvent. Amongst other findings it was discovered that a low
ratio of NaOH to Na,SOj5 in the initial stage and a significant elevation of
the NaOH concentration after the heating-up period enhanced the perfor-
mance of the AS/AQ process in particular when applied to softwoods. The
degree of delignification and the strength properties of the obtained pulps
were significantly improved. This modification was termed NaOH splitting.
The focus of the work was the optimization of the cooking conditions and
analyses of the strength properties and bleachability of the pulps. Although
the work was accompanied by standard analytical methods, the reason for
the improvements and the impact particularly on the residual lignin by the
aforementioned modification was not elucidated in detail.

The main objective of the presented work was based on the aforementioned
study of |[Rose| (2003) and was conducted on spruce as the raw material. Com-
positional and structural aspects explaining the improved pulp properties by
the elaborated process modifications were to be assessed in order to evaluate
whether further improvements could be reached.

To elucidate the effect of the NaOH splitting on the composition and the
chemical structure of the pulp components, two delignification series were
conducted; one under conventional (series A) and one under modified AS/AQ
pulping conditions (series B). Except for the cooking temperature, cooking
time and the time of the second NaOH charge, all cooking parameters were
adopted from the work of |[Rose (2003). The total cooking time of 330 min,
including the heating-up period, was split into 10 time intervals. According
to the intervals, cooks were terminated for both series after 30, 60, 90, 120,
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150, 180, 190, 210, 270 and 330 min. For the series with NaOH splitting, the
time of second NaOH addition was set to 180 min. Hence 10 pulps for each
series were obtained that were to be analysed.

The standard analyses employed on the pulps of the two delignification
series verified all findings of the former work but also revealed new insights.
Until the addition of the second NaOH charge in series B, significant differ-
ences between the two series could be observed. The rate of delignification
in series A was considerably higher than in series B, reflected by the quicker
decrease of yield and kappa number.

On the other hand the selectivity of delignification of series B within the first
180 min of the cooking time was notably higher than for series A. This im-
plied that much more of the polysaccharides, in particular the glucomannans,
were preserved in series B. A major reason for the differences was apparent:
in terms of severity, the significant difference of the initial NaOH concen-
trations between the two delignification series had a considerable impact on
the courses of the cooks. Within the heating-up period the pH in series B
decreased dramatically, and was 3 units lower than for series A throughout
the cooking interval Bog - Bigp (0 - 90 min at T,,4;). A high NaOH concen-
tration as in series A is known to promote both, lignin and polysaccharide
degradation.

An observation that was not expected was the enormous difference between
the two series in the degree of sulfonation of the lignin. At the cooking
time of 60 min at T,,,, the degree of sulfonation in series B was highest and
2.5 times higher than in the corresponding pulp of series A. Thus, until the
addition of the second NaOH charge in series B, a combination of two major
effects may have led to a higher selectivity of delignification: lower severity
and a higher degree of sulfonation. The high degree of sulfonation indicated
a high proportion of sulfidolytic degradation of lignin. These are known to
take place within a wide pH range.

After the addition of the second NaOH charge in series B the obvious compo-
sitional differences between the two series rapidly diminished. At the cooking
stage after 120 min at T,,,, the compositional data revealed almost identical
properties of the pulps Asjg and Bajg. Kappa numbers, yields, carbohydrate
composition and the degree of sulfonation were basically equal. However, the
viscosity and brightness of the pulp Bsjg were higher. The comparison of the
two terminal cooking stages revealed again compositional results diverging
between the two series. Here the improvement by the process modification
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became apparent. For pulp at the terminal stage of series A (Assg), a kappa
number of 28.6, a viscosity of 1066 ml/g and a brightness of 23.1 %ISO were
determined. The corresponding pulp of series B had a kappa number of 23.3,
and the viscosity and brightness were assessed to be 1221 ml/g and 30.6
%ISO. The yield of pulp Bssg, however, was slightly lower than for the pulp
Asz3o.

From the obtained results it was concluded that the key to finding structural
differences responsible for the improvements lay in the three last cooking
stages. Foremost, the pulps As;g and Bgjg were considered as most appro-
priate to serve as subjects for a detailed study. For this purpose 2 replicate
cooks for each of the two series, terminated after 210 min, were conducted.
Most of the results assessed for the pulps Asg and Bajg could be reproduced,
only the degrees of sulfonation of the two sets of replicate pulps (R1A2i
R2A219, R1By19 and R2Bs;) were apparently higher and diverging. This
was attributed to the fact that the replicate cooks were employed on a new
charge of spruce raw material which may also have had a different initial
moisture content.

Although other analytical approaches were considered it was decided to con-
centrate solely on pyrolysis - gas chromatography /mass spectrometry
to assess structural differences between the pulps. Py-GC/MS can be consid-
ered as a rapid and high-throughput analytical method that provides finger-
prints with high information content. In particular for the analysis of residual
lignin Py-GC/MS seemed to be appropriate as minor components can still
be detected without preceding isolation procedures. The presented section
on Py-GC/MS was based on the detailed analysis on a series consisting of
160 measurements. It included the measurements of all pulps of the delig-
nification series and replicate cooks, native spruce wood and 4 pulps from
reference cooks. All samples were measured at least as duplicates whereas 9
samples were measured between 6 and 17 times.

Considerable effort has been put into the pre-processing of the pyroly-
sis data. It was realised that proper pre-processing was the key to extract
reliable and unbiased information from the data. Unfortunately, the batch-
wise pre-processing of chromatographic data was not trivial. No evaluation
software was available to solve all desired pre-processing tasks. With the
aid of several software solutions and self-written scripts in MATLAB a semi-
automated pre-processing chain has been elaborated to enable reproducible
processing of large-scale data sets. The pyrograms were smoothed, back-
ground corrected and subjected to peak detection and deconvolution. All
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detected peaks were filtered and merged to a global peak list containing 458
peaks. The peak list included several hundreds of minor peaks of unknown
identity whereof many were overlapping and coeluting. Hereafter one repre-
sentative ion for each peak was extracted and the ion peak areas determined
batch-wise for all measurements. Particular attention had to be put on the
normalization of the data. No internal standard was used and normaliza-
tion only by sample-weight was inapplicable because sensitivity fluctuations
of the measuring device or sensitivity leaps caused e.g. by an autotune (a
routine service procedure) are not compensated. Two normalization tech-
niques, termed weight-background and selected-peaks normalization, were
elaborated which functioned well on the analysed data set.

It was anticipated that numerous peaks of the global peak list were un-
informative for the data analysis. ANOVA was applied on the replicate
measurements of the aforementioned 9 samples to assess which peaks may
have discriminative potential. Surprisingly, only 36 peaks were discarded by
ANOVA analysis. A further 14 peaks were manually removed because of ex-
tensive amounts of missing entries. Hence, 408 peaks remained as the basis
for subsequent data analysis.

Almost all studies on lignocellulosic biomass are restricted to the major and
well identified peaks which sum up to around 80 to 120 peaks. It has the ma-
jor advantage that the interpretation of the results is more straightforward
and the effort on processing of the data is moderate. The intention of ex-
tracting as many peaks as possible irrespective of their intensities was to have
an unbiased view on the data and to assess whether any of the commonly
ignored peaks may appear as important for the discrimination of samples by
multivariate analysis.

The pyrolysis data was evaluated by principal component analysis (PCA)
and directly by comparison of differences in peak intensities of marker ions.
For PCA prior manual and algorithm-based variable selection with the aid
of Fisher’s discriminant ratio were employed. The manually selected peaks
included all lignin derived products found in the data. Many products were
tentatively assumed to originate from lignin on basis of mass traces (m/z)
with which they are associated. The second variable selection approach was
solely on the basis of the discriminative significance of the peaks for the in-
tended comparison. It could be shown that nearly half of the 38 selected
peaks by FDR were unknown minor peaks.

139



CHAPTER 5. SUMMARY

Several conclusions could be drawn from the analyses. Foremost, it was as-
certained that the pulps derived from the modified process, contained over-
all more phenylpropane units, i.e. the propane side chains of the lignin
monomers were degraded to a lower extent. This may imply that the resid-
ual lignin was more susceptible to degradation reactions. However the differ-
ence diminished towards the end. The focus was primarily on the guaiacyl
moieties but also the fate of p-coumaryl moieties (H-lignin) as a function
of total lignin content was assessed. Apparently, some H-lignin fragments
showed a more or less exponential increase towards the terminal cooks for
both series. This may point towards an increase of the fraction of condensed
and demethoxylated lignin structures in the residual lignin.

It could also be illustrated that the relative degree of sulfonation and the
relative amount of anthraquinone retained in the pulps, can be assessed by
Py-GC/MS. Concerning the pyrolysis products derived from the polysaccha-
rides further details may be revealed by this analytical approach, but the
focus in the presented study was on lignin.

From the results obtained for the two delignification series by means of Py-
GC/MS a possible improvement of the modified AS/AQ process may
be proposed. Within the scope of a subsequent bleaching sequence it may be
advantageous to terminate the cooks at an earlier stage, e.g. when a kappa
number of 30 to 40 is reached. The tendency of the residual lignin at this
stage towards further selective degradation may be considerably higher. In
addition, the rapid increase of the H-lignin fraction towards the end of the
cooks may be avoided.
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