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Abstract
Physical and chemical complexity of paper and fibre products, makes their spa-
tial analysis challenging. In this study, the visualization of calendered papers was
performed using spectroscopic technique, time-of-flight secondary ion mass spec-
trometry (ToF-SIMS), along with multivariate data analysis (MVDA) to resolve
the chemical hierarchy. The chemical difference between the papers calendered at
100◦C and 200◦C was investigated by using principal component analysis (PCA)
and orthogonal partial least squares discriminant analysis (OPLS-DA). Among the
observed differences between each side of the papers, the largest variation occurred
in lower-mass region (< m/z 100). Potential chemical changes that take place in
the higher-mass range (> m/z 300) could not be observed clearly using ToF-SIMS.
The findings of this study are essential in expanding the ToF-SIMS library of paper
and paper components, and demonstrates that multivariate analysis methods are
needed for resolving the differences in spectral data of hierarchical materials.

Keywords: ToF-SIMS, MVDA, paper composition.
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1
Introduction

In an earlier study [1], lignin migration, lignin cross-linking, and van der Waal in-
teractions have been subjected to occur during the calendering of paper. Potential
other reactions such as lignin-furfural linkages [2] and furfural self-polymerization [3]
have also been proposed. Several spectroscopic techniques such as Raman, Fourier
transform infrared (FTIR), and high-resolution solution-state nuclear magnetic res-
onance (SSNMR) spectroscopies have been applied to investigate the morphology
and chemical composition on fibre products. However, time-of-flight secondary ion
mass spectrometry (ToF-SIMS) comes closest to the ideal technique of chemical mi-
croscopy, as both the chemical specificities and the spatial resolution of the distri-
bution of components in lignocellulosic materials can be obtained, yet the literature
data about paper and fibre product analysis by ToF-SIMS are very limited.

Therefore, this thesis is conducted by means of ToF-SIMS together with multivariate
data analysis method to determine the surface chemical composition and distribution
on paper during the calendering with different raw materials of wood components
were being analysed as references.

1.1 Objective
The objective of this thesis is to demonstrate the capabilities of spectroscopic visu-
alization technique to determine the chemical composition and distribution of wood
components in paper. Experimental work is directed to observe the spatial chemical
changes in paper processed at different conditions, analysis of model materials and
ToF-SIMS library build up.

1.2 Hypothesis
As one of the main components in paper, lignin is hypothesized to alter during the
calendering. A step to achieve better understanding of the composition and distri-
bution of wood components in such paper can be determined by using a combination
of spectroscopic technique and multivariate statistical analysis to differentiate and
identify the chemical alterations in the material processed at different condition.
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2
Background

2.1 Structure of Wood
Wood, as the most common bioresource for storing carbon dioxide, is produced from
trees [4]. Each tree can be divided into three main parts, namely, the crown, stem,
and root. In general, the stem is considered as the crucial part of the tree for nu-
trient transportation and storage, mechanical support, growth and protection and
is used as the main renewable raw material in pulp and paper industry due to its
higher content in cellulose compared to other tree parts. Each wood tissue consists
of various wood cell types that have different functions and compositions in the tree.
These compositions vary between different climate, season, growth conditions, and
tree species such as softwood and hardwood.

Figure 2.1: Schematic illustration of a typical wood cell wall structure composing
of a hollow lumen surrounded by secondary layers (S1, S2, S3), primary layer, and
middle lamella.

Wood cells, consist mainly of cellulose, hemicellulose and lignin, are multilayered
with the hollow center called lumen which are surrounded by a complex cell wall,
as seen in Figure 2.1. These wood cells are binded together by lignin-rich middle
lamella (ML) region. The outermost layer next to the middle lamella called the
primary cell wall (P) is composed of randomly orientated cellulose microfibrils [4].
The secondary cell wall consists of 2-3 layers known as S1, S2, and S3, having the
central S2 layer makes up the major part while S1 and S3 layers are comparatively

3



2. Background

thin. In addition, the orientation of cellulose microfibrils, which differs in these lay-
ers, is of great importance for the physical properties of the wood cell and thus for
the structure of the wood.

Cellulose, one of the main components, makes up about 50% by weight of the
wood substances [5]. It is a linear polymeric chain of β-D-glucose monomers, linked
together by β-(1-4)-glycosidic bonds (Figure 2.2). These chains organized into bun-
dles called cellulose microfibrils which further aggregated into macrofibrils. Because
of its linear structure, cellulose is able to form strong intermolecular interactions
within the microfibrils and chains through hydrogen bonding. In addition, the high
molecular weight, stiffness, hydrophobicity and the special morphological organiza-
tions of cellulose all together makes it resistant to dissolution.

Figure 2.2: Chemical structure of cellulose.

Hemicelluloses are another one of the main constituents of wood, usually around
20 to 35 % of dry mass [4]. They situated in the matrix between cellulose fibrils in the
cell wall and are subjected to serve as an interface between cellulose and lignin. They
are branched, heteropolysaccharides made up of various types of pentoses (D-xylose
and L-arabinose) and hexoses (D-glucose, D-mannose and D-galactose) [4] shown
in Figure 2.3. One, two or more types of monomers, connected to each other by
β-(1-4)-glycosidic bonds, often form the backbone of hemicellulose polymers. Most
hemicelluloses also have short branches that contain different types of sugars and
acetyl side groups. They are highly soluble and reactive, therefore easily degraded
by chemicals and heat treatment. Two main groups found in wood are xylan and
glucomannan, where xylan is the main hemicellulose in hardwoods as glucomannan
in softwoods.

Furfural is a valuable product that can be obtained from dehydration reaction of
hemicellulose, mostly from C5 sugars i.e. xylose (Figure 2.4). It can be converted
into fuels and other useful chemicals used in oil refining, plastics, pharmaceutical,
and agrochemical industries [6].

4



2. Background

Figure 2.3: Monosaccharide units; (a) Pentoses; D-xylose and L-arabinose , (b)
Hexoses; D-glucose, D-mannose, and D-galactose.

Figure 2.4: Dehydration of hemicellulose to furfural.

Lignin is an extensively branched three-dimensional network which composed pre-
dominantly of three monomers known as monolignols [4], that is, p-coumaryl alco-
hol, coniferyl alcohol, and sinapyl alcohol, as seen in Figure 2.5. Based on these
monolignol units, the lignin building blocks p-hydroxyphenyl (H), guaiacyl (G), and
syringyl (S) are formed. These building blocks are connected by various types of
linkages (Figure 2.6), mainly ether bonds (C-O-C) such as aryl- or diaryl ether and
carbon-carbon bonds (C-C) such as biphenyl or pinoresinol, which are distributed
randomly.

5



2. Background

Figure 2.5: Structure of the three monolignol precursors and their corresponding
fragments in the macromolecules.

Figure 2.6: Lignin interunit linkages: ether bonds, carbon-carbon bonds, and other
linkages.

Lignin macromolecule also consists of different functional groups that affect its re-
activity, such as methoxy groups, phenolic hydroxy groups, and a few terminal
aldehyde groups [4]. Lignin polymerization reactions, initiated by oxidation of the
phenylpropane phenolic hydroxyl groups, result in a complex and highly-branched
structure. Therefore, it is difficult to determine lignin chemical composition. The
monolignol composition, content, and concentration is varied between wood species.
Several hypothetical lignin structures have been presented over the years, with Fig-
ure 2.7 showing a suggested model of softwood lignin. However, the most common
intermonomeric linkage in lignin is the β-O-4 aryl ether bond [7].

6



2. Background

Figure 2.7: A suggested model of softwood lignin. Reproduced with permission
from [4].

Extractive substances, pectin, and inorganic compounds are also present, even
if only as minor components. Wood extractives, situated outside the cell wall, are
low molecular weight compounds that can be extracted from the wood with neutral
organic solvents or water [8] and are the cause of several paper properties such as the
binding between fibres, the water adsorption and friction including the smell of the
paper. The majority of these compounds are aliphatics, terpenoids, and phenolics.
Aliphatics group includes fatty acids and fatty alcohols, with fatty acids mainly
present in ester form, either esterified with glycerol in the form of mono-, di-, and
triglycerides (fats) or as esters with fatty alcohols (waxes) or sterols (steryl esters).
Within terpenoids group, there are a vast number of different terpenes built up
by isoprene units (5 carbons). The remaining phenolics are stilbenes, flavonoids,
lignans, tannins, and tropolones. Some of the extractives are shown in Figure 2.8.

Figure 2.8: Extractive compounds: (a) Aliphatic compounds, (b) Terpenes, and
(c) Phenolic compounds.
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2. Background

2.2 Pulping Processes
Pulp consists of fibers that are generally obtained from wood. The pulping processes
have the main aim of releasing the fibers from the wood matrix, which can be
achieved mainly in two ways, either mechanically or chemically [9].

2.2.1 Mechanical Pulping
When wood or wood chips are grounded, the wood fibres are released and a me-
chanical pulp is obtained. Some easily soluble carbohydrates and extractives are
lost in the process, but the overall pulp yield is hardly affected. The mechanical
pulp yield is approximately 90 to almost 100%, depending on the mechanical pulp-
ing method used [9]. The fibres are fractionated generally at the middle lamella,
primary cell wall or the secondary cell wall, depending on pretreatment of wood
chips prior to the grinding. In addition to refining at elevated temperature and
pressure, pretreatments aim to soften the lignin and weaken the lignin-rich mid-
dle lamella to promote fracturing in this area. The pulp made without preheating
of the wood chips with steam called refiner mechanical pulp (RMP) tends to have
fines and fractures across fibres. Thermomechanical pulp (TMP) is made by refining
the wood chips at elevated temperature and pressure. In chemo-thermomechanical
pulp (CTMP) process, a chemical treatment with softening chemicals impregnate
the wood chips prior to the refining is followed by a steam pretreatment. Addition-
ally, the high temperature chemo-thermomechanical pulp (HT-CTMP) process adds
a further pretreatment step in which the wood chips are preheated before refining.

2.2.2 Chemical Pulping
Fibres in wood are glued together by lignin. The chemical method of producing
wood pulp is to attack the lignin in middle lamella and thereby, release the individ-
ual fibres. By removing lignin from cell wall, the fibres get flexible enough to give
high strength to the paper.

Kraft pulping, also known as an alkaline process involves using cooking chemicals
composed of sodium hydroxide (NaOH) and sodium sulfide (Na2S), in other words,
white liquor. The active chemicals are thus, hydroxide ions (OH−) and hydrogen
sulfide ions (HS−). The aim of this process is to degrade and dissolve lignin with
the main delignification reaction, cleavage of interunit linkages [9]. The process can
be divided into four main steps as seen in Figure 2.9, which include steaming as
pretreatment, impregnation of wood chips with cooking chemicals, delignification
or disintegration and solubilization of lignin with hydrogen sulfide as the major
delignifying agent and blowing as the last step to lower the temperature and pressure
to stop the chemical reactions. Several stages of bleaching are included as a chemical
process aimed at removing colour in the pulp, residual lignin or carbohydrate by-
products. During the kraft pulping, the majority of lignin is removed but the pulping
chemicals are not completely selective towards lignin and as a result, carbohydrates,
especially the hemicelluloses, are also lost to a varying extent which in turn, results

8



2. Background

in a low pulp yield, usually around 50% [7].

Figure 2.9: Technical steps in kraft pulping process.

There are three phases of delignification during kraft pulping, which are initial phase,
bulk phase, and residual or final phase (Figure 2.10). In initial phase, occurring at
temperature below 150℃, the dissolution of lignin is approximately 15-20% while
the loss of carbohydrates is about 20-25%. Most of the delignification takes place in
the bulk phase at the temperature between 150-170℃ whereas carbohydrates remain
stable. In the residual phase, the selectivity of lignin is poor, thus the dissolution of
lignin is very slow while the degradation of carbohydrates becomes substantial.

Figure 2.10: The selectivity of delignification in the three phases of kraft pulping.
Reproduced with permission from [10].

Sulfite pulping is another chemical approach in pulping process where in most
cases, an acidic bisulfite proceed is employed to soften the wood materials by remov-
ing lignin. The active chemicals used in this process are sulfur dioxide (SO2

3
−) and/or

hydrogen sulfite or bisulfite ions (HSO−
3 ) [11]. Four different bases or cations, that

are calcium (Ca2+),magnesium (Mg2+), sodium (Na+), and ammonium (NH+
4 ),

can be used to buffer the pulping solution. These ions react with lignin to produce
water-soluble sulfonated lignins, so called lignosulfonates. The efficiency of deligni-
fication during sulfite pulping depends on both sulfonation and hydrolysis reactions
[12]. Sulfonation reaction makes lignin more hydrophobic by introducing sulfonic

9



2. Background

groups while hydrolysis reaction breaks the ether bonds and creates new phenolic
groups, which in turn increases the hydrophilicity of lignin and reduces its molecular
weight. The drawbacks of sulfite pulping compared to kraft pulping, however, are
more pollution emitted to the atmosphere, applicable to fewer wood species due to
limited abilities to dissolve extractives, lower strength potential of pulp, and poor
chemical recovery.

2.3 Paper Manufacturing Process
The papermaking process includes two main processes which are Wet End Operation
where cleaned and bleached pulp is formed into wet paper sheets and Dry End Op-
erations where prior wet sheets are dried and several surface treatments are applied
to the paper [13].

Figure 2.11: Schematic illustration of Fourdrinier Paper Machine

Fourdrinier machine is widely used in papermaking process [13]. It is comprised of
three primary sections: the forming section, the press section, and the dryer section,
as seen in figure 2.11. Pulp consisting of about 0.5 to 1.0 % fibre is fed or pumped
into a headbox where it flows out onto a moving wire belt. The pulp is squeezed
through a series of rollers while suction devices below the belt drain off the water
which leaves the fibre to form a wet mat of paper. This paper then enters the press
section where it is pressed between rolls of wool felt and then passed through a series
of steam heated cylinders in the dryer section to remove any remaining water. This
resulting in a continuous paper roll or web which is generally subjected to various
finishing steps before it can be shipped as a final product.

2.3.1 Calendering Process
Calendering is considered as one of the final steps in the paper manufacturing pro-
cess that aims to improve the surface properties of paper with regards to its further
use, e.g., printing. It can make paper surface extra smooth and glossy or even give a
more uniform thickness. During calendering, the paper web is compressed between
two or more rolls where heat and pressure are applied which can be significantly high
(10-50 MPa) during a very short time (less than 1 ms) [14]. The term calendering
encompasses a wide range of specialized machines having different names depending
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on its position in the production line, in the middle or the end of the machine, online
or offline, and depending on the design of the rolls.

The machine calender, made of hard rolls or soft rolls (named nip), is located online
after the drying section in the paper machine [14]. Its main purpose is to bring
surface roughness and gloss of uncoated paper to the desired level. This type of
calenders can also be placed prior to the coating unit in order to control the degree
of roughness and the thickness profile. The soft calender includes one to four nips
made from heated steel rolls and polymeric soft rolls. This calender, located at
the end of paper machine, is used as the final finishing step to develop the surface
properties of both coated and uncoated papers. The supercalender and the multinip
calender are made from six to sixteen nips with the main purpose on producing
paper with the highest level of gloss and smoothness. Traditional supercalender is
placed off-machine and multinip calender can be either online or offline.

Nevertheless, there is an issue when it comes to the improvement of paper surface
properties. The inevitable consequence from applying the pressure between at least
two rolls is that the paper thickness is decreased which is not acceptable for some
paper grades. To develop gloss without decreasing too much of the thickness, ma-
chine glazed calender and gloss calender were used [14]. Machine glazed calender
is used to develop gloss on one side of the paper. Its principle is to use friction
forces between the paper web and a hot cylinder to glaze one side of the paper. This
device is usually used in the production of uncoated grade papers. The latter, gloss
calender, is used to develop gloss on specialty coated grade papers or boards. Its
principle is to press one side of the paper against a hot chromium plated roll, usually
around 140 to 200℃, while another roll covered with rubber is soft and ensures good
contact than applying pressure.

2.3.1.1 Softening of paper

The softening behavior depends on the pulp type [15] and is related to the glass
transition temperature of the polymers situated in the fibers.

The glass transition temperature is the thermal transition when a polymer changes
from a rigid, glassy, brittle state to a soft, moldable, ductile state [14]. Since fibers
consist of cellulose, hemicellulose and lignin, this transition is called the soften-
ing temperature of the paper. The glass transition temperature is very difficult to
measure in a polymer with a broad size and composition. Therefore, the values
reported in the literature vary over a wide range. However, the trend is observed
that the glass transition temperature is probably between 230 and 255℃ for cellu-
lose, between 165 and 217℃ for hemicellulose, and between 134 and 235℃ for lignin.

In these polymers, water acts as a plasticizer and therefore lowers the glass transition
temperature, as seen in Figure 2.12. The fibers on the paper surface will exceed the
glass transition temperature and become easily moldable while the fibers within the
paper will remain below the glass transition temperature and as a result, remain
rigid.
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Figure 2.12: Softening temperature of wood components with humidity. Repro-
duced with permission from [14]

2.4 Secondary Ion Mass Spectrometry (SIMS)
SIMS is a mass spectrometry technique involves bombarding a sample surface with
an ion beam called primary ions and analyzing the ions produced by the bombard-
ment called secondary ions [16]. The main principle of SIMS method is the use of
a focused ion beam of primary ions, generated by a liquid metal ion gun (LMIG).
The energy of the primary ions is transferred to the target atoms through atomic
collisions, creating a collision cascade [17]. Primary ions set atoms in motion, both
through direct collisions with atoms in the sample and indirectly through collisions
between atoms that are already in motion with other target atoms (Figure 2.13).
Energy is transferred back to the surface which allows surface atoms and molecules
in the top 2-3 molecular layers to exceed their surface binding energy. Although
most secondary ions come off neutrally charged, a small part comes off either as
positive or negative ions which can be analyzed according to their mass to charge
ratio m/z.

Figure 2.13: Schematic illustration of the secondary ion emission process initiated
by the impact of a primary ion.
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Depending on the ion dose, the technique can be divided into two modes which
are dynamic and static SIMS [17]. As opposed to dynamic SIMS, static SIMS
is performed with low primary ion doses. Only about 1% of the surface layer is
impacted by the primary ions, yielding chemical and molecular information of the
original surface and resulting in sensitive analysis from the uppermost molecular
layers with minimized sample damage.

2.4.1 Time-of-Flight Secondary Ion Mass Spectrometry (ToF-
SIMS)

ToF-SIMS is a combination of the static SIMS technique and time-of-flight mass
analysis (ToF), with the principle based on the fact that ions with different masses
travel with different velocities. The measurement is carried out under high-vacuum
conditions. ToF-SIMS is a powerful technique that provides direct analysis of chem-
ical information on the surface of a solid sample without a chemical pretreatment
[18]. It can produce fragmented, lower molecular weight species in high resolution
mass spectra and spatial mapping while requiring minimal sample preparation steps.

Figure 2.14: Schematic workflow of ToF-SIMS.

Generally, the ToF-SIMS consists of four parts: a primary ion source, a mass spec-
trometer, an ion reflectance system, and a detector. The working principle of ToF-
SIMS is simple, as can be seen in figure 2.14. First, a pulsed primary ion beam from
a liquid metal ion gun such as gallium (Ga+), gold (Au+

3 ), and bismuth (Bi+3 ), with
an energy between 1 to 25 keV, is bombarded across the sample surface, releasing
positive, negative, and neutral secondary ions from the top 1-2 nm of the sample
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[19]. These secondary ions, which can be atoms or molecular ions, are accelerated
by an electrostatic field and travel to the detector. The ToF-SIMS analyzer then
separates the ions according to the time it takes for them to travel through the
flight tube. The lighter secondary ions arrive before the heavier ones by which a
mass spectrum can be recorded. The mass spectrum can be used to obtain the com-
position, distribution, and molecular information of the surface components [20].
Depending on the sample type being analysed, some of the ToF-SIMS settings can
varied. For instance, in the case of biomass, the ToF-SIMS analyzer is configured
to detect positive ions because all lignocellulosic biomass libraries are for cations [19].

With ToF-SIMS, spatially resolved images of molecules with a molecular weight of
up to several thousand Daltons and with a spatial resolution of less than 100 nm
can be produced [21]. Moreover, it enables parallel detection of multiple samples,
excellent mass resolution, monolayer sensitivity, and the ability to record the posi-
tion of a wide variety of atoms and molecules.

2.4.2 Time-of-Flight Secondary-Ion Mass Spectrometry (ToF-
SIMS) on woody materials

In pulp and paper research, ToF-SIMS was first introduced in the studies of organic
additives on paper surfaces [22]. Later on, the studies of chemical pulp [23] and
mechanical pulp [24] where capability of ToF-SIMS were demonstrated to provide
useful information about lignin structures were conducted. ToF-SIMS has been used
then to analyse lignin and extractives on pulp and paper surfaces [25]–[30], using
its imaging ability and analysis of molecular fragments. ToF-SIMS applications on
lignocellulose include mapping of lignin, polysaccharides, extractives and inorganic
components [31]–[35], evaluating pretreatment methods for hydrolysis of poplar [36]
and birch [37], and studies of enzymatic and fungal degradation of wood [38].

The development of ToF-SIMS as an analytical method for the evaluation of woody
materials could be used to elucidate the distribution of molecular components within
different wood samples [39]. Secondary ion peaks represent characteristic of lignin,
polysaccharides, and other components are shown in Table 2.1 and 2.2.

While ToF-SIMS is a promising technique for surface investigation, several limita-
tions in currently published methods must be overcome to attain broader sample
types. The main concern in the ToF-SIMS studies is directed to the possible influ-
ence of the contaminants. PDMS or polydimethylsiloxane is one of the most common
organic pollutants that performs high chemical stability and is often used as a mold-
ing lubricant, plasticizer, surface modifier, antifoam agent and as a cleaning additive
[40]. PDMS can easily get onto the sample surface from surrounding materials. It is
important to remove the PDMS from the sample because the secondary ion yield of
the PDMS is very high. To remove PDMS, n-hexane washes are effective. However,
complete removal of PDMS is difficult, and solvents can also wash away some of
the original chemicals from the sample. In addition, given the potential of certain
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extractive compounds to form lignin-like fragment ions [41], the wood samples were
extracted with solvents to reduce the likelihood of mass interference that could make
the ToF-SIMS data difficult to interpret.

Table 2.1: Secondary ions reported in the literature as characteristics of lignin,
carbohydrates, extractives, and inorganic compounds in wood [27], [38], [42]–[44].

Component Characteristic peak Ion assignment
Aromatic unit 77 C6H

+
5

Aromatic unit 91 C7H
+
7

Lignin
H lignin unit 107.050 C7H7O

+

121.029 C7H5O
+
2

121.065 C8H9O
+

G lignin unit 137.060 C8H9O
+
2

151.039 C8H7O
+
3

151.076 C9H11O
+
2

S lignin unit 167.071 C9H11O
+
3

181.050 C9H9O
+
4

181.086 C10H13O
+
3

Carbohydrates
Cellulose 127.040 C6H7O

+
3

145.050 C6H9O
+
4

Xylan 115.040 C5H7O
+
3

133.050 C5H9O
+
4

Extractives
Fatty acids
Myristic 211 C14H27O

+

229 C14H29O
+
2

Pentadecanoic 225 C15H29O
+

243 C15H31O
+
2

Palmitic 239 C16H31O
+

257 C16H33O
+
2

Oleic 265 C18H34O
+

283 C18H36O+

Stearic 267 C18H35O
+

285 C18H37O
+
2

Lignoceric 339 C23H47O
+

351 C24H47O
+

369 C24H49O
+
2

Pentacosanoic 355 C24H51O
+

365 C25H49O
+

383 C25H51O
+
2
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Table 2.2: Secondary ions reported in the literature as characteristics of extractives,
inorganic molecules, and contaminants (continued).

Component Characteristic peak Ion assignment
Extractives
Fatty acid salts
Calcium
Myristate 268 C14H28O2Ca

+

495 C28H57O4Ca
+

Pentadecanoate 281 C15H29O2Ca
+

523 C30H59O4Ca
+

Palmitate 296 C16H32O2Ca
+

551 C32H65O4Ca
+

Stearate 323 C18H35O2Ca
+

324 C18H36O2Ca
+

Sodium
Oleate 304 C18H33O2Na

+

305 C18H34O2Na
+

Eicosenoate 332 C20H37O2Na
+

333 C20H38O2Na
+

Lignocerate 391 C24H47O2Na
+

413 C24H48O2Na
+
2

Hexadecanoate 441 C26H51O2Na
+
2

Sterols
Sitosterol 397 C29H

+
49

414 C29H50O
+

415 C29H51O
+

Sitostanol 398 C29H
+
50

416 C29H52O
+

Oxo-sitosterol 411 C29H47O
+

429 C29H48O
+
2

Inorganic
Sodium 23 Na+

Potassium 39 K+

41 K+

Calcium 40 Ca+
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2.5 Multivariate Data Analysis
With the increasing use of computerized instrumentation, a data set can consist of
thousands of input variables that contain information that is valuable for industrial
and research purposes. When analyzing a large number of data sets at the same
time, the number of variables and the underlying relationships between them in-
crease significantly. As a result, reducing the number of variables while maintaining
high interpretability becomes a very necessary strategy.

Multivariate data analysis includes useful methods for analyzing large data sets
and principle component analysis (PCA) along with orthogonal projections to la-
tent structures (OPLS) have proven to be extremely useful in analyzing complex
sprectral data [45]. PCA, although an unsupervised method, gives an informative
first look at the data set structure and relationships between groups, therefore is
commonly used as a first step in multivariate data analysis. Its idea is to decrease
the data complexity while maintaining as much variability as possible by calculating
new variables called principal components, which represent linear combinations of
the original variables and capture the greatest variation in the data set [46]. OPLS,
on the other hand, is a supervised regression method that creates a better model
interpretation explaining the relationship between the input variables (X) and out-
put variables (Y). When applied to a two-class problem, this is called OPLS-DA
where DA stands for discriminant analysis. OPLS-DA models the difference be-
tween groups of observations and enhances the interpretation of the class differences
within a single model. Differences between sample types that are obscured by ex-
perimental variations in a PCA can thus still be identified using OPLS-DA.

17



2. Background

18



3
Methodology

This chapter covers the experimental setup and analytical approach. For the exper-
imental part, preparation and characterization of the samples were performed. As
for the latter, the analysis of the samples to meet the hypothesis were done with a
spectroscopic technique, TOF-SIMS, along with multivariate data analysis software
SIMCA.

3.1 Paper Samples
Calendered samples (with two conditions, 100℃ and 200℃) were provided by Stora
Enso.

Only the front sides of the paper were calendered at 100℃ and 200℃.

3.2 Model Materials
The reference model materials used were kraft lignin, alkali lignin, lignosulfonate
(LignoStar, The Netherlands), milled wood lignin (MWL), xylan (Beechwood, Megazyme),
and galactoglucomannan (GGM), cellulose nano crystals (CelluForce, Canada), mi-
crocrystalline cellulose (Avicel, USA), vanillin, furfural (Sigma-Aldrich, Germany),
and extractives extracted in Soxhlet apparatus.

Most of these model materials came in powder form, except for the furfural which
came in liquid form. Solutions of 0.1% w/w of each component were prepared with
different solvents as shown in Table 3.1.
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Table 3.1: Solvent used to dissolve each wood component.

Component Solvent
GGM DMSO
Xylan DMAC

Alkali lignin DMF
Kraft lignin DMF

Lignosulfonate Water
Milled wood lignin Dioxane

Furfural Water
Vanillin Water

These wood components were allowed to dissolve in the solvent overnight prior to
use in the next step.

3.2.1 Spin Coating
The solution from previous step was then used in the spin coating of smooth and
thin films deposited onto oxidized silicon wafers which were cleaned thoroughly by
exposing to a Piranha solution (1:3 v/v of H2O2:H2SO4), rinsing with Milli-Q water,
and drying under nitrogen. The solution was spin-coated onto silica surfaces for 60
s at 3000 rpm 4 times each. Finally, the deposited samples were rinsed with Milli-Q
water once again and dried under nitrogen. These model materials were then placed
in a sterilized plastic holder before the deposition of the component was checked
with AFM.

Remark: These spin-coated samples were not used as references in the analysis of
calendered paper because there was a high contamination of PDMS which signifi-
cantly influenced the mass spectra. Instead, the model materials were prepared in
powder form onto 1x1 cm mirror-polished Si wafers using double sided tape as the
attachment.

3.2.2 Soxhlet Extraction
Extractives can be extracted by organic solvents such as acetone, toluene, alcohol
and water. The Soxhlet extraction was performed on wood pulp, TMP and HT-
CTMP provided by Stora Enso. The two pulps were extracted using acetone as the
solvent. A weight of 3 g of each pulp was prepared into a thimble and placed in
a Soxhlet extractor situated above a 500 ml round-bottom flask containing 300 ml
of reagent-grade acetone. The extractions were run for 16 hours in order to obtain
the extractives with a composition similar as the one in calendered paper. This is
done with the possibility of solvent being partly evaporated in the Soxhlet apparatus.

Remark: These extracted extractives were highly contaminated with PDMS. There-
fore, the extractives used in the analysis were prepared by submerging the TMP and
HT-CTMP pulp in acetone overnight. After that, all the equipment in contact with
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the samples were cleaned with hexane beforehand to eliminate potential contamina-
tion. The solution were dropped onto silicon wafer until dried. These samples were
then rinsed with Milli-Q water, dried under nitrogen, and placed in aluminium foil.

3.3 Analysis Equipment

3.3.1 ToF-SIMS
ToF-SIMS analysis was conducted on a ToF-SIMS V (ION-TOF, Münster, Ger-
many), with a bismuth liquid metal ion gun as a primary ion source and a C60 10
keV ion source as a sputter source. The instrument vacuum system consists of a
load lock for rapid sample loading and an analysis chamber separated by the gate
valve. Data were recorded in positive and negative ion modes, and high mass reso-
lution spectra were acquired by use of a 25 keV Bi+3 primary ions. The Surface lab
7 software (v. 7.2; ION-TOF) was used for all spectrum. The mass spectra were
internally calibrated to signals of [C]−, [CH]−, [C2]−, [C4]−, and [C]+, and [CH]+,
[CH2]+, and [CH3]+ for negative and positive ion modes, respectively.

For the investigation, powder formed model materials and coated extractives were
placed in the sample holder in the ToF-SIMS instrument. One to five locations on
the surface of the samples were analysed.

The calendered papers processed at 100℃ and 200℃ were placed onto the sam-
ple holder and analysed on both sides. Number of locations analysed were 6 for
both sides of calendered paper processed at 100℃ and 12 for both sides of the one
processed at 200℃.

3.3.2 Multivariate Statistical Analysis
Principal component analysis (PCA) and orthogonal projections to latent struc-
tures discriminant analysis (OPLS-DA) were performed using multivariate software
SIMCAR© (SIMCA version 16.0.2, Sartorius Stedim Data Analytics AB (Umetrics),
Umeå, Sweden) as MVDA methods to visualize chemical variations between calen-
dered samples. The score plot visualizes the differences between spectra if they exist
and tells if individual spectra are similar to each other or not while the loading plot
indicates the variables that express this difference and shows the largest variation
between spectra. The degree of similarity is mirrored within the distance between
spectra in the score plot.

The fit of the PCA and OPLS-DA models can be described by the spectral variance
explained by the model (R2X) and for OPLS-DA, also by the variance explained by
the intensity of interest (R2Y). The Q2 value is also a measure of explained variance
although it is based on cross validation and is used to estimate the predictive ability
of the models. R2 and Q2 values should be in the range of 0 to 1 with Q2 value
closes to 1 meaning that it is a good model. Since the reliability and prediction
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properties of the models often are more important than the model fit, Q2 has a
larger importance than R2 as a diagnostic tool for MVDA models.
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4
Results and discussion

In this chapter, the capability of ToF-SIMS and multivariate data analysis method
for identification of the wood components distributed on the surface of the calen-
dered paper is discussed.

The visualization was first carried out with ToF-SIMS analysis of both sides of
the calendered paper processed at 100℃ and 200℃. Since the data obtained were
complex, multivariate data analysis was applied.

4.1 Experimental data from ToF-SIMS analysis
Through the characteristic secondary ions emitted from the paper surface, lignin,
carbohydrates, extractives, and inorganic ions can be identified, and the distribution
of these compounds on each paper can be determined.

4.1.1 Model materials
To facilitate the identification of components in calendered paper, each wood com-
position, so called model material, was analysed by ToF-SIMS spectrometry as ref-
erences. Only positive secondary ion spectra were used because of low intensity
observed for the characteristic peaks in the negative mode.

Approximate of 10 representative mass spectra of each lignin are displayed in Fig-
ure 4.1. As mentioned in Figure 2.5, three main patterns of methoxy substitutions
on the aromatic ring in lignin are guaiacyl (G), syringyl (S), and p-hydroxyphenyl
(H) units. In this case, only characteristic ions of G-type lignin were observed at
m/z 137 and 151 in every samples except for alkali lignin. At high mass resolution,
the peak at m/z 151 can have two peaks, the C6-C1 benzoyl ion and the C6-C2 ion,
as shown in Figure 4.1a. However, in this case, it is likely that the peak at m/z
151 arises from a single component ion, the C6-C1 benzoyl ion, that has a C=O
group at the C-7 position, because the exact mass is closer to 151.03 than 151.07.
The same fragmentation was observed at m/z 165 in lignosulfonate, in which the
hydroxyl (OH) group on aromatic ring was methylated to give an methoxy (OCH3)
group. Only two potential characteristic ions described lignin in alkali lignin are pre-
sented at m/z 63 and 165, as shown in Table 4.1 and 4.2 along with other potential
components.
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Figure 4.1: Positive ToF-SIMS spectra of lignin: (a) kraft lignin, (b) milled wood
lignin, (c) lignosulfonate, and (d) alkali lignin. Exact mass of the C6-C1 benzoyl
ion and the C6-C2 ion are the following: [C8H7O3]+ = 151.0394 and [C9H11O2]+ =
151.0758 for G-type lignin.
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In agreement with literature assignments, m/z 127 and 145 peaks were characteristic
of cellulose and GGM, which can be observed in (Figure 4.2a-c). The characteristic
of xylan at m/z 115 and 133 can also be observed in Figure 4.2d. Other potential
peaks describing polysaccharides are displayed in Table 4.1 and 4.2.

Figure 4.2: Positive ToF-SIMS spectra of polysaccharides: (a) microcrystalline
cellulose, (b) nanocellulose, (c) galactoglucomannan, and (d) xylan.
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Furfural and vanillin were analysed as products from hemicellulose and lignin, re-
spectively. Extractives from TMP and HT-CTMP pulp were also analysed and
displayed in Figure 4.3.

Figure 4.3: Positive ToF-SIMS spectra of (a) vanillin, (b) furfural, (c) TMP ex-
tractives, and (d) HT-CTMP extractives.
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A tentative peak assignment for the qualitative chemical composition showing lignin,
polysaccharides, extractives, and inorganic molecules is listed in Table 4.1 and 4.2.
A complete spectra data can be seen in Appendix A.

Table 4.1: Potential characterized spectra of lignin, polysaccharides, extractives,
and inorganic compounds.

Mass [m/z] Ion assignment Components
15 CH+

3 Lignin, Polysaccharides
19 H3O

+ Lignin, Polysaccharides
23 Na+ Inorganic
27 C2H

+
3 Lignin, Polysaccharides

29 CHO, C2H
+
5 Lignin, Polysaccharides

31 CH3O
+ Polysaccharides

39 K+ Inorganic
41 C3H

+
5 Polysaccharides

43 C3H
+
7 , C2H3O

+ Lignin, Polysaccharides
45 C2H5O

+ Polysaccharides
51 C4H

+
3 Lignin

53 C4H
+
5 Lignin, Polysaccharides

55 C4H
+
7 , C3H3O

+ Lignin, Polysaccharides
57 C4H

+
9 , C3H5O

+ Lignin, Polysaccharides
59 C2H3O

+
2 Polysaccharides

60 C2H4O
+
2 Polysaccharides

61 C2H5O
+
2 Polysaccharides

63 C5H
+
3 Lignin

65 C5H
+
5 Lignin

67 C5H
+
7 Lignin

69 C5H
+
9 , C4H5O

+ Lignin, Polysaccharides
73 C3H3O

+
2 Polysaccharides

77 C6H
+
5 Lignin

79 C6H
+
7 Lignin

81 C6H
+
9 , C5H5O

+ Lignin, Polysaccharides
85 C4H5O

+
2 Polysaccharides

87 C4H7O
+
2 Polysaccharides

91 C7H
+
7 , C3H7O

+
3 Lignin, Polysaccharides

93 C7H
+
9 Lignin

95 C7H1
+
1 Lignin

97 C5H5O
+
2 Polysaccharides

99 C5H7O
+
2 Polysaccharides

105 C8H
+
9 Lignin

107 C8H1
+
1 , C7H7O

+ Lignin
109 C6H5O

+
2 Polysaccharides

113 C5H5O
+
3 Polysaccharides

115 C9H
+
7 , C5H7O

+
3 Lignin, Polysaccharides

117 Extractives
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Table 4.2: Potential characterized spectra of lignin, polysaccharides, extractives,
and inorganic compounds.

Mass [m/z] Ion assignment Components
121 C7H5O

+
2 , C8H9O

+ Lignin
127 C6H7O

+
3 Polysaccharides

128 C6H8O
+
3 Lignin

131 C5H7O
+
4 , C9H7O

+ Lignin
137 C8H9O

+
2 Lignin

145 C6H9O
+
4 Polysaccharides

151 C8H7O
+
3 , C5H11O

+
5 Lignin

165 C9H9O
+
3 Lignin

189 C11H9O
+
3 Lignin

203 C11H9O
+
3 Extractives

213 C11H9O
+
3 Extractives

215 C11H9O
+
3 Extractives

217 C11H9O
+
3 Extractives

227 C11H9O
+
3 Extractives

239 C16H32O
+
2 Extractives (Palmitic acid)

253 C17H34O
+
2 Extractives (Anteiso-heptadecanoic acid)

263 C18H32O
+
2 Extractives (Linoleic acid)

265 C18H34O
+
2 Extractives (Oleic acid)

267 C18H36O
+
2 Extractives (Stearic acid)

276 C18H34O
+
2 Extractives

289 C18H34O
+
2 Extractives

327 C18H34O
+
2 Extractives

Notable contributions from significant peaks mostly in lower-mass region including
some higher mass are tentatively assigned in Table 4.1 and 4.2. The identified lignin
peaks include the previously mentioned m/z 137 and 151 ions as well as several
aromatic and benzyl ions: m/z 51, 65, 77, and 91. Some difficulty was encountered
in establishing a cutoff for peaks characterizing lignin and polysaccharides in lower-
mass region due to the mass overlap.

All characteristic peaks of polysaccharides corresponded to the formula CxHyOz ex-
cept the H3O

+ ion which results from water elimination during the fragmentation
of polysaccharides in the ToF-SIMS analysis. Ions at m/z 29, 31, 57, 61, 69, 73,
85, 87, 91, 103, 115, 127, and 145 correspond to peaks previously identified in [47].
However, peaks at m/z 27, 29, 43, 53, 55, 57, 69, 81, 91, and 115 can come from
either polysaccharides or lignin due to the previously mentioned mass overlap. Even
so, from Figure 4.1a-c, the peak at m/z 115 shows significantly high intensity com-
pared to the characteristic peaks of G-type lignin, m/z 137 and 151. Therefore, it
might be possible that, in this study, m/z 115 represents lignin.

Here, the spectra from two wood pulp were compared to evaluate the influence of
extractive compounds on ToF-SIMS spectra. Ions at m/z 239, 253, 263, 265, and
267 are identified according to literature assignments. Other peaks appeared only in
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TMP and HT-CTMP pulp samples could potentially be originated from extractives.
However, further study is required in order to identify all of them.

When discussing peak intensities and mass overlap, it is crucial to note that the
use of different primary ion sources changes the intensity pattern of the secondary
ion peaks, with gentler sources normally producing fewer fragment ions and higher
molecular ion signals. Additionally, better mass resolution could theoretically dis-
tinguish where the ions originate.

4.1.2 Calendered paper
Identification of surface compounds in papers is challenging due to chemical het-
erogeneity of the surface, surface roughness and possible surface contamination.
Therefore, six locations on each side of calendered paper processed at 100℃ and
twelve for each side of the one processed at 200℃ were analyzed and the average
was calculated. Each paper was being treated on one side and each side of calen-
dered paper are illustrated in Figure 4.4 to Figure 4.7. Only the positive mode was
taken for peak identification due to the lower intensity of characteristic peaks in the
negative mode for paper samples.

As a result from the model materials, some peaks appeared on the surface of the cal-
endered paper can be determined. Other peaks identify contaminant PDMS at m/z
147, 207, 221, and 281, including some inorganic peaks like sodium and potassium,
were observed on every sides of the paper samples. These has significant influence
on the overall mass spectra and may come from the calendering of the paper which
cannot be controlled in this study.

The characteristic ions of G-type lignin, m/z 137 and 151, can be observed on the
paper surfaces, as seen from Figure 4.4 to Figure 4.7, although it shows low inten-
sity on the front side of 200℃ calendered paper which might be due to the thermal
degradation of lignin. There are also many fragment ions observed in low-mass re-
gion that could potentially represent lignin and polysaccharides. These low-mass
polysachharides may come from the additive during the paper production. It is
possible that the starch was added to the paper to increase its strength but it is
not clear how the paper was actually made in this thesis, therefore any conclusion
should not be drawn.

The intensity of extractives was significantly low on the front sides, although it
might be something to look out for due to a high influence of inorganic compounds.
However, it seems that extractives deposited onto paper surfaces show higher in-
tensity on the back sides of the paper for both temperatures, thus further analysis
by MVDA is needed. For an overall picture, every significant peaks are listed in
Table 4.3.
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Figure 4.4: Positive ToF-SIMS spectra of 100℃ calendered paper front side.
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Figure 4.5: Positive ToF-SIMS spectra of 100℃ calendered paper back side.
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Figure 4.6: Positive ToF-SIMS spectra of 200℃ calendered paper front side.
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Figure 4.7: Positive ToF-SIMS spectra of 200℃ calendered paper back side.
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Table 4.3: Significant peaks derived from positive ToF-SIMS spectra of calendered
papers.

Peak [m/z] Possible component
15.025 Lignin, Polysaccharides
19.021 Lignin, Polysaccharides
27.027 Lignin, Polysaccharides
29.044 Lignin, Polysaccharides
31.023 Polysaccharides
41.046 Polysaccharides
43.063 Lignin, Polysaccharides
45.042 Polysaccharides
51.029 Lignin
53.047 Lignin, Polysaccharides
55.065 Lignin, Polysaccharides
57.083 Lignin, Polysaccharides
59.078 Polysaccharides
65.047 Lignin
67.065 Lignin
69.085 Lignin, Polysaccharides
73.061 Polysaccharides
77.044 Lignin
79.06 Lignin
81.081 Lignin, Polysaccharides
91.063 Lignin, Polysaccharides
93.08 Lignin
95.101 Lignin
97.047 Polysaccharides
103.061 Lignin, Polysaccharides
105.076 Lignin, Polysaccharides
107.092 Lignin (H unit)
109.106 Polysaccharides
115.065 Lignin, Polysaccharides (xylan)
128.072 Lignin
137.09 Lignin (G unit)
151.072 Lignin (G unit)
165.082 Lignin
189.086 Lignin
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Table 4.4: Significant peaks derived from positive ToF-SIMS spectra of calendered
papers (continued).

Peak [m/z] Possible component
203.109 Extractives
205.099 Extractives
213.09 Extractives
215.106 Extractives
227.107 Extractives
239.106 Extractives
249.071 Extractives
265.082 Extractives (Oleic)
267.105 Extractives (Stearic)
355.205 Extractives (Pentacosanoic)
368.386 Extractives (Lignoceric)
467.412 Extractives

4.2 MVDA of Variation in Mass Spectra
To identify the main contrast between four different sides of two calendered papers,
PCA and OPLS-DA analyses were performed. The samples were visualized as scores
from PCA projections. Figure 4.8 highlights the differences in peak patterns between
samples, in this case four different groups which are front sides and back sides of
both temperatures, using an axis rotation technique. The figures also show how
useful MVDA of complicated ToF-SIMS spectra is to visualize the variation from
chemical differences.

Figure 4.8: Score plots from PCA (left plot) and OPLS-DA (right plot) illustrating
the difference between each side of the calendered paper. CTMP 100℃ front side
(red), 100℃ back side (green), 200℃ front side (yellow), 200℃ back side (blue).

Chemical variations were further correlated to spectral variations connected to, for
example, the degree of substitution properties by using OPLS-DA. The OPLS-DA
grasps unique spectral features expressed in spectral loading plots which will be
shown later in this chapter and gives a visualization of unique features which is sim-
ilar to PCA but focused to the property in question rather than the largest spectral
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variation. A good OPLS-DA model gives an accurate and simple approximation of
differences between spectra to highlight differences between each side of the paper.
Nevertheless, these PCA score plots indicate that all sides of the two calendered
samples are chemically different from one another.

To extract more in-depth information of differences between each side of the paper,
a series of OPLS-DA were performed where temperature was set to be the major
factor. In Figure 4.9, the first model on the left was built with a temperature of
100℃ where the principal component 1 (PC1) divided front side (treated) and back
side (untreated) from each other while PCo1 shows the variation in the sample. In
the same way, the second model on the right divided the front side and back side of
200℃ calendered paper with PC1 and illustrated the variation with PCo1. However,
due to the strong mass interferences and the influence of inorganic and contaminant
PDMS on the models, it is better that peaks at m/z 73, 147, 207, 221, and 281,
and mass lower than 50 be excluded from models built on nominal mass resolution
spectra of calendered paper.

Figure 4.9: Score plots of OPLS-DA illustrating the difference between front side
and back side of paper processed at 100℃ (left plot) and 200℃ (right plot), where
red is 100℃ front side, green is 100℃ back side, yellow is 200℃ front side, and blue
is 200℃ back side.

The loading plot of 100℃ calendered paper shown in Figure 4.10 demonstrates that
there are more components spreading on the positive side of the x-axis or the front
side compared to the negative side or the back side in the mass range lower than
m/z 100. However, when the mass is higher than m/z 100, the majority of the com-
ponents appear more on the back side. Considering higher value than absolute of
-0.01 on the x-axis, two distinctive mass ions showing up more on the back side are
potential fragment of lignin, m/z 79, according to the model material references and
characteristic G-type lignin, m/z 137. This can be interpreted that the calendering
caused the movement of the lower mass molecules or fragments, which can be a re-
sult from degradation of higher mass molecules, towards the treated side and higher
mass components remain on the back side. It might also be due to the flattening of
fibres which have brought all the components to the same level thus, make it more
accessible for ToF-SIMS ions to fragment.
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Figure 4.10: Loading plot of OPLS-DA illustrating the difference between front
side (x-axis, positive) and back side (x-axis, negative) of paper processed at 100℃.

The same pattern occurred with 200℃ calendered paper shown in Figure 4.11. Con-
sidering the value higher than absolute of -0.01 on the x-axis, the components can be
seen to be more distributed on the front side compared to the back side and the same
two mass ions, m/z 79 and 137, distinctively appear more on the back side. How-
ever, higher temperature seems to affect the wider range of component distribution
while these components seem to be more aggregated in lower temperature.

Figure 4.11: Loading plot of OPLS-DA illustrating the difference between front
side (x-axis, positive) and back side (x-axis, negative) of paper processed at 200℃.

To support the assumption of the chemical differences in calendered paper, the front
sides of both temperatures were compared and illustrated in score plots which can
be seen in Appendix B. The model shown in Figure 4.12 was constructed with the
exclusion of some peaks represent inorganic, contaminant PDMS, and mass lower
than 50, the same as previously described. The peaks of interest, m/z 137 and 151,
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which represent the characteristic of G-type lignin, appeared more on the front side
of 100℃ calendered paper. This indicates that when temperature increases, the
characteristic components might have degraded to some extent which explains the
lower intensity of G-type lignin on the front side of 200℃ calendered paper.

Figure 4.12: Loading plot of OPLS-DA illustrating the differences between front
sides of paper processed at 100℃ (x-axis, negative) and 200℃ (x-axis, positive).

Figure 4.13 shows that the calendering might have affected the back side of the paper
as well, as seen in the loading plot that m/z 137 amd 151 appeared more on the
back side of 100℃ calendered paper than the back side of the 200℃ one. Therefore,
it can be interpreted that higher temperature also cause the chemical degradation
of characteristic components on the untreated sides.

Figure 4.13: Loading plot of OPLS-DA illustrating the differences between back
sides of paper processed at 100℃ (x-axis, negative) and 200℃ (x-axis, positive).

Both Figure 4.12 and Figure 4.13 support the assumption that the higher the tem-
perature, the lower the intensity of characteristic peaks. However, it might have
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to be beared in mind that these comparisons are two pieces of calendered samples
processed at different temperature. Therefore, this might not be a solid conclusion.

Data for the PCA and OPLS-DA models are presented in Table 4.5. All of these
models gave performance statistics, Q2 value, between 0.8 to 1 meaning that they
can be described as good models.

Table 4.5: Quality data for the SIMCA models of calendered paper

Model A R2X R2Y Q2 Figure
PCA 5 0.989 0.839 4.8

OPLS-DA 3+4 0.91 0.947 0.892 4.8
OPLS-DA A 1+1 0.627 0.954 0.918 4.9
OPLS-DA B 1+3 0.781 0.98 0.943 4.9
OPLS-DA C 1+2 0.791 0.978 0.947 B.1
OPLS-DA D 1+2 0.752 0.978 0.943 B.2

A = number of PCA or OPLS-DA components. For OPLS-DA models A = 3+4
means three predictive component and four orthogonal components.

Combined, these observations imply that although almost all of the peaks were
common on each side of the calendered paper, the biggest difference occurred in
the amount of molecules in lower-mass region. These low-mass molecules which
appeared more on the front sides can be fragments of lignin, cellulose, or hemicel-
lulose as predicted in Table 4.3. The mass spectra higher than m/z 200 did not
show any significant differences between each side of the paper. The only poten-
tial reason that chemical changes such as degradation can be presented would be
due to temperature. However, it is unlikely that this is the only reaction occurred
on the surface of the paper because lignin and other components tend to be sta-
ble at the calendering temperature used in this study, according to [48]. Another
possibility would be cross-linking of the components as suggested in the previous
study [1] which normally occur in higher temperature condition. This would lead
to larger molecules or higher-mass region which cannot be seen clearly in the results.

The higher amount of extractives distributed on the back side of the paper which
can be seen in Figure 4.5 and Figure 4.7 cannot be clearly observed using MVDA,
as seen in the loading plots (Figure 4.10 to 4.13).
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5
Conclusion

The surface of lignocellulosic material consists of many different compounds, all of
which have their characteristic peaks and fragmentation patterns, thus generating
their own representative spectra. This creates a challenge for ToF-SIMS spectral
analysis including sensitivity loss in the high mass range. By using MVDA on such
data set, it was possible to show the differences in the samples. The biggest dif-
ferences between front side and back side of both calendered samples appeared in
the lower-mass region with the front sides showing more fragments of lignin and
polysaccharides. However, potential reactions that caused the chemical changes in
the paper is likely to occur in higher-mass range which cannot be observed with
ToF-SIMS analysis. Therefore, future work could be done on a more gentle method
for example, GC-MS analysis, to observe the higher-mass molecules. Additionally,
the morphological analysis should be performed to investigate the shininess of the
calendered side of the paper which is more likely to be originated from the morpho-
logical changes rather than the chemical changes. This has on many occasions been
discussed that it might be due to a shear deformation or a replication of the smooth
roll surface [49].

In summary, this work was performed as a helping tool towards the expansion of
ToF-SIMS secondary ions library that distinguish lignin, polysaccharides, extrac-
tives, and inorganic compounds, including the low-mass molecules in fibre products.
Furthermore, the MVDA can be used to reveal the chemical differences in samples
with complex spectral data, as a good complement to more time-consuming meth-
ods. However, further analysis is needed to elucidate the self-sealing mechanisms
suggested in previous studies [1], [50].
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A
ToF-SIMS data

Figure A.1: ToF-SIMS secondary ions represent kraft lignin, milled wood lignin,
and lignosulfonate.
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A. ToF-SIMS data

Figure A.2: ToF-SIMS secondary ions represent alkali lignin, vanillin, and furfural.

II



A. ToF-SIMS data

Figure A.3: ToF-SIMS secondary ions represent galactoglucomannan and xylan.
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A. ToF-SIMS data

Figure A.4: ToF-SIMS secondary ions represent nanocellulose and microcrystalline
cellulose.
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A. ToF-SIMS data

Figure A.5: ToF-SIMS secondary ions represent TMP and HT-CTMP extractives.
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A. ToF-SIMS data
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B
Multivariate data analysis

Figure B.1: Score plots of OPLS-DA illustrating the differences between front
sides of two calendered papers, where red represents 100℃ and yellow represents
200℃.

Figure B.2: Score plots of OPLS-DA illustrating the differences between back sides
of two calendered papers, where green represents 100℃ and blue represents 200℃.
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