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1. Introduction

Since the 1950s humankind has created 8.3 million tons of plastic waste.
Although a fraction of that waste has been incinerated or recycled, the majority
(5 million tons) has been discarded in landfills and the oceans (Geyer et al.
2017).  To redirect the trend of increasing plastic consumption, research has
been vastly growing to replace materials made from unrenewable resources
such as oil with renewable, biodegradable ones. Cellulose is an easily sourced
potential solution with a variety of properties depending on its source, form,
and modifications, which already has a millennia of history in applications, for
example as fibre in clothing. Now, however, cellulose is studied because of its
potential to replace plastics and in completely new materials and technology.

A cellulose nanocrystal (CNC) is a crystalline rod-like particle isolated from
native cellulose with outstanding mechanical properties. As such, CNCs have
been proposed as reinforcement components in biocomposites (Ching et al.
2016, Dri et al. 2013, Mariano et al. 2014). As biocompatible and amphiphilic,
CNCs have also been regarded as possible components in biomedical devices
and as efficient dispersing agents (Cherhal et al. 2016, Gestranius et al. 2016,
Lin et al. 2016). In addition, CNCs spontaneously form chiral nematic liquid
crystal phases in suspension (Lagerwall et al. 2014), expanding their potential
applications to chiral templates and asymmetric catalysts (Kaushik et al. 2015,
Kelly et al. 2014).  As a downside, CNC production suffers from low yields as
well as difficult isolation and purification, hindering full-scale industrial
manufacturing. Additionally, morphological changes and other characteristics
upon some of the modification have not been examined and could result in
better understanding in the nature and potential of CNCs. The morphological
changes upon modification are quite important, since changes in CNC
properties affect their possible applications. Therefore, this thesis considers the
different steps in CNC production, trying to probe the hindrances in CNC yield
and how modifications affect CNC morphology and properties.

In Papers I and II, the production of CNCs is assessed from the point of
view of charge introduction, mechanical treatment and starting material
accessibility. Microcrystalline cellulose (MCC) was disintegrated to CNCs by
charge introduction through 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-
mediated oxidation, a method introduced by Peyre et al. (Peyre et al. 2015). In
Paper I different mechanical treatment times were trialled to see the effects on
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yield. A follow-up study in Paper II studied the nature of the MCC source as a
factor contributing to the yield by comparing two MCC sources: a never-dried
AaltoCell MCC, and a dried Avicel MCC. The accessibility of the starting material
was assessed with thermoporosimetry, which was also utilized to investigate the
effects on porosity and interactions with water by the carboxylate group.

The effects of CNC modification that was dabbed into in Paper II was
continued in Paper III, in which CNCs were modified by chemical vapour
deposition (CVD), a severely underused method for CNC modification. The
CNCs were prepared by hydrochloric acid (HCl) vapour hydrolysis, which left
the CNCs trapped in the original fibre morphology, i.e., in a fibril-like associated
arrangement. However, this association has been reported to be disintegrated
via CNC dispersion to formic acid (Kontturi et al. 2016, Lorenz et al. 2017). Here,
however, the CNC surfaces were modified with fluoroorganic silane before
dispersion to obtain better dispersibility in non-polar, organic solvents. The
non-polar medium was found unable to break cellulose end-to-end hydrogen
bonding, and thus the end-to-end association present in the hydrolysed material
remained undisturbed in dispersion and thus, the CNCs formed a nanowire-like
assembly.

The effects of modification were further studied in Paper IV, where the
changes in morphology were investigated upon rearrangement of the whole
crystallite structure, i.e., polymorph transition. Polymorph transitions have
been studied quite extensively in cellulose fibres, whereas in CNCs, despite its
being the crystalline part of the fibril, they have been overlooked. Here, the
polymorph of the CNCs was changed from native cellulose I to cellulose III via
complexation with ethylenediamine (EDA), and the changes in morphology
were examined with atomic force microscopy (AFM). The influence of an
external solid interface during the polymorph transition was also examined by
performing the transition on CNCs bound to a surface. The interfacial
frustration caused by the electrostatic forces binding the CNCs to the solid
substrate and the rearrangement of the bonds within the crystallites upon
polymorph transition caused strain in the structure, resulting in exfoliation of
the CNCs. The phenomenon is somewhat related to the exfoliation of van der
Waals solids and therefore facilitates intriguing possibilities for unforeseen
applications.

Figure 1 illustrates the spectrum between production and modification in
respect to CNC properties that were studied in the corresponding paper. In
Papers I and IV focus was largely on the production and on the properties
caused by the production method, and in Papers II and III the properties
resulted more from the combination of production methods and modifications.
Although the modification studies in this thesis focused on mainly on the
changes in properties caused by the modifications and production method, the
studies also gave insight on the native properties of the starting material:
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namely MCC in Papers I and II, the fibrillar matrix in Paper III and CNC in
Paper IV. More precisely, Papers I and II illustrated the strong lateral
bonding between the cellulose crystallites inside the MCC particles, Paper III
introduced the end-to-end associations present between CNCs within the
fibrillar matrix after hydrolysis, and Paper IV the lability of the bonding inside
the crystallite under strain.

Figure 1. A scheme of how the papers in this thesis correlate in the production-modification scale
when considering the properties of the CNCs studied.
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2. Background

2.1 Cellulose

Cellulose is the main structural component in plant cell walls (Endler and
Persson 2011, Salmén 2015), but it can also be found in fungi, and be produced
by algae such as Valonia, some invertebrates, bacteria and amoeba (de and
Borsali 2002, De et al. 2003, Helbert et al. 1997, Hohl and Jehli 1973). Cellulose
is a polysaccharide, i.e. a polymer, that consists of a repeating anhydroglugose
units (AGU), or to be more exact 1,4-anhydro- -glucopyranose. The AGU rings
are in chair conformation with equilateral hydroxyl groups at C2 and C3, and a
primary hydroxyl on C6 (Figure 2). The AGUs are bound to each other with (1-
4 )-ether bonds, which form the base unit of the cellulose chain called cellobiose.
The chains terminate with only a hydroxyl group in the nonreducing end,
however at the other end - the reducing end, (Figure 2a) capable of mutarotation
- the cyclic hemiacetal of the AGU ring is in equilibrium with the corresponding
aldehyde (Figure 2b).

Figure 2. Cellulose chain, where cellobiose is presented in brackets and the carbons on the AGU
ring numbered. The reducing end is given in both forms a) closed ring, and b) open, aldehyde
form.

Though the chain itself is quite rigid (Fernandes et al. 2011), the C6-C5 bond
can rotate. Since the C6 has a hydroxyl group, the rotation allows for three
possible conformations (Figure 3) which affect the inter- and intrachain
hydrogen bonding. However, in the native cellulose polymorphs, I  and I , the
C6 is fixed mainly in the tg conformation, enabling intrachain hydrogen
bonding between the C2 and C6 hydroxyls (Newman and Davidson 2004,
Nishiyama et al. 2003a, Nishiyama et al. 2002, Nishiyama et al. 2008). In
addition, the overall hydrogen bonding and the chain conformation cause

a) b)

Non-reducing end Reducing end

1
23

4 5
6

1
23

4 56

Reducing end
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cellulose to have more than one possible crystal lattice, i.e. cellulose is
polymorphic.

Figure 3. The rotational conformations caused by the C5-C6 bond rotation, where g is gauge and
t trans.(Adapted from (Habibi et al. 2010))

2.1.1 Cellulose polymorphs

Polymorphism, which means that the crystal lattice can have several different
forms, is a common property held by many well-known materials such as silica,
carbon and ice (Dubrovinsky et al. 2004, Gaffney and Matson 1980, Hazen et
al. 2013, Keskar and Chelikowsky 1992). Changes in the lattice affect the general
morphology, mechanical properties, accessibility and reactivity. For instance,
cellulose II has lower tensile strength than cellulose I (Wang et al. 2014b). The
two most common polymorphs of cellulose are I  and I  as they are the native
forms of cellulose. Closely following these is Cellulose II, a stable crystalline
form. Cellulose II is produced from cellulose I via mercerization or regeneration,
which alters the hydrogen bonding patterns within the crystal, and additionally
causes the adjacent chains to change direction to run antiparallel with respect
to each other; unlike in cellulose I, which exhibits a parallel alignment.

The other polymorphs are called IIII and IIIII, produced from either I or II
respectively, resulting in the amount of known polymorphs to be 5 in total. The
division of cellulose polymorphs is presented in Figure 4. Cellulose IIII, which
is also focused on in this thesis, is made via complexation with ammonia and
certain organic amines, such as ethylenediamine (EDA). The polymorph
transition to cellulose III is reversible with a hydrothermal treatment, though
the morphology of the fibrils has been found to irreversibly alter in the case of
highly crystalline Valonia cellulose (Roche and Chanzy 1981). Historically,
another cellulose polymorph is known as Cellulose IV, which can be produced
by thermal treatment of cellulose III in glycerol. However, traces of cellulose IV
have allegedly been found in several primary plant cell walls (Chanzy et al. 1979,
Helbert et al. 1997), and based on current evidence, cellulose IV is considered
to be only a slightly distorted form of cellulose I and not an independent
polymorph (Duchemin 2017, Newman 2008, Wada et al. 2004b).
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Figure 4. Division of the cellulose polymorphs with their respective treatments causing polymorph
transitions.

As mentioned, cellulose I  and I  are the most common of the polymorphs as
they are the native forms of cellulose. I  is the main form in algal and bacterial
cellulose, whereas the main form is I  in higher plants (Kataoka and Kondo
1999, Newman 1999, Nishiyama et al. 2003a). The hydrogen bonding pattern of
cellulose I  is presented in Figure 5. (Chundawat et al. 2011, Nishiyama et al.
2002, Nishiyama et al. 2008). The tg conformation of the C5-C6 bond enables
formation of the intrachain hydrogen bond between the O6 and O2,
simultaneously with the interchain bond between the O6 and O3. With another
intrachain hydrogen bond between O5 and O3, cellulose I  chain is rigid and
flat. The flat cellulose I  chains run parallel to each other, i.e. the reducing ends
are at the same end of the crystal.

The strong lateral bonds between the chains form the basis of the cellulose I
crystallite. Because the chains lay flat, they form layers, also known as stacking
sheets (Figure 6a). The flat sheets are stacked on top of each other and bound
by van der Waals forces, and it must be noted that I  and I  mainly differ from
each other by the stacking arrangement (Matthews et al. 2012a). The crystallite
structure of I  is elaborated more in section 2.1.2, where the fibril structure is
discussed.

Figure 5. The inter- and intrachain hydrogen bonding pattern of cellulose Iβ. (Adapted from
(Parthasarathi et al. 2011))
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Figure 6. The sheet stacking and unit cells of cellulose Iβ (a and b) and cellulose IIII (c and d).
(Adapted from (Chundawat et al. 2011))

As mentioned earlier, cellulose III is formed via complexation with certain
amines, followed by the removal of the complexing agent with a moderately
polar protonic solvent such as methanol or, in the case of ammonia, removed
through an evaporation (Lokhande et al. 1977, Wada et al. 2008). The amine,
such as EDA, penetrates between the cellulose chains disrupting the hydrogen
bonding, enabling the C5-C6 bond to rotate to the gt conformation (Figure 7)
or, as recently proposed, the polymorph transition could happen via proton
hopping and/or a hydrogen bond flip (Chen et al. 2016b). When the amine is
removed with methanol, for example, the gt conformation prevails (Figure 7a)
(Lokhande et al. 1977, Roche and Chanzy 1981, Wada et al. 2001, Wada et al.
2004a, Wada et al. 2008). Consequently, the intra chain bond between O6 and
O2 is broken and the intraplanar hydrogen bonding decreases significantly
(Chundawat et al. 2011, Parthasarathi et al. 2011, Wada et al. 2001). On the other
hand, a new intrachain bond is formed between O6 and O2 (Figure 7b).

The conformational change and the change in hydrogen bonding tilts the
chains with respect to the stacked sheets of cellulose I. The tilting of the chains
enables intersheet hydrogen bonding (Figure 6d). The tilted chains form
corrugated sheets, bonded through zigzagging hydrogen bonds (Figure 6e)
(Chundawat et al. 2011, Parthasarathi et al. 2011, Wada et al. 2004a). Although
one could imagine cellulose III a more stable polymorph than cellulose I, the
overall stacking of the chains and the decreased hydrogen bonding between the
chains make cellulose III more reactive and accessible (Parthasarathi et al. 2011,
Wada et al. 2004a). In other words, cellulose III is more susceptible to
depolymerisation (Chundawat et al. 2011).
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Figure 7. Schematic of a) the amine penetration and rotation of the C5-C6 bond, and b) the
hydrogen bonding pattern of cellulose III. (b Adapted from (Parthasarathi et al. 2011))

2.1.2 Native cellulose morphology

In nature, cellulose chains form microfibrils (Donaldson 2007, Fernandes et al.
2011, Nishiyama 2009), which consist of ordered and disordered regions, a
model often referred to as the fringe-fibrillar model (reference). The ordered
region, often referred to as the crystalline region, is made up of cellulose sheets
held together by hydrogen bonding and stacked on top of each other, as
described in section 2.1.1. The stacked sheets are not perfectly aligned, causing
a helical pitch over the length of the microfibril (Figure 8) (Andersson et al.
2003, Conley et al. 2016a, Conley et al. 2017, Lahiji et al. 2010, Li and Renneckar
2009, Matthews et al. 2006, Matthews et al. 2012b). The fibrils are disrupted by
a kinks or other imperfections in the packing (Figure 8a) (Nishiyama et al.
2003b). These kinks make up the disordered region of the fibril, also
controversially referred to as amorphous cellulose, and form approximately
1.5% of the cellulose mass in native microfibrils and are only 4-5 AGUs long
(Nishiyama et al. 2003b). These disordered parts of the microfibrils are more
susceptible to hydrolysis than the crystalline parts (Battista et al. 1956).

Though the exact structure of cellulose microfibrils is still under
investigation, models of 18, 24 and 36 chains have been presented (Endler and
Persson 2011, Fernandes et al. 2011, Jarvis 2013, Oehme et al. 2015b). Through

Figure 8. A schematic representation of the a) fringe-fibrillar model of microfibrils, where C
denotes the disordered region causing the dislocation (Adapted from (Rowland and Roberts
1972)) and b) the helical pitch of the ordered section in the microfibril in two parallel crystals
(above) and in a single crystal (below).
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Figure 9. The schematic representation of aggregation of microfibrils at a) polar surfaces and b)
non-polar surfaces. (Adapted from (Oehme et al. 2015a))

modelling and dimensional data of isolated microfibrils, as well as spectroscopic
and diffraction analysis, it has been deduced that the models with 24 and 18
chains are more likely, as the 36 chain model would yield a larger crystallite
width than the one observed in wood (3-4 nm) (Elazzouzi-Hafraoui et al. 2008,
Jarvis 2013, Oehme et al. 2015b, Okita et al. 2010a). These microfibrils
aggregate readily, forming aggregates sometimes referred to as macrofibrils but
more commonly microfibril bundles. The crystallite sites are regarded as polar
or non-polar depending on the orientation of hydroxyl groups of the AGUs on
that surface. The hydroxyl groups are oriented outwards from the crystal surface
on surfaces 1-10 and 110 making those surfaces polar, whereas the surfaces 200
and 100 are considered non-polar since the hydroxyl groups are oriented along
the surface (Figure 9a). Reportedly, the aggregation mainly occurs between the
polar surfaces (110-110) of the microfibrils, i.e. aggregation occurs via similar
bonds as within the sheets (Figure 9a), however it has also been modelled that
aggregation may occur between with the non-polar surfaces (200-100) (Figure
9b) (Oehme et al. 2015a).

The macrofibril formation occurs in the cell wall (Jarvis 2013, Salmén 2015),
during cellulose synthesis, which takes place in the plasma membrane of
hexameric protein complexes referred to as rosettes (Endler and Persson 2011).
The primary and the secondary cell walls are the two most distinct parts of the
cell wall in wood and many other higher plants (Figure 10). The primary cell
wall starts to develop first and is present during cell growth. The secondary cell
wall grows inside the preformed primary cell wall after cell enlargement ends
(Kataoka and Kondo 1999). The timing of the primary and emerging secondary
cell wall puts the primary cell wall under strain during synthesis unlike the
secondary cell wall. This difference in strain during synthesis has been
speculated to be the reason for the differences between cellulose I  and I  (Jarvis
2000, Kataoka and Kondo 1999), since the primary cell wall is rich in the I
polymorph, whereas the secondary cell wall is in I . In addition, the orientation
of the fibrils in the cell wall sections are different. In the primary cell wall, the
fibrils are in a randomly oriented network, whereas the secondary cell wall
consists of several anisotropic layers. For example, in the secondary cell wall of
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wood there are three different layers (S1, S2, S3) in cross-ply orientation to each
other (Figure 10). The S1 layer is formed by radial helical bundles (Reza et al.
2017), while in the more examined S2 layer the fibrils are in axially oriented
bundles (Donaldson 2007, Singh et al. 2002, Singh and Geoffrey 2001, Xu et al.
2007). With the S3 transversely oriented, the layers form a strong composite
(Reza et al. 2014). The different orientations in the secondary cell wall impart
strength to the structure, but also elasticity to yield a buffer for the plant against
breakage (Reza et al. 2014).

Figure 10. The structure of the secondary cell wall of a plant cell that is composed mainly of
cellulose but also contains lignin and hemicelluloses such as glucomannan and xylan. The
amount and type of hemicelluloses depend on the variety of plant source (Adapted from
(Salmén 2015))

2.1.3 Nano- and micron-sized cellulose

Nano- and micron-sized cellulose includes microcrystalline cellulose (MCC),
nanocrystalline cellulose (CNC), nanofibrillar cellulose (NFC) and bacterial
cellulose. Since the focus of this thesis is on MCC and particularly on CNC, they
are discussed in their own sections, while NFC and bacterial cellulose are
described only superficially. Fortunately, there are several extensive reviews on
NFC and bacterial cellulose (Abitbol et al. 2016, Dufresne 2013, Isogai et al.
2011, Jozala et al. 2016, Klemm et al. 2011, Lindström 2017, Mondal 2017, Moon
et al. 2011, Nechyporchuk et al. 2016).

NFC, also known as cellulose nanofibril (CNF), is closely related to CNC, with
the distinction that the disordered regions of the native cellulose fibre are
preserved during NFC production as well as the ordered regions, rendering the
NFC units much longer and more flexible than the short CNC rods. Before
nanofibrillation, the pulp is usually bleached, which leaves residual charges on
the fibril surface to disrupt macrofibril/fibre cohesion. However, in with some
techniques NFC can be produced from unbleached sources, for example with
directly from wood with pretreatment with ionic liquid or carboxymethylation
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(Berglund et al. 2017, Chinga-Carrasco et al. 2012). Originally nanofibrillation
was done with only brute mechanical force after bleaching using a homogenizer
or microfluidizer (Herrick et al. 1983, Turbak et al. 1983). Nowadays however,
the surface charge is often increased before the mechanical treatment typically
by, for example, periodate-chlorite oxidation (Tejado et al. 2012) or TEMPO-
mediated oxidation (Isogai et al. 2011), carboxymethylation (Wågberg et al.
1987), periodate oxidation with sulphonation (Liimatainen et al. 2013, Sirviö et
al. 2014), or cationization (Pei et al. 2013). In addition, enzymatic pretreatment
has been utilized to loosen the fibril structure and thus decrease the energy
required for nanofibrillation (Pääkkö et al. 2007). The increased charge reduces
flocculation of the fibrils during mechanical treatment through electrostatic
repulsion, yielding better separation of fibrils and greatly reduces energy
consumption. The resulting NFCs are approximately 2-10 nm thick and 500-
1300 nm long, depending on the source material and method of
nanofibrillation. For instance, TEMPO-mediated oxidation of wood-based
fibres results in microfibrils of 3-4 nm thickness with insignificant amounts of
aggregation (Isogai et al. 2011). On the other hand bacterial cellulose is  usually
slightly larger (width 20-100 nm) and the fibrils take the form of flat ribbons,
and is produced as pure cellulose, without hemicelluloses or lignin (Fu et al.
2013, Jozala et al. 2016). Hence, the only purification required is the removal of
the growth medium.

2.1.4 Microcrystalline cellulose

Produced through an acid hydrolysis, microcrystalline cellulose (MCC) is
what remains when the disordered regions of cellulose fibrils have been cleaved
to such a degree that a continuation of hydrolysis would result in a minimal
decrease in the degree of polymerization of the cellulose. This degree of
polymerization is called the levelling-off degree of polymerization (LODP). The
LODP of cellulose is usually 140-400 for wood-based cellulose (Battista et al.
1956). The particles themselves are usually 10-50 m wide and 50-200 m long
(Battista et al. 1956, Vanhatalo and Dahl 2014). The particles consist of purely
crystalline cellulose as well as fibril fragments bound together, which suggests
that the hydrolysis is not as thorough as compared to that used for CNC
isolation. The production method of MCC was commercialized by Battista et al.
in the 1950s (Battista 1950, Battista et al. 1956), and the material was readily
adapted by the pharmaceutical and food industries as an anti-caking agent,
stabilizer, and filler, due to its hygroscopic, but inert and non-toxic nature.



Background

12

2.1.5 Cellulose nanocrystals

In the early 1950s Rånby reported that, when cellulose is acid hydrolysed at
elevated temperatures, a colloidal suspension of highly crystalline nanoscaled
rod-like particles could be obtained (Figure 11), referred to now as cellulose
nanocrystals, or CNCs for short. (Rånby 1949, Rånby 1951). CNCs possess
interesting mechanical properties (Abitbol et al. 2016, Araki and Kuga 2001,
Diddens et al. 2008, Dri et al. 2013). For instance, the elastic modulus of native
cotton CNCs has been determined to be 105 GPa (Eichhorn 2012, Rusli and
Eichhorn 2008), which is comparable to that of clay particles (138-400 GPa)
often used in composite reinforcement (Sheng et al. 2004). CNCs also form
chiral nematic liquid crystal formations in dispersion at a critical concentration
due to the chirality of the helical pitch in the CNC crystal lattice (Revol et al.
1992).

 CNCs, like MCC are at the LODP of cellulose, but the hydrolysis conditions
cause the CNCs to separate more efficiently as smaller particles. Yet the
crystallinity and the helical pitch present in the native microfibril are preserved.
The LOPD of cellulose generally correlates with the lengths of the ordered
sections of the cellulose fibrils, with typical values of 200-250 for cotton-based
CNCs and 140-400 for wood pulps (Battista et al. 1956), for example. The LOPD,
and the dimensions of CNCs are dependent on the origin of the cellulose.
Reported dimensions of CNCs vary from 3-28 nm in width and 100-1000 nm in
length depending on the source material and measurement technique
(Elazzouzi-Hafraoui et al. 2008, Habibi et al. 2010, Mondal 2017, Okita et al.
2010b). For instance, determined with TEM, the dimensions are 14-27 nm in
width and 105-141 nm in length for cotton (Elazzouzi-Hafraoui et al. 2008) and
3-15 nm in  width and 100-200 nm in length for softwood (Elazzouzi-Hafraoui
et al. 2008, Habibi et al. 2010). Whereas, the dimensions determined with AFM
the corresponding dimensions are 5-11 nm and 150-210 nm for cotton and 4-5
nm and 100-150 nm for softwood (Habibi et al. 2010).

Figure 11. TEM micrographs of CNCs from a) cotton and b) Avicel, produced by sulphuric acid
hydrolysis. (Adapted from (Elazzouzi-Hafraoui et al. 2008))
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CNCs have been found to exist as flat aggregates of a few elementary crystals
(Figure 11) (Elazzouzi-Hafraoui et al. 2008, Rånby 1951). Hence, the dimensions
observed for CNCs depend on the method of determination. When determined
with transmission electron microscopy (TEM) the width is the true width of the
whole CNC. On the other hand, when observed with atomic force microscopy
 (AFM) the CNCs lie flat on the surface, and therefore the thickness observed is
the width of a single crystallite. Thus, AFM gives a more accurate measure for
an elementary crystallite, and the widths reported are thinner than those
determined with TEM.

2.2 Production methods of CNC

CNCs can be produced using several different methods in addition to the
conventional acid hydrolysis (Rånby 1949, Rånby 1951). The other methods
include other types of hydrolysis such as enzymatic and acid vapour hydrolysis
(Kontturi et al. 2016, Lorenz et al. 2017, Sacui et al. 2014, Satyamurthy et al.
2011), and hydrolysis with concentrated organic acids, ionic liquids, and acidic
deep eutectic solvents (Chen et al. 2016a, Mao et al. 2015, Sirviö et al. 2016).
Other approaches are disintegration of larger aggregates with mechanical (Li et
al. 2016, Mohd Amin et al. 2015) and mechanochemical (Guo et al. 2016, Lu et
al. 2016, Yu et al. 2013) techniques, and charge introduction via oxidation
(Leung et al. 2011, Peyre et al. 2015, Sacui et al. 2014) or esterification reactions
(Bondeson et al. 2006, Chen et al. 2016a). However, acid hydrolysis with
sulphuric acid still prevails as the most popular CNC production method.

2.2.1 Acid hydrolysis

CNCs are most often isolated through acid hydrolysis, where the more
susceptible disordered regions are degraded leaving the more resilient ordered
regions intact (Anglès and Dufresne 2001, Matos Ruiz et al. 2000). This method
was introduced by Rånby as early as 1949 (Rånby 1949, Rånby 1951). The acids
most commonly applied are sulphuric acid (Beck et al. 2012a, Dong et al. 1998,
Rånby 1949), or hydrochloric acid (Araki et al. 1999, Araki et al. 1998), but
hydrobromic and phosphoric acid have also been reported to yield CNCs
(Camarero Espinosa et al. 2013, Filpponen and Argyropoulos 2010, Lemke et
al. 2012, Sadeghifar et al. 2011). When sulphuric or phosphoric acid are used in
the hydrolysis, the CNCs are substituted with charged sulphate or phosphate
half-ester groups, respectively, of which the more commonly used sulphuric
acid yields a much higher surface charge (0.99 mmol g-1) than phosphoric acid
(  0.11  mmol  g-1) (Camarero Espinosa et al. 2013, Dong et al. 1998). On the
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contrary, HCl hydrolysis does not oxidize the primary hydroxyl groups to
carboxylic groups causing the surface charge of the CNCs to be almost non-
existent (Araki et al 1999). Surface charge keeps the CNCs colloidally stable in
dispersions, (Camarero Espinosa et al. 2013, Roman and Winter 2004) and
therefore the surface charge of the HCl hydrolysed CNCs is not enough to
stabilize the CNCs  as colloids for extended periods of time, and the CNCs readily
precipitate unlike the sulphated CNCs (Araki et al. 1998).

The CNC yield for sulphuric acid hydrolysis varies vastly from 10-80%
depending on the hydrolysis conditions (Chen et al. 2015, Habibi et al. 2010,
Hamad and Hu 2010, Hu et al. 2014, Rånby 1951, Wang et al. 2014a), however
with the most typical hydrolysis conditions (45 °C, 45 min, 64 wt% H2SO4), the
yield is usually within the range of 20 to 40%. (Dong et al. 1998). Additionally,
the hydrolysis conditions are quite harsh and have been reported to yield
shorter CNCs with longer hydrolysis times, i.e. the ordered structures are
somewhat degraded as well in the process (Beck-Candanedo et al. 2005,
Bondeson et al. 2006, Dong et al. 1998, Elazzouzi-Hafraoui et al. 2008). The
issues with yield and cellulose degradation have been addressed with extensive
studies on the hydrolysis conditions, where the concentration, temperature and
hydrolysis time have been scrutinized (Chen et al. 2015, Fan and Li 2012, Wang
et al. 2014a).

2.2.2 Other methods

CNCs can also be produced by the disintegration of MCC, since MCC particles
are partly just aggregates of nanocrystals as well as fibril fragments. Therefore,
the aggregated CNCs, already at the LODP of cellulose, are just separated from
the larger MCC particles by the introduction of charged groups on the CNC
surface, for instance. The charges on the CNC surfaces repel each other,
resulting in separate individual CNCs (Figure 12). Since CNC isolation via the
conventional sulphuric acid hydrolysis is also partly due to surface charge
introduction, it is mentioned in this section as well. Bondeson et al. (2006)
reported a method based on the sulphuric acid hydrolysis of MCC, where the
formation of sulphate half-esters in the hydroxyl groups played an important
role in CNC separation. A similar approach has also been reported where
TEMPO-mediated oxidation was used for charge introduction onto MCC (Peyre
et al. 2015). In the latter case, hydrolysis did not occur and larger fibril
fragments were also observed in the coarse fraction separated from the CNCs.
Hydrolysis with certain organic diacids, ionic liquids, and acidic deep eutectic
solvents, which can be utilized also for non-hydrolysed cellulose pulp,
simultaneously introduces charged groups to the CNC surface, enhancing their
separation (Chen et al. 2016a, Mao et al. 2015, Sirviö et al. 2016). In these
methods,  the  acidic  group  is  a  larger  organic dicarboxylic acid that forms an
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Figure 12. A schematic representation of the bonds between the CNCs (left), and how the
introduction of a charged unit causes repulsive forces and disintegrates the aggregate (right).

ester with the CNC surface hydroxyls, and therefore, the bulkier organic acid
groups also cause steric hindrance (Chen et al. 2016a).

To increase CNC yield, hydrolysis conditions have been altered with the
addition of either simultaneous mechanical forces or hydrothermal conditions
(Guo et al. 2016, Lu et al. 2016, Mohd Amin et al. 2015, Yu et al. 2013). The
simultaneous mechanical shear caused by sonication or ball milling has been
found to increase the yield significantly, even up to 71% and 92%, respectively,
(Guo et al. 2016, Lu et al. 2016) whereas the hydrothermal conditions increased
the yield to over 90% (Yu et al. 2013). On the other hand, simply ball milling
MCC has been reported to result in yields of approximately 60%, whereas
sonication of MCC lead to only 10% yields (Mohd Amin et al. 2015). The
sonication is probably affected by the small initial size of the MCC particles and
the limitations of cavitation to break them, a phenomena also observed in this
thesis (Paper I and II) (Huang et al. 2009, Huang and Terentjev 2012, Lucas
et al. 2009, Saito et al. 2012). Pretreatment of MCC with phosphoric acid
increased the yield to 71% (Mohd Amin et al. 2015), and a similar approach with
a solvothermal pretreatment has been reported for lignocellulosic wood flour
(Li et al. 2016).

One recently reported method utilizes acid vapour (Kontturi et al. 2016,
Lorenz et al. 2017). Aqueous HCl has at high concentrations a relatively high
vapour pressure and readily evaporates at room temperature. The acid vapour
can be utilized for hydrolysis when the vapour and cellulosic fibres are allowed
to interact in a closed system. The HCl adsorbs onto the fibres which, in ambient
conditions, are always covered by a thin water layer, enabling the HCl to
dissociate. The high acid concentration at the fibre/air interface, causes the
disordered regions to consequently degrade, resulting in a material that as
morphologically intact fibres however is made up of end-to-end associated
CNCs (Kontturi et al. 2016, Lorenz et al. 2017). The CNCs can then be dispersed,
and yields of over 95% have been obtained (Kontturi et al. 2016). An added
advantage of this method is that the hydrolysed product is in sheet form and can
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be easily handled for purification and/or further modification (Lorenz et al.
2017).

2.3 Modification of CNCs

CNCs have a high potential as reinforcing components for composites or as
stand-alone, self-assembled materials in their own right (Kontturi et al. 2017,
Lagerwall et al. 2014, Mariano et al. 2014). To extend the variety of possible
applications, the surface modification of CNCs has been under investigation for
some time. The possible surface modifications are based on the chemistry of
alcohols, and thus the possibilities, at least in theory, are almost limitless.
Therefore, multiple different methods have been reported ranging from
esterification to nucleophilic substitution (Abitbol et al. 2016, Eyley and
Thielemans 2014, Habibi et al. 2010).  Changes in surface chemistry can also
work as a base for further modifications, for instance graft polymerization
resulting in brush like CNC particles (Yang et al. 2012). In this section, only
TEMPO-mediated oxidation and silylation are discussed, since these were the
methods utilized in this thesis (Paper III).

2.3.1 TEMPO-mediated oxidation

TEMPO-mediated oxidation is an effective method to introduce carboxylic
groups, i.e., charged units, on the primary hydroxyl groups situated on the C6
of the cellulose fibril or crystal surface. The method was introduced by de Nooy
et al. (de Nooy et al. 1996, de Nooy et al. 1995) for water-soluble
polysaccharides, and later applied to cellulosics by the Isogai group in Tokyo
(Isogai and Kato 1998, Saito and Isogai 2004). Though the charge introduction
disintegrates bleached pulp to NFC, the oxidation leaves the fibril morphology
largely intact, and has been shown not to interfere with the cellulose crystal
(Saito et al. 2007). Therefore, the reaction can and has been utilized to modify
CNCs (Fraschini et al. 2017, Habibi et al. 2006, Johnson et al. 2011).

The TEMPO-radical needs to be in its water-soluble, active form, and the
active form restored in order to keep the dosage low. The regeneration of active
TEMPO utilizes sodium salts of bromides and chlorines in varying pH. The most
commonly used system is the NaClO/NaBr/TEMPO-system (Figure 13) at pH
10 (Saito and Isogai 2004, Saito et al. 2007). In addition to oxidation reaction
mediated by TEMPO, NaClO and NaBrO  (the product  of the  reaction  between
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Figure 13. The reaction mechanism of TEMPO-mediated oxidation in NaClO/NaBr/TEMPO-
system at pH 10.

NaClO and NaBr) themselves have been shown to oxidize the hydroxyl groups
of the cellulose chain in these conditions as well (Isogai et al. 2010).

The NaClO/NaBr/TEMPO-system has been reported to cause
depolymerisation (Isogai et al. 2009, Shibata et al. 2006), and hence other
milder conditions have been developed, e.g. NaClO/NaClO2/TEMPO-system at
pH 6.8 by Saito et al. and NaClO/HOCl/TEMPO-system at pH 8 by Pääkkönen
et  al.  (Pääkkönen  et  al.  2015,  Pönni  et  al.  2014,  Saito  et  al.  2009).  The
depolymerisation is speculated to be caused by intermediate structures or
radical formation (Antje et al. 2009, de Nooy et al. 1996, Shibata and Isogai
2003). In addition, polymer degradation is more pronounced for regenerated
cellulose, i.e., cellulose II (Isogai et al. 2009, Shibata et al. 2006). In the case of
CNC and MCC – because they have a minimal amount of disordered regions –
the effect will not be as significant.

2.3.2 Silylation

Silylation is a neat modification for CNCs. Like many of the modifications, it was
first introduced for dissolved cellulose for example, the silylation of saccharides
for carbohydrate composition gas chromatography (Ruiz-Matute et al. 2011).
Silylation is a reaction between the hydroxyl groups and halosilanes or silanes
with a labile ether bond, e.g. hexamethyldisilazane. An additional benefit of
silylation is that it is reversible, and the silane groups can usually be removed
with a dilute acid. However, in some cases this can be considered a
disadvantage. With silylation other moieties besides silicon can also be
introduced to CNC surfaces, e.g. sulphur for further modification with thiolene-
click reactions (Huang et al. 2014). Further modification of the introduced
moieties open vast possibilities for enhancing composite properties such as
thermal stability and optical performance (Grunert and Winter 2002, Planes et
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al. 2016), or for better compatibility within the composite (Yang et al. 2012). In
addition, CNCs with graft-polymerized side chains have been reposted to
increase poly(acrylic acid) crystallisation rate while increasing the composite’s
tensile strength (Pei et al. 2010).

Silytated CNCs have shown colloidal stability, reduced hornification, and
better dispersibility in non-polar medium (Espino-Perez et al. 2016, Goussé et
al. 2002). Such properties are sought after for constituent materials in some
composites, but can additionally be utilized in studying CNC properties, since
the dispersion medium is not restricted to a highly polar media like water. As
with all surface modifications, the disadvantage of silylation is that when the
substitution proceeds to a larger degree, the modification starts to penetrate
inside the crystal, resulting in the disintegration of the CNC (Figure 14) (Goussé
et al. 2002).

Figure 14. Disintegration of CNC due to increasing DS, where a) DS is low, b) DS is higher,
causing some of the chains to separate from the CNC, and c) where the high DS causes the
CNC to disintegrate (Goussé et al. 2002).
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3. Experimental

3.1 Materials

3.1.1 Microcrystalline cellulose

The two different MCCs used in Paper I and Paper II, were commercial Avicel
PH-101 and AaltoCell. Though both were wood based, AaltoCell is made via a
patented production method (Dahl et al. 2011a, Dahl et al. 2011b) that utilizes
acid hydrolysis with HCl, and where the product remains never-dried.
Therefore, AaltoCell has not gone through hornification caused by drying
(Hubbe et al. 2007, Pönni et al. 2012). The Avicel PH-101 production method is
based on the original MCC method reported by Battista (Battista 1950, Battista
and Smith 1962). The degree of polymerization (DP) of Avicel was stated to be
222 based on viscosity (DPv) (as reported by the supplier). The number weighted
(DPn 156) and weight weighted (DPw 385) degrees of polymerisation (DP) were
determined with SEC-MALS. AaltoCell DPs were also determined with SEC-
MALS and showed to be 209 for DPn and 772 for DPw, meaning that AaltoCell is
slightly larger.

3.1.2 Cellulose nanocrystals

In Paper III, pre-hydrolysis was performed with hydrochloric acid vapour on
intact Whatman I filterpaper based on the method reported by Kontturi et al.
(Kontturi et al. 2016). The hydrolysis was performed in a desiccator, where an
equilibrium atmosphere of concentrated acid vapour had been obtained by
allowing 35% HCl-solution to freely evaporate and displace air in an open (open
valve) system for >48 h. Before placing the filter paper in the desiccator, the
valve was closed for 1 h. The filter paper was inserted to the desiccator quickly
by opening the lid for 1-2 s. The hydrolysis was allowed to proceed for 24 h,
enabling cellulose to reach its LODP (Battista et al. 1956), after which it was
quenched by immersing the hydrolysed filter paper in 200 ml of Milli-Q water.
The filter papers were air dried and further modified as such.
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The CNCs used in Paper IV were produced using the well-established
method of sulphuric acid hydrolysis (Dong et al. 1998). CNCs were produced
from ground Whatman 541 ashless filter paper (15 g) through acid hydrolysis
with sulphuric acid (175 ml, 64 w-%) at 45 °C for 45 min, followed by quenching
by in 3 l Milli-Q water. The CNCs were isolated by centrifugation, followed by
purification with dialysis until the conductivity of the dialysis water was <5 μS
(Edgar and Gray 2003). For better redispersion, the counter ion was exchanged
from proton to a sodium (Na+) by adjusting the pH to 7 with 0.1 M NaOH, after
which the product was dialysed again and freeze dried (Beck et al. 2012b).
Hydrolysis also degrades the hemicelluloses on the starting material, and their
hydrolysis products remain as impurities on the CNC surfaces (Bouchard et al.
2016, Labet and Thielemans 2011). Therefore, the CNCs were further purified
using Soxhlet extraction with ethanol for 48 h in order to remove any surface
impurities (Labet and Thielemans 2011).

3.1.3 Substrates

The examined submonolayers in Paper IV were all deposited on to cationized
silicon wafers with a native oxide layer on top (Figure 15). The silicon wafers
(Okmetic, Finland) were purified before cationization with a 3 M NaOH-
solution (Ahola et al. 2008), and ozonation (Bioforce Nanosciences
UV.TC.EU.003) for 15 min. Both purification steps were followed by careful
rinsing with Milli-Q-water and drying with N2.  Cationization was carried out
using 3-aminopropylmethoxysilane (APTS) that was found to be a superb CNC
adsorbent in comparison to titanium and polyethyleneimine in our initial
experiments. The APTS-cationization was done by simply immersing the silicon
wafers with a native oxide layer on top to into a 10% v/v APTS-toluene solution
for 40 min followed by vigorous rinsing with pure toluene and subsequently
curing them in the oven at 60° for 30 min (van Duffel et al. 2001).

Figure 15. A presentation of the silicon surface with its native oxide layer that is cationized with
3-aminopropylmethoxysilane (APTS) and spin coated with CNCs.
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3.2 Methods

3.2.1 Nanocrystal preparation via TEMPO-mediated oxidation

Previously reported conditions for the extraction of CNCs through TEMPO-
mediated oxidation (NaClO/HOCl/pH 8) resulted in low yields of only ca. 4%
(Peyre et al. 2015).Therefore, slightly harsher conditions (NaClO/NaBr/pH 10)
were chosen (Figure 16) (Saito et al. 2007) for this thesis (Paper I and II). A 5
mmol NaClO/1 g pulp ratio has been reported to be the most efficient in
oxidizing cellulose fibres (Saito and Isogai 2004), though it has been also
reported to slightly depolymerize the cellulose fibrils (Shibata et al. 2006). To
some degree however, when oxidizing MCC this is a nonissue, as MCC is already
at the LOPD of cellulose, and thus the depolymerization rate is insignificant.
Here, the TEMPO-mediated oxidation was performed in an aqueous slurry (5 g
of MCC in 200 g of water) at room temperature, and the pH was maintained at
10 with constant NaOH-addition (0.1 M). Completetion of the reaction was
determined form the halt in NaOH consumption. The whole reaction batch was
mechanically treated by sonication with probe sonicator (Branson S450 Digital
Sonicator, BransonUltrasonics, Danbury, CT, USA) for 15-60 min with 25%
intensity to further disintegrate the particles. The fine fraction, containing the

majority of the CNCs, was separated from the coarse fraction with
centrifugation, and both fractions were purified by dialysis (Figure 16).

Figure 16. The reaction mechanism of the TEMPO-mediated oxidation and the division of the
oxidized material into separate fractions.
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3.2.2 Mechanical treatment by sonication

In addition to the constant mechanical shear caused by stirring during the
TEMPO-mediated oxidation (Paper  I and II), most of the TEMPO-oxidized
reaction slurries, as well as all the redispersed samples, (Papers I-IV) were
mechanically treated with a sonicator probe (Branson S450 Digital Sonicator,
BransonUltrasonics, Danbury, CT, USA). The dispersive force in sonication is
based on vacuous bubbles that are caused in the medium by acoustic waves
(Crum 1984, Lee et al. 2005, Lucas et al. 2009). The bubbles collapse rapidly
causing shear in the medium (Kuijpers et al. 2004, Lucas et al. 2009, Nguyen et
al. 1997) (Figure 17). This phenomenon is called cavitation. When the stress
induced by the instantaneous velocity field exceeds the forces keeping the
particle together, the particle breaks. Cavitation has even been reported to break
macromolecules, carbon nanotubes and cellulose filaments (Huang et al. 2009,
Huang and Terentjev 2012, Saito et al. 2012).

Figure 17. A schematic of cavitation bubble implosion, where the blue arrow denotes the
instantaneous velocity field at point P affecting the particle.

3.2.3 Differential scanning calorimetry thermoporosimetry

Differential scanning calorimetry (DCS) thermoporosimetry is an excellent
method to investigate the porosity and water interactions of materials. DSC
measures changes in thermal behaviour at a range of temperatures, and can also
be utilized to assess the porosity of the material in a technique known as
thermoporosimetry. This is based on the hydration phenomenon of porous
materials, which results in the formation of three different fractions of water:
free freezing water, i.e., the bulk water between non-interacting particles; bound
freezing water (BFW), i.e., the water in pores and at surfaces that is able to freeze
but with depleted melting points; and non-freezing bound water (NBW), i.e.,
the water bound in particle pores and on surfaces that does not freeze. The
method was originally popular with other materials such as glass (Ishikiriyama
and Todoki 1995), but extended to cellulosics and other wood-based materials
after the identification of BFW and NBW in celluloses (Hatakeyama et al. 1987,
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Nakamura et al. 1981). The DCS thermoporosimetry methodology for pulp
fibres has been extensively refined and calibrated by Maloney et al. (Maloney
and Paulapuro 2001, Maloney 2015), and in this thesis (Paper II) it was applied
for CNC, MCC, and the TEMPO-oxidized fractions produced from MCC.

Melting temperature of ice is significantly lowered in BFW fraction, and the
temperature decrease correlates with the pore diameter according to Gibbs-
Thomson equation (1) modified for fibrous materials by Maloney (Maloney and
Paulapuro 2001): 𝑑 = = (1)

where V is the molar volume, ls is the interfacial tension between ice and water,
T0 is the melting point at NTP, Hm is the melting latent heat of water (333.5 J g-

1) and the Gibbs-Thomson coefficient, k, is 43.12 nm K for cylindrical pores with
diameter, d (Maloney and Paulapuro 2001). Observing the latent heat of melting
at certain temperature (HLn) provides an accurate measure of the volume of
melting water at that temperature when calculated using equation (2):𝑉 = (2)

where Vn is the volume of melted water, Hm the latent heat of water, and W the
mass of the dry sample. For a variety of pore sizes, the latent heats were
measured using a series of temperatures with a step program designed for
cellulosics (Aarne et al. 2012, Maloney and Paulapuro 2001), where each
temperature change step was followed by a 4-16 min equilibriation to ensure the
complete melting at that temperature. The enthalpy measured included the
sensible heat and thus the latent heat of melting was calculated using equation
(3):

𝐻 = 𝐻 −𝐻 ∆∆    (3)

where HTn is the total measured melting enthalpy at step n, Tn and T1 are the
decreases of melting temperature from free freezing water for steps n and 1,
respectively, and HT1 the enthalpy of the first step also known as the sensible
heat. In this work, the measurement temperatures were -33 °C, -20 °C, -17 °C, -
14 °C, -11 °C, -9 °C, -7 °C, -5 °C, -3.5 °C, -2.5 °C, -1.6 °C, -0.8 °C, -0.4 °C and -
0.2 °C. The ramping rate was moderately set (1.00 °C min-1) to overcome the
thermoelectric motive force distortion that may cause additional error.

The DCS samples were prepared by weighing ca. 2 mg (dry mass) of the
material into an aluminium pan and adding water using a 2 ml per 1 g of
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material ratio to ensure the sample was fully wet. Dry mass of the samples was
determined after the thermoporosimetry measurements by drying them at
105 °C overnight, and weighing them after cooling in a desiccator.

3.2.4 Chemical Vapour Deposition

Chemical vapour deposition (CVD) is based on the chemical reactions of highly
volatile chemicals to create crystalline structures or coatings on a pre-existing
structure or surface (Archer 1979, Choy 2003). CVD is a frequently used method
for e.g. semiconductor production, preparation of thin filaments, deposition on
polymer matrices, and coating substrates (Dorval Dion et al. 2014, Pradhan et
al. 1999, Queheillalt et al. 2001), but it can also be utilized for the modifications
of CNC (Javanbakht et al. 2016a, Majoinen et al. 2011). The benefits of the
method are that the modification is solvent free and no purification steps are
required after the reaction. Here, the CNCs were modified by silylation based
on the reaction between the CNC surface hydroxyls and (tridecafluoro-
1,1,2,2.tetrahydrooctyl)trichlorosilane (FTCS).

Silylation of the CNCs was performed on HCl acid vapour hydrolysed filter
paper (ca. 2.7 g) (as described in section 3.1.2). The hydrolysed filter paper was
placed in an in-house-build reactor at atmospheric pressure. The required
amount of FTCS was calculated using an estimate of specific surface area of the
CNC (419 m2/g) (Elazzouzi-Hafraoui et al. 2008, Heath and Thielemans 2010),
and the 500 μl of FTCS was dosed to a syringe inside a pressurized glove box
and then injected to the reactor. The reaction time was 24 h. After modification,
FTCS-CNC sample was powdered in a mortar.

3.2.5 Atomic force microscopy

Atomic force microscopy (AFM), introduced by Binning et al. (Binnig et al.
1986),  is an imaging technique based on interfacial forces when two surfaces
are near each other. These forces are detected using the experimental setup
shown in Figure 18. A focused laser beam is reflected on from the top of a
cantilever and collected by a quadrant photodiode. As the surface roughness
forces the cantilever to bend, the reflection of the laser beam changes position
creating a voltage. The voltage is sent through a feedback loop to the controller
and the piezoelectric scanner. AFM measurements can be performed either in
contact mode, where the tip is dragged along the sample surface, or in dynamic
mode. The latter is further divided into intermittent contact mode and contact
mode, where the cantilever tip oscillates near its resonance frequency. The
intermitted contact mode was chosen as the imaging technique in Paper IV.
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Figure 18. The AFM equipment setup.

In the intermitted contact mode, the tapping frequency of the cantilever is
kept constant with the piezoelectric unit, which also controls the x-y scanning
and the distance from the cantilever tip to the sample surface. The changes in
amplitude are recorded from the reflected laser beam at the photodiode and the
height image is formed from the data in the feedback loop.

The AFM used in Paper IV was a MultiMode 8 scanning probe microscope
(Bruker AXS Inc., Madison, WI, USA) equipped with an E scanner, and the
cantilevers used were NSC15/AIBS silicon cantilevers from Ultrasharp μmasch
(Tallinn, Estonia). Particle analysis was performed with SPIP 6.0.6 and 6.6.2
software. The width of the particles was determined from the height scale. The
width determined with AFM suffers from tip convolution caused by the finite
size of the tip when the imaged features are smaller than or in the same length
scale as the tip. When tapping along such feature (Figure 19), the width observed
in the AFM image is ostensibly wider than it truly is.

Figure 19. When the AFM cantilever tip is wider than the imaged particle, the image of the particle
will be wider than the real particle due to tip convolution.
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3.2.6 Submonolayer preparation

Instead of fully covering, homogeneous thin films, the CNCs were investigated
as submonolayers (Paper IV), i.e. layers where the CNCs do not fully cover the
whole substrate surface and they can be examined as individual particles for
particle dimension determinations as well as for studying the effects of chemical
treatments without interactions between the CNCs (Kontturi et al. 2007). CNCs
usually consist of 2-3 individual crystallites which form a flat aggregate known
as the CNC (Elazzouzi-Hafraoui et al. 2008). The CNC lays flat on the substrate
surface, and thus the width of a single crystallite can be determined through a
height analysis of the AFM image (see description on tip convolution in section
3.2.3). Successful submonolayer deposition requires the cationization of the
substrate (described in section 3.1.3). With the APTS cationized substrates, the
required concentration of the CNC dispersion, to produce a nicely dispersed
submonolayer upon deposition, was considerably low at 10 mg dm-3.

CNC deposition was carried out by spin coating, where the sample surface is
spun at high speed causing centrifugal forces to push out the excess solvent
(Yoon et al. 2004). Thin film of solvent that remains on the surface is quickly
evaporated during the latter stages of spin coating. The final stage of solvent
evaporation on the substrate surface is observed as visible colour changes
caused by the change in refractive index due to thinning of solvent film
thickness, a phenomenon also known as Newtonian rings.

3.2.7 Cellulose polymorph transition from cellulose I to III

As mentioned earlier, cellulose I can be transformed to cellulose III with the
use of amines. In Paper IV, the chosen amine was ethylenediamine (EDA), a
widely studied amine in cellulose I to cellulose III polymorph transitions
(Lokhande et al. 1977, Roche and Chanzy 1981, Wada et al. 2001, Wada et al.
2004a, Wada et al. 2008). The procedure was initiated by dispersing the CNCs
into a 75% aqueous EDA solution for 5 h at 35 °C with continuous stirring. With
fibrous materials, the EDA was simply removed by decanting, after which the
cellulosic material was immersed in anhydrous methanol. The separation of
CNCs from EDA, on the other hand, could not be achieved by filtration due to
their small size. Therefore, the EDA was carefully decanted after the CNCs had
flocculated. The CNCs were then immersed in anhydrous methanol, and the
methanol removed and replaced with fresh anhydrous methanol several times.
The CNCs were then air dried.

The effect of restricted movement was examined by immobilizing the CNCs
on a cationized surface with the method described in section 3.2.6. The
polymorph transition were then performed in a similar manner as described
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above, but with shorter EDA reaction time (3 h) in order to preserve the
cationized substrate.

3.2.8 Supplementary techniques

Transmission electron microscopy (TEM). TEM was utilized to
determine particle sizes in Paper I-IV and to image the self-assembly of the
silylated CNCs in Paper III. All samples were imaged with cryo-TEM Jeol
JEM-3200FSC microscope (Tokyo, Japan) in bright field mode using zero loss
energy filtering (Omega type) with a slit width of 20 eV. A 3 μl sample of each
dispersion was vitrified with FEI Vitrobot Mark IV onto a holey carbon film at
-170 °C and cryo-transferred to the microscope. Micrographs were recorded
with a Gatan Ultrascan 4000 CCD camera and using Gatan DigitalMicrograph
software (Gatan, Pleasanton, CA, USA). The same software was used for particle
size analysis.

TEM samples of the polymorph transition for the immobilized CNCs (Paper
IV) were prepared in the same manner as described in section 3.2.6, but on a
cationized TEM grid. A silicon monoxide coated TEM grid was first cationized
with APTS, after which the CNCs were deposited onto the grid by dropping 10
μl  of a 10 mg dm-3 dispersion, excess water was then wicked with filter paper
and any unattached CNCs were rinsed off with 10 μl of Milli-Q water followed
by removal of excess water. The samples were air-dried before the EDA
treatment and carefully rinsed with methanol to prevent grid rupture.

Scanning electron microscopy (SEM). SEM was used to image the
differences between the hydrolysis fractions in Paper  I. Imaging was
performed using a Zeiss Sigma VP microscope operating at 3 kV on dried
samples sputtered with a thin Au/Pd layer. Images were processed using Gatan
DigitalMicrograph software.

Optical microscopy. Optical microscopy (Papers I and II) was performed
using a LEICA DM750 microscope (Heerburg, Switzerland) equipped with a
LEICA ICC50 HD camera (Heerburg, Switzerland) from 5 g dm-3 dispersions
dropped onto a clean glass slide and covered with a thin glass cover slip. Particle
sizes were analysed from the images using LasEz 3.0.0 -software (Leica
Micrsosystems, Heerburg, Switzerland).

Solid state nuclear magnetic resonance (NMR) spectrometry. Solid-
state 13C-NMR Magic Angle Spinning (MAS) was used to determine the
crystallinity of the CNCs in Paper III and to confirm the polymorph transition
in Paper IV. The measurements were performed with Cross-Polarization (CP)
as well as Single Pulse (SP). CP was used for its high sensitivity, and SP was used
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to complement the CP measurements. CP measurements are not quantitative,
since the peak intensity is dependent on contact time. SP on the other hand, is
quantitative, but it suffers from poor signal-to-noise ratio (Edelstein et al. 1983).
Therefore, the amounts of cellulose I to cellulose III were determined using both
measurement spectra and estimated from the average of the two measurements.
The measurements were performed using a Bruker Avance 300 MHz (7 T)
spectrometer with a 7 mm zirconia rotor. The MAS frequency of spinning of the
rotor was MAS= 5 kHz. The contact time was set to 2-3 ms, the recycling delay
was set to 5 s with 320 transients for the CP measurements, and for SP
experiments, the recycling delay was 5-60 s and the number of transients was
120-1024. Chemical shifts were referenced relative to tetramethylsilane (TMS;

= 0 ppm). Cellulose I and cellulose III were identified by the difference in
chemical shift of the C6 chemical shift at ca. 65 and 63 ppm respectively (Chanzy
et al. 1987, Isogai et al. 1989, Wada et al. 2004a).

19F-NMR measurements were performed on the same equipment as above,
but the experiment was performed as a direct acquisition with background
signal suppression using composite pulse. The MAS frequency was 30 KHz,
recycling delay 10 s, and number of transients 256. The CF2 chemical shifts were
detected at region from -115 ppm to -135 ppm, and the CF3 at 84 ppm (Liu and
Goddard 2009).

Conductometric titration. The carboxylate content of the particles (Paper
I and IV) was determined through conductometric titrations with a Metrohm
712 conductometer (Herisan, Switzerland) (Saito and Isogai 2004). Freeze-
dried particles (0.2 g) were dispersed in 100 ml degassed milliQ water and 0.2
ml of 0.5 M NaCl was added. The dispersion was stirred for 30 min, after which
the pH was adjusted to less than 3 using degassed 0.1 M HCl to exchange the
counter ion to a proton.  Titration was then carried out against 0.1 M NaOH
solution at a rate of 0.80 ml min-1 adjusted by 751 GPD Titrino, Metrohm
(Herisan, Switzerland). Paper II implementa the sameconductometry method
however, the titration was performed with a 765 Dosimat, Metrohm (Herisan,
Switzerland) and a titration rate of 0.25 ml min-1.  Carboxylate content was then
determined from the conductivity curve using Origin 2017 software (OriginLab
Corporation, Northampton, Massachusetts, USA).

Photoacoustic Infrared (PAS-IR) spectroscopy. PAS-IR was used to
detect the presence of silanes in paper III. The equipment used was a RioRad
FTS 6000 Spectrometer (Bio-Rad, Hercules, California, USA) equipped with a
MTEC Photoacoustic Model 300 (Ames, Iowa, USA) PAS-chamber. The spectra
were recorded and processed using Digilab WinIR Pro 3.4.1.018 software. The
bands determining the fluoroorganic silylane groups were mostly covered by the
absorption bands caused by cellulose and were mainly positioned in the
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fingerprint area of the spectra. Hence,  detection was based on the transmittance
bands at 1270 cm-1 (Si-O),  1340  cm-1 (CF3-CF2), 720 cm-1 (CF3) and the C-F
deformations at 450-500 cm-1.

Inductively coupled plasma optical emission spectroscopy (ICP-
OES). The silicon content of the products in paper III were determined using
ICP-OES with Optima 7100 DV (PerkinElmer, Waltham, Massachusetts, USA)
equipment. The samples were placed in Teflon dishes and the organic matter
was first oxidized completely with HCl, HNO3 and HF with simultaneous
heating in an Ethos-microwave digestion system (Milestone Srl, Sorisole, Italy).
After cooling, a saturated H3BO3 solution was added and heating was repeated.
After the second cooling, the samples were diluted with MilliQ water, and
analysed. The wavelengths used for Si-determination were 251.611 nm and
288.158 nm.

Size exclusion chromatography with multi-angle light scattering
(SEC-MALS). The SEC-MALS system used was a combination of a Dionex
Ultimate 3000 LC SEC (Thermo Fisher Scientific, Waltham, MA, USA) with a
Viscotek SEC-MALS 20 detector (Malvern, Worcestershire, UK). The cellulosic
samples were dissolved in a 9 g dm-3 LiCl/dimethylacetamide (DMAc) solution
after activation by solvent exchange. Solvent exchange was carried out by
swelling the sample in MilliQ water, followed by solvent exchanges to acetone
and then DMAc. The concentration of the dissolved sample was 1 mg dm-3, and
the samples were filtered into vials using 0.2 m syringe filters.
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4. Results and Discussion

4.1 Disintegration of MCC to CNCs via TEMPO-mediated
oxidation

This section considers the bottlenecks in increasing CNC isolation yield by
introducing a method to disintegrate MCC to CNCs via charge introduction and
subsequent mechanical treatment (Papers I  and II). Most, if not all, of the
CNC production methods utilize a mechanical treatment after or during the
degradation of the disordered regions of the amorphous regions. With acid
hydrolysis an often used mechanical treatment is sonication applied after the
hydrolysis. However, as the yields with this production method remain low (20-
40 %) (Dong et al. 1998) in comparison to the other methods which utilize either
simultaneous mechanical treatment (Guo et al. 2016, Lu et al. 2011, Sacui et al.
2014) or another type of mechanical treatment such as microfluidizer (Sirviö et
al. 2016) or ball-milling (Lu et al. 2016, Mohd Amin et al, 2015). When the
mechanical treatment is switched or it is applied during the hydrolysis, much
higher yields (60-92%) are obtained. However, many studies still choose
sonication and utilize the method slightly varied from the method by Revol et
al. (1992). Therefore, the limitations due to sonication were probed in Papers
I and II.  In Paper I the length and repetition of the sonication were addressed
in whereas in Paper II, the nature of the MCC used was under investigation
and two sources of MCC were probed: Avicel - a commercial wood-based MCC;
and AaltoCell, a new, patented, never-dried species of MCC.

The most popular method to extract CNCs is acid hydrolysis using sulphuric
acid, where the disordered regions of the cellulose microfibrils are degraded,
leaving the crystallites (CNCs) more or less intact. As discussed in section 2.2.1
CNC isolation yields depend on the chosen hydrolysis conditions although,
regardless of the conditions, they are generally quite low (20-40 %) (Dong et al.
1998). Therefore, in this work, the acid hydrolysis step was omitted to study the
other aspects of CNC extraction, namely charge introduction and mechanical
treatment. MCC, which was used as the starting material, has already been
hydrolysed to the LODP, i.e., it is made up of highly crystalline particles (CNCs)
although the CNCs are still integrated in the fibrillar matrix as aggregates within
fibre fragments. Charge introduction and mechanical treatment separates the
CNCs from the fibrillar matrix analogously to what happens during typical CNC
production. Here, charge introduction was performed through TEMPO-
mediated oxidation, where the TEMPO radical is first reduced to its active form,
which selectively oxidises the primary hydroxyls on the cellulose chain (Isogai
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Figure 20. Optical microscopy images of a) Avicel, b) Avicel Batch 2 coarse fraction, c) Avicel
Batch 2 fine fraction, d) AaltoCell, e) AaltoCell coarse fraction, and f) AaltoCell fine fraction.
The coarse and fine fractions are TEMPO-oxidized.

et al. 2011, Saito and Isogai 2004). TEMPO-mediated oxidation is a well-studied
method for the production of NFC, where the NFC yields are significantly high
(>95 %), clearly indicating that the method is effective in the disintegration of
cellulose fibrils into their nanoscaled form. The premise of the approach used
here, was to utilize the disintegration induced by TEMPO-mediated oxidation
on prehydrolysed, crystalline MCC. The study was based on a method reported
by Peyre et al. (Peyre et al. 2015) where, like here, the CNCs were isolated from
TEMPO-oxidized MCC by a mechanical treatment, followed by centrifugation.
After centrifucation, the supernatant (fine fraction) of the oxidized MCC
dispersion contained the majority of the nanosized particles, whereas the
sediment (coarse fraction) contained mostly larger particles (the schematic of
the fraction division is presented in section 3.2.1).

4.1.1 The particle sizes of the fractions

The particle sizes in the fractions were determined using optical microscopy and
TEM. Overall, all fractions contained both micro- and nanosized particles,
though it was expected that the fine fraction would not have any contained
larger particles contrary to what was observed. The dimensions determined by
optical microscopy and TEM were analysed separately due to differences in
magnification. Therefore, the size analysis was performed on particles that
could be observed, which did not fully represent the ratio between the micro-
and nanosized particles. Moreover, this must also be bared in mind when
considering the dimensions determined. However, the amount of the large
particles was visibly less and the particles were smaller in the fine fractions as
seen in the optical microscopy images (Figure 20). Moreover, particle analysis
based on the optical microscopy images showed that their quantity decreased

Results and Discussion
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after TEMPO-mediated oxidation (Table 1) (Paper I). Though AaltoCell was
observed to initially contain larger particles than Avicel, the TEMPO-oxidized
fractions were quite similar in regard to particle dimensions (Table 1, Figure 20
c) and f)).

Figure 21. TEM images of TEMPO-oxidized coarse and fine fractions respectively for a-b) Avicel
Batch 1, c-d) Avicel Batch 2, e-f) Avicel Batch 3, g-h) Avicel Batch 4, and i-j) AaltoCell
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Figure 22. Particle sizes determined from TEM images for the coarse and fine fractions of a)
AaltoCell and b) Avicel. AaltoCell MCC was also determined, whereas Avicel particles were
too large to be accurately measured.

The nanosized dimensions observed in the TEM images from coarse fraction
were unexpected. Indeed, CNCs were visible in both coarse and fine fractions
(Figure 21, Table 2). The widths of the individual CNCs were approximately 10
nm and the lengths 100-200 nm, which is close to the literature values for wood
based CNCs (12-15 nm in width)  (Elazzouzi-Hafraoui et al. 2008). The
dimensions of the small particles as observed by TEM were very similar for all
fractions. The statistical analysis (Table 2) (Paper I and II) showed that the
particles in the fine fractions were slightly thinner with both MCCs. The slight
decrease in width can also be observed from the shift of the data cluster focus
on a width as a function of length graph (Figure 22).

The DP values of each cellulose were determined using SEC-MALS for the
Avicel experiments in order to confirm that the particle size decrease was not
caused by the hydrolysis of MCC, a phenomenon previously reported for fibrils
under alkaline TEMPO-conditions (Isogai et al. 2009, Shibata et al. 2006). The
original DPw of Avicel was 385, and its polydispersity (DPI) was 2.5  as shown
in Table 3. The DPs of the oxidized fractions were not only comparable to one
another, but also only varied slightly from the original Avicel. The lack of
degradation of the starting material during TEMPO-mediated oxidation was
expected, as the starting material, MCC, is at its LODP.

Although some CNCs were extracted and detected, in general all of the
fractions nevertheless contained both micron-sized particles and nanocrystals,
indicating that the TEMPO-mediated oxidation and subsequent mechanical
treatment did not fully disintegrate the MCC. Unfortunately, the ratio between
the smaller particles and larger microscale sized particles could not be
determined with these methods. The usage of a zeta sizer was considered, but
discarded since the size obtained would have been approximated for spherical
objects, representing incorrectly the rod-like particles and fibre fragments. It
can be estimated, though, that the fine fractions contained a larger number of
CNCs than the coarse fractions based on the optical microscopy and TEM
images. This was especially evident in the optical microscopy images (Figure
19), where the number of particles observed in the images was significantly less

3
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than in the coarse fractions, despite the samples being made from dispersions
of the same concentration (Paper I).

Table 3. The number (DPn) and weight (DPw) based degrees of polymerization (DP) for Avicel,
and the TEMPO-oxidized fine and coarse fractions.

4.1.2 Effect of mechanical treatment, and accessibility of source MCC on
the CNC yield

In the conventional CNC production by acid hydrolysis, the hydrolysis and the
simultaneous charge introduction is followed by a mechanical treatment (Araki
et al. 1999, Dong et al. 1998, Rånby 1949), where the associated CNCs are
separated into a stable colloidal suspension. The mechanical treatment chosen
is often sonication, where acoustic waves cause cavitation and thereafter shear
in the medium, which disintegrates the aggregates. Therefore, a test series was
performed with varying sonication times; 15 min (Batch 1), 1 h (Batch 2) and 15
min + 15 min (Batch 3). As a comparison, a batch (Batch 4) was also produced
where the mechanical treatment consisted only of 24 h of simple mixing with a
magnetic stirrer at 500 rpm.  After the mechanical treatment, the colloidal
suspension (fine fraction) was separated from the larger, non-colloidal particles
(coarse fraction) through centrifugation. The fine fraction collected as the
supernatant was known to contain the majority of the nanosized particles based
on an earlier study (Peyre et al. 2015). Surprisingly, the length of sonication did
not affect the dry matter content of the fine fractions, and no significant
difference was found in comparison to Batch 4 (Table 4). This shed doubt on the
sonication in this particular method: indeed, it appeared as efficient as
conventional mechanical stirring.

For Batch 3 after the separation from the fine fraction the sediment was
redispersed by sonication. The newly formed dispersion was separated again
with centrifugation to supernatant (middle fraction) and sediment (coarse
fraction). The middle fraction contained approximately half of the dry matter
that was in the initial Batch 3 sediment; in essence, redispersion could separate

Batch 1,
Fine
fraction

Batch 1,
Coarse
fraction

Batch 2,
Coarse
fraction

Batch 3,
Fine
fraction

Batch 3,
Middle
fraction

Batch 3,
Coarse
fraction

Batch 4,
Coarse
fraction

Avicel

DPn 139 175 236 214 191 162 213 156

DPw 288 360 450 439 403 296 476 385

PDI 2.1 2.1 1.9 2.1 2.1 1.7 2.2 2.5
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Table 4. The yield percentages (weight percentage w-%) and carboxylic acid contents obtained
for the TEMPO-oxidized Avicel coarse and fine fractions of Batches 1, 2, and 4. Batch 3 is
reported in Table 5.

Table 5. Avicel Batch 3 coarse, middle, and fine fraction carboxylic acid contents and yield
percentages from the starting material and from the product yield (weight percentage w-%).

more of the colloidally stable particles. However, it must be taken into
consideration that the particle sizes of the Batch 3 middle fraction could be
determined only for the micronsized particles (i.e. the TEM images showed no
nanosized particles) whereas nanosized particles could be found from the coarse
fraction (Paper I). Therefore, the efficiency of centrifugation in separation of
the particle sizes could be questioned.

The commercial MCC, Avicel, is dried during its manufacturing process.
Drying is known to cause hornification in pulp fibres, where parts of the
microfibrils irreversibly aggregate with each other, resulting in reduced
accessibility of the fibres (Pönni et al. 2012). Therefore, the TEMPO-mediated
oxidation was also performed to a new, never-dried MCC species, AaltoCell, and
compared to the results obtained with Avicel. It was hypothesized that the
never-dried AaltoCell would have been more readily disintegrated into CNCs,
but on the contrary the fine fraction yield was only 10% (Table 6). A plausible
reason for this result was the residual hemicelluloses (10%), mainly xylan, which
is presumably found adsorbed to the MCC subparticle surfaces, i.e., partially
filling the pores, and furthermore acting as a binder between the subparticles in
MCC hindering the disintegration (Iwamoto et al. 2008) (Paper II). Xylan does
not contain primary hydroxyl groups and hence it is not oxidized nor removed
during TEMPO-mediated oxidation. However, the carboxylic content in Avicel

Batch 1,
Fine
fraction

Batch 1,
Coarse
fraction

Batch 2,
Fine
fraction

Batch 2,
Coarse
fraction

Batch 4,
Fine
fraction

Batch 4,
Coarse
fraction

w-% from starting
material 18% 73% 19% 62% 16% 78%

w-% from yield 20% 80% 23% 77% 17% 83%

Carboxylic acid
content, mmol g-1 2.1 1.2 2.1 1.1 2.5 1.1

Batch 3,
Fine fraction

Batch 3,
Middle fraction

Batch 3,
Coarse fraction

w-% from starting material 16% 35% 38%

w-% from yield 18% 40% 42%

Carboxylic acid content, mmol g-1 1.9 1.1 1.2

3
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and AaltoCell TEMPO-oxidized fractions (Tables 4, 5 and 6) were extremely
similar to their counterparts: 1 mol g-1 for coarse fractions and 2 mol g-1 for fine
fractions. Therefore, it can be concluded that xylan did not affect the extent of
the TEMPO-mediated oxidation.

Table 6. The yield percentages (weight percentage w-%) and carboxylic acid contents obtained
for the TEMPO-oxidized AaltoCell coarse and fine fractions.

AaltoCell,
coarse fraction

AaltoCell,
fine fraction

w-% from starting material 78 10

w-% from yield 88 12

Carboxylic acid content, mmol g-1 1.2 2.2

4.1.3 Limitations of sonication, TEMPO-mediated oxidation and
centrifugation in disintegration of MCC and isolation of CNC

The method of separating CNCs from MCC was found somewhat troublesome,
as MCC contains larger fibril fragments in addition to the smaller particles.
Nevertheless, some of the stages of CNC extraction can be assessed using this
approach, one being the mechanical treatment. For instance, sonication has
limitations regarding the length of the particles it is capable of impacting. In
other words, when the particle is under a certain length, scission does not occur.

The CNCs within the hydrolysed MCC matrix are held together via hydrogen
bonds along the hydrophilic edges of the crystallite and at the end of the
crystallites and via van der Waals forces on the hydrophobic edge (Oehme et al.
2015a, Oehme et al. 2015b). When considering the cellulose chains in the
crystallite and how the crystallite is formed (Section 2.1.2), the most logical
bonds that would be broken via sonication are the end-to-end associations
inside the MCC particle. By comparing the cross-sectional area of the end to that
of their edges, there are fewer bonding possibilities in the end areas than along
the crystallite sides. The scission of these bonds between the crystallite ends
does indeed happen. However, sonication induced breakage has been studied
with other materials such as carbon nanotubes, as well as cellulose fibrils
(Huang et al. 2009, Huang and Terentjev 2012, Lucas et al. 2009, Saito et al.
2012, Stegen 2014), and the studies have confirmed that under a threshold
length the particles are not broken down further. The cavitation-induced shear
in the medium causes tensile stress on the cross-sectional area of the particle.
Therefore, the limiting length also depends on the particle width. The limiting
length (Llim) can be estimated using equation (4):
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𝐿 = 7 × 10 𝑑√𝜎∗ (4)

where d is the width of the particles and * is the tensile stress. The tensile stress
for the MCCs used has not been determined, but a vague estimate of the limiting
length can be determined. Upon acid hydrolysis to LODP, the tensile strength
of fibres allegedly decreases to a third of the original value (Berggren et al. 2001,
Gurnagul et al. 1992). Thus, from the zero-span tensile index of acid degraded
birch pulp (~ 100 Nm g-1) (Berggren et al. 2001), we can deduce a tensile stress
of ca. 30 MPa, resulting in Llim of 218 μm from equation 4, but this must be
considered as a rough estimate. Indeed, some of the MCC particles are already
shorter than this. Not only does the TEMPO-mediated oxidation reduces the
width of the particles, making them less susceptible for scission. The inefficiency
of sonication was evident from the different mechanical treatments: the fine
fraction yield did not change when the time of sonication was increased, or when
sonication was discarded completely and substituted by simple mixing for 24 h
with 500 rpm (Table 3 and Table 4).

Another limitation of the TEMPO-mediated oxidation approach for MCC
disintegration lies in the type of charged units introduced to the material. The
carboxylate units have potential to create more hydrogen bonds between the
adjacent fibrils within the MCC fibre fragments, which would further hinder
particle disintegration upon mechanical treatment. In addition, the fibrils in
MCC can also aggregate through their non-polar surfaces (Oehme et al. 2015a,
Oehme et al. 2015b).  TEMPO-mediated oxidation affects only the polar surfaces
with prominent hydroxyl groups of the crystallites and hence the separation of
the crystallites from the non-polar surfaces relies solely on the efficiency of the
mechanical treatment. Although, the disintegration of pulp fibres to nanofibers
can be carried out with high yields using TEMPO-mediated oxidation (Isogai et
al. 2011), it must be noted that the nanofibers, as significantly longer particles,
are more susceptible to mechanical treatment, whereas the short MCC particles
are not.

Lastly, centrifugation inefficiency must be addressed. As seen in all the
fractions the separation between the nano- and micron-sized particles was
inadequate as both were found in all fractions. It seems like the parameters
selected (9000 rpm 20 min and 3150 rpm 60 min) lie on a threshold of
sedimenting the micron-sized particles. If the centrifugation power would be
increased, the separation might be more efficient. However, then it is highly
likely that more of the nanosized particles (CNCs) would sediment as well and
the yield would decrease. The high carboxylate content in the coarse fraction
could further hamper the separation, since the larger particles with moderate to
high surface charge might be more prone to stay in the dispersion than particles
without any surface charge.

3
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4.2 Effects of CNC crystal surface modification and  crystal
lattice polymorph transition

In this section, select aspects of the effects of CNC modification are discussed:
porosity change upon TEMPO-oxidation (Paper II), their self-assembly when
silylated (Paper III), and changes in morphology when the cellulose
polymorph is changed (Paper IV).

4.2.1 Porosity of TEMPO-oxidized CNC/MCC

The porosities of the TEMPO-oxidized size fractions of MCC were assessed
using DSC thermoporosimetry where the particle matrix is impregnated with
water and subsequently frozen. The ice in the pores of the particles melts at
lower temperatures depending on the diameter of the pore in which the ice is
located. The volume of melted water determines the total volume of the pores
with a certain diameter calculated using equation 1. For cellulosic material, the
mass of water per mass of sample is crucial as the water, upon freezing, is
separated to three different classes depending on their freezing behaviour: non-
freezing bound water (NBW), bound freezing water (BFW) and bulk water. If
too small an amount of water is used for impregnation, i.e., if the volumes
between the particles are not fully wetted, the water between the particles starts
to behave like BFW. When the amount of the water is increased, the particles
disperse and the water between the particles behaves like bulk water (Maloney
and Paulapuro 2001). When fully impregnated, the BFW can be considered to
correspond to the water in the pores of the material and the bulk water can be
regarded as the water between the particles. It must be noted, however, that
water in pores with diameters larger than 216 nm also behaves like bulk water
and cannot therefore be detected with DSC thermoporosimetry. Maloney et al.
reported that, for nanocellulosic materials, a water content greater than 5 ml g-

1 is recommended (Maloney 2015), though at such a high water content the
accuracy of measurements on cellulosic material suffers. For the measurements
performed in this thesis, it was recommended that the water content should be
adjusted to 2 ml g-1 (Maloney, Personal Communication 2017), to ensure the
best compromise between sufficient impregnation and measurement accuracy.

The starting material MCCs, Avicel and AaltoCell, showed similar porosities,
with AaltoCell having only slightly larger volumes of the two largest pore
diameters (108 and 216 nm) (Figure 23). This was surprising as AaltoCell was
predicted to be more porous than Avicel due to its never-dried nature, however
the observed differences were negligible. Overall, the porosity of the materials
increased after TEMPO-mediated oxidation (Figure 23). This is logical as
TEMPO-mediated oxidation has been reported to increase the water uptake by
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Figure 23. The pore size distributions (PSD) for a) AaltoCell (blue) and Avicell (red) MCCs, and
b) their respective coarse fractions (blue AaltoCell Coarse fraction, and green for Avicel
coarse fraction).

a means of increased osmotic pressure due to the introduction of carboxylic
groups on cellulose (Saito and Isogai 2004).

The differences between the two MCCs were revealed after TEMPO-
oxidation, and surprisingly it was coarse fraction of Avicel that proved to be
more porous (Figure 23b). According to carbohydrate analysis, AaltoCell
contains residual xylan (Paper II), whereas Avicel has only trace remnants of
polysaccharides other than cellulose. As mentioned earlier, xylan is not oxidized
in TEMPO-mediated oxidation, as it lacks a primary alcohol group, and
therefore stays largely intact during the oxidation process. Furthermore, it is
likely that the xylan in AaltoCell binds the cellulosic particles tighter together
and/or partly fills the larger pores, which can be observed as lower porosity.

The pore volumes were vastly higher in fine fractions in comparison to the
starting material and to the coarse fractions (Figure 24), though no difference
between the fine fractions of either Avicel or AaltoCell could be observed, i.e.,
xylan appeared to affect the porosity mainly in the coarse fractions. The
differences in the porosity show the differences between the coarse and fine
fractions more distinctly than the particle size analysis. On the other hand, the
PSD could be explained with the carboxylic acid content, which was double (2
mmol g-1) for the fine fractions in comparison to that of coarse fraction (1-1.5
mmol g-1). Fine fractions also showed peculiar porosity where larger pore sizes
were lacking. Most likely, when the MCC was disintegrated into the smaller
particles of the fine fractions, the cleavage occurred in the larger pores in the
MCC particles, and thus the larger pores were eliminated.
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To further examine the possibility that the peculiar PSDs of the fine fractions
were due to the particle size, CNC produced with the more conventional
sulphuric acid hydrolysis was also studied. When prepared correctly, CNCs
consist entirely of nanosized material. Though the cellulose crystallites are
considered poreless, CNCs are mainly made up of aggregates of 2-4 crystallites
in addition to individual crystallites (Elazzouzi-Hafraoui et al. 2008), and the
pores between the crystallites in the CNCs could have been the reason for the
smallest observed pores in the CNC sample (Figure 24).  Surprisingly, the PSD
of the sulphuric acid CNCs was nothing like the PSDs of fine fractions: larger
pores were also present and pore volume increased with increasing pore
diameter (Figure 24). The larger pores in the CNC sample, however, were almost
certainly caused by interparticle interaction and thus can be considered an
artefact of the DSC in this case. With this in mind, it is safe to claim that the
PSDs of the fine fractions were not only the result of particle size, but of a
combination of particle size, MCC disintegration, and carboxylic acid content.

Additionally, the differences between the PSDs of the CNC and the fine
fraction denote that TEMPO-mediated oxidation as such is not feasible
manufacturing CNCs if the properties sought after those of CNCs produced with
acid hydrolysis. However, TEMPO-mediated oxidation of MCC is a possible
route to produce CNCs with higher surface charge and pores with smaller pore
diameter. Of course, the limitations of centrifugation addressed in section 4.1.3
should be first resolved in order to produce purely nanosized product.

Figure 24. The poresize distributions (PSD) for AaltoCell fine fraction (grey), Avicel fine fraction
(yellow), and cellulose nanocrystals (CNC) (dark blue).
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4.2.2 The silylation of associated CNCs by chemical vapour deposition

For this particular investigation, CNCs were prepared through the acid vapour
hydrolysis of intact filter paper, where the disordered regions of the fibrils were
degraded leaving the CNCs associated in the cellulose microfibril (CMF)-like
order (Figure 25a-d). It has been hypothesised that a small section of the ends
of the CNC crystallite are recrystallized after the hydrolysis, this crystallization
forms strong end-to-end hydrogen bonds of the CNCs within the CMF matrix
(Kontturi et al. 2016).   The CNCs remain associated until dispersed, through
the disruption of these end-to-end bonds, into formic acid (Kontturi et al. 2016).
The silylation modification was performed on these hydrolysed, non-
disintegrated filter papers by chemical vapour deposition (CVD), where a
vaporized silyl compound, (tridecafluoro-1,1,2,2-tetrahydro-octyl)
trichlorosilane (FTCS), was allowed to react with the accessible surface hydroxyl
groups of cellulose.

CVD has been severely underused in CNC modification with only a few
entries available (Javanbakht et al. 2016b, Majoinen et al. 2011). Majoinen et al.
(2011) reported that the degree of substitution (DS) of silylation was increased
by 42% (calculation revised in (Eyley and Thielemans 2014), when CVD was
utilized as a pretreatment before continuing the procedure in dispersion, when
compared to silylation carried out solely solution (Morandi et al. 2009).

Here, the modification of the CNCs was only performed with CVD, and the
modification was not continued further. FTCS-CNCs were dispersed in
hydrophobic toluene, and the dispersion was studied using TEM. The images
showed that the FTCS-CNCs seemed to be constructed of end-to-end connected
CNCs (Figure 26a). The CNCs exhibited typical widths of 5 nm (Figure 27),
which is in line with the previously reported dimensions for cotton-based CNCs

Figure 25.  a) SEM image of intact filterpaper, and schematic presentations (not in scale) of b) a
fiber fragment, c) a close-up of the microfibril orientation in the fiber fragment, d) the ordered
sections which remain in the same configuration after hydrolysis, e) a surface modified CNC,
and f) the FTCS-molecule used in surface modification.

4
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Figure 26. When the hydrolysed filter paper is disintegrated to a) toluene, the FTCS-CMFs seem
to consist of end-to-end connected CNCs, where as if b) unmodified hydrolysed filter paper
is disintegrated to formic acid, individual CNC are observed.

Figure 27. An example grayscale image analysis for the width of the particles in the TEM images.

obtained by the conventional sulphuric acid hydrolysis (Elazzouzi-Hafraoui et
al. 2008). However, the length could not be determined due to the end-to-end
associations. The end-to-end formation originates from the acid vapour
hydrolysis, where the CNCs remain associated after the hydrolysis as illustrated
in Figure 25d. In a previous study, the unmodified, vapour hydrolysed CNCs
were dispersed into formic acid, where CNCs were individually separated in the
polar medium (Figure 26b). Here, however, because the CNCs were
hydrophobized with FTCS, it was feasible to disperse them into a non-polar
medium: toluene. However, the solvent-particle interactions were insufficient
to break the end-to-end hydrogen bonds formed during the post-hydrolysis
crystallization.

The DS of silylation was determined with ICP-OES which showed a silicon
content of 0.4 mg/g, corresponding to 6 FTCS groups per 1000 surface
anhydroglucose units, i.e., around 70 FTCS groups per an average-length CNC.
The amount sounds extremely low. However, the presence of FTCS on the CNCs
was detected with IR-spectroscopy from slight features in the fingerprint region
(Figure 28a). Although the majority of the FTCS transmittance bands were
masked by the presence of  cellulose, the  Si-O  band  at  1270 cm-1  and  CF3-CF2
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Surface
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Figure 28. IR-spectra of hydrolysed CMF and FTCS-CMF: a) the full spectra, and b) the region
from 400 to 1600 cm-1 magnified.

Figure 29. The SEC-MALS results for the filter paper (black), hydrolyzed CMF (blue) and FTCS-
modified CMF (red) with number average molar mass (Mn) and number average and weight
average DPs (DPn and DPw respectively).

band at 1340 cm-1 manifested themselves as changed intensity ratios in that
region. Moreover, bands for CF3 at 720 cm-1 and C-F deformations at 450-500
cm-1 were observed (Figure 28b).

To confirm a successful acid vapour hydrolysis and exclude the possibility of
covalent bonding caused by the CVD, the DPs of the original filter paper, the
hydrolysed CMFs and FTCS-CMFs were determined with SEC-MALS. The DPn

did indeed decrease upon hydrolysis from 1015 to 133 (Figure 29),
corresponding to the LODP value for cotton (Battista et al. 1956). The DP
remained mostly unchanged after the CVD (DPn 122), clearly indicating that the
end-to-end formations were not covalently bonded together.

Additionally, the crystallinity also increased upon hydrolysis according to the
CP-MAS 13C-NMR-spectrum. The intensities for peaks denoting disordered
cellulose at 64 ppm and 84 ppm decreased (Figure 30a) (Isogai et al. 1989,
Wickholm et al. 1998). Furthermore, the crystallinity was retained during FTCS-
modification as can be seen from the similarity of the peak profiles. However,
the FTCS-group itself was not detected in the 13C-spectrum due to its low DS, as
the 13C-NMR is not sensitive enough due to the low natural abundance of
carbon-13 (1.1%). Therefore, 19F-NMR spectrometry was also performed  where,
in contrast, the FTCS-CMF spectrum showed four definite peaks for CF2-
positions and one peak for CF3 in the -117  to -128 ppm and -83 ppm regions,
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respectively (Figure 30b). As none of these peaks could be detected in the 19F-
NMR spectrum for hydrolysed CMF (Figure 30b), the presence of FTCS in the
sample was unquestionable.

Figure 30. The CP-MAS NMR-spectra of a) 13C-NMR spectrum of filter paper (black), hydrolysed
CMF (blue), and FTCS-CMF (red), and b) 19F-NMR spectrum of hydrolysed CMF (blue) and
FTCS-CMF (red).

4.2.3 Morphology of Cellulose III

Polymorphic transitions of cellulose are a fairly studied, and a highly interesting
aspect in the field of cellulose research. However, the focus of the polymorph
studies has nearly exclusively been on fibre substrates whereas there are very
few entries on utilizing CNCs as substrates for the polymorphic transitions. CNC
polymorph transitions could potentially lead to applications utilizing the better
accessibility of cellulose III while having the benefits of the highly crystalline
CNC structure (Ciolacu et al. 2012). In this thesis (Paper IV), morphological
aspects were investigated before and after polymorphic transition from
cellulose I to III, and the particle dimensions were determined using AFM and
TEM images. Judging from the unit cell parameters determined through
modelling and from the experimental data, the crystallite dimensions of
cellulose I and III should be fairly similar (Chundawat et al. 2011). However, for
Valonia crystals it has been reported that the EDA treatment causes a decrease
in the crystal width and longitudinal cracks were also observed (Chanzy et al.
1987, Roche and Chanzy 1981). However, Valonia is a much more crystalline
material than cotton (Larsson et al. 1997) and it can therefore be assumed that
cotton-based crystals should not suffer from such breakage.

The polymorph transition from cellulose I to III for the CNCs was performed
by EDA-treatment. The transition to cellulose III, however, was not complete as
determined by CP-MAS NMR. The extent of the polymorph transition was
deduced from the C6 chemical shifts at 65 ppm and 63 ppm, the most
distinguishable change between the cellulose I and cellulose III, respectively
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((Chanzy et al. 1987, Isogai et al. 1989, Wada et al. 2004a). The shift at 63 ppm
is representative of cellulose III, but it has been suggested to also originate from
the disordered surface chains on the CNC (Brinkmann et al. 2016). To omit this
effect, the possible contribution of the surface disorder was considered the same
for both polymorphs. The extent of transition was determined to be 71% from
the CP measurements and 79% for the SP, averaging a 75% transition into
cellulose III (Paper IV).

The dimensions of the particles were obtained from AFM images (Figure 31
a and b). The AFM samples were prepared as submonolayers on a cationic APTS
substrate to ensure maximal separation so that individual CNCs could be
observed. It must be mentioned that the cellulose III CNCs required a higher
concentration to form an examinable submonolayer on the cationic substrate
since the EDA treatment of CNCs caused the anionic surface charge to decrease
from 0.4 mmol g-1 to 0.04 mmol g-1. It has been reported that surface
desulphation occurs in CNCs at high pHs (Jin et al. 2016, Lokanathan et al.
2014), and since EDA is highly alkaline this was expected.   Conventional,
untreated cellulose I CNCs gave average dimensions of 114 in length nm and 4.5
nm in width (Figure 31a) which are consistent with literature values of single
cotton crystallites (Elazzouzi-Hafraoui et al. 2008). The dimensions of the CNCs
that were converted to cellulose III in dispersion were very similar with widths
of 5.2 nm and lengths of 138.0 nm (Figure 31b).

Figure 31. AFM images (1 x 1 μm2) of a) cellulose I CNC and b) cellulose III CNC, and their
particle size distributions for c) and d) width, and e) and f) height. Cellulose I CNC particle
size distributions (c and e) are presented in green, and cellulose III CNC (d and f) in blue.
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The effects of the decreased surface charge were also visible in the TEM
images, where more aggregates were observed. Additionally, the particle width
determined from the TEM images was larger than the ones determined from
AFM images. As discussed in Section 2.1.5, CNCs typically consist of 2-4
crystallites, which form the flat aggregate known as a CNC (Elazzouzi-Hafraoui
et al. 2008). In the AFM samples the CNCs were deposited on a surface, where
they lay flat. The CNC widths are actually deduced from the height difference
from the substrate surface and therefore the determined width is more accurate
for a single crystal – not the crystal aggregate – and the problem of tip
broadening is circumvented. However, this means that the apparent dimensions
depend on the method of determination, as the TEM gives the dimensions of
the whole CNC meaning a larger value. Here, when the dimensions were
determined from TEM images, the results roughly translated to a width of two
crystallites in a CNC (Figure 32).

Since the polymorph transition affects the cellulose crystal lattice and its
bonding, the effects of restricting lattice movement were investigated by
introducing the presence of an external surface during the polymorph
transition, where electrostatic forces hindered the movement of the CNCs. The
polymorph transition causes a rearrangement of the hydrogen bonding pattern,
which interferes with the van der Waals forces holding the stacked sheets in a
cellulose crystallite together. This interference is due to chain tilting and results
in the formation of the conjugated sheets present in cellulose III (see section
2.1.1). Immobilization of the CNCs was performed by deposition of the innately

Figure 32. TEM images and an example crystal width of a) cellulose I CNC and b) cellulose III
CNC.
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anionic CNCs on a cationic APTS surface, the same substrate utilized in
submonolayers when determining the CNC dimensions of cellulose I CNCs and
cellulose III CNCs produced in dispersion. When the polymorph transition was
performed on these immobilized CNCs, unusual CNC aggregates were observed
in the AFM images (Figure 33 b-g). Particle analysis revealed that the width of
the immobilized cellulose III CNCs had decreased from 4.5 nm to 2.1 nm, i.e.,
half of their original size (Figure 34). The average length, on the other hand, did
not change.
Therefore, it was speculated that the CNCs might have been exfoliated during
the EDA treatment.

As observed with cellulose I to III transition in dispersion, the surface charge
of the CNCs might have also decreased here and as a result, some of the CNCs
were detached from the surface as observed from the AFM images. However,  a
statistical analysis supports exfoliation as the initial amount of CNCs with
thicknesses less than 2 nm was significantly less (12 out of 2694) than the
amount observed on the EDA treated sample surfaces (330 out of 726) (Paper
IV). Stronger detachment was also observed when the EDA treatment of the
immobilized CNCs was performed  by  rinsing  with  water  instead  of  methanol.

Figure 33. High resolution AFM images of a) cellulose I CNC and b)-g) cellulose III CNCs, on
which the polymorph transition was performed while the CNCs were immobilized on a
substrate. The images show the different broken formations observed in the CNCs.

Figure 34. The particle size distributions (width on left, and height on right) determined from AFM
images of cellulose III CNCs, on which the polymorph transition was performed while
immobilized.
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Switching the rinsing solvent from water to methanol reportedly removes the
EDA, but the decomplexation does not result in a change in the polymorph, and
the EDA-cellulose complex reverts to the cellulose I structure, though in a
somewhat more disordered form (Lokhande et al. 1977, Wada et al. 2008). The
CNC morphology after treatment and rinsing with water showed similar
thinning as when rinsed with methanol, i.e. the crystal widths had reduced to
1.8 nm. This suggests that the thinning is caused during the formation of the
EDA-cellulose complex or during the release of EDA when rinsing it out of the
crystal – regardless of the polymorph change.

The immobilized CNC polymorph transition experiment with methanol
rinsing was repeated on APTS-cationized TEM grids and, as with the AFM
samples, compared to cellulose I CNCs and cellulose III CNCs produced in
suspension. The TEM results were quite intriguing at the CNCs were observed
to be approximately three times as thick as when determined using AFM. As
discussed earlier in this section, CNCs are often flat aggregates of 2-4 crystallites
(Elazzouzi-Hafraoui et al. 2008) and when imaged with TEM the whole CNC is
imaged, yielding a thicker width in comparison to the dimensions measured by
the height of a flat-lying aggregate with AFM. A full statistical analysis on the
TEM samples was troublesome, since the CNCs had aggregated and overlapped

Figure 35. TEM images of a) cellulose I CNC, b) cellulose III CNC produced in dispersion, and c)
cellulose III CNC produced while immobilized. All the samples were deposited on a APTS-
cationized siliconmonoxide TEM-grid, and for c) the polymorph transition was performed on
the sample grid.
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each other. In addition, the cationization of the grid caused the grid to contain
impurities which hampered the dimensional analysis. However, the results
somewhat resonated with those obtained with AFM: the CNCs that were EDA-
treated while immobilized were slightly thinner (12.9 nm) than the CNCs treated
in suspension (18.5 nm) and the original cellulose I CNCs (15.2 nm) (Figure 35).
All in all, in this study AFM was considered more reliable when considering the
width of single crystallites.

It must be noted that the polymorph transition was not confirmed for the
CNCs immobilized on the surface during EDA treatment, because NMR could
not be performed on the attached CNC submonolayers nor could the CNCs be
detached from the surface. Grazing incidence X-ray diffraction was attempted
in collaboration with the University of Graz with the synchrotron in Trieste, the
most efficient in Europe. Even so, the resolution was not enough to determine
the polymorph of the widely spread small CNCs, and their polymorph status
remained unresolved. However, since the thinning was observed also on the
samples where the rinsing was done with water, the actual polymorph transition
from cellulose I to III is irrelevant for the exfoliation.

When considering the mechanism of the observed thinning, a hypothesis
arises that exfoliation upon EDA treatment is caused by crystal lattice
frustration. EDA has been shown to penetrate the cellulose crystal and disrupt
its hydrogen bonds (Figure 36a) (Lokhande et al. 1977, Wada et al. 2008). The
complexation with EDA causes the lattice to swell, and this swelling may well be
restricted for the layers directly bonded to the substrate. However, the van der
Waals forces holding the stacked sheets together are weaker than the hydrogen
bonds, and the chain tilting during EDA-complexation could interfere with
them. Due to the extra strain introduced by the surface immobilization, the
lattice becomes frustrated and some of the layers are possibly exfoliated.

Figure 36. Schematic presentation of the possible exfoliation of the CNC upon ethylenediamine
(EDA) complexation. At a) the EDA has penetrated between the cellulose chains, and forming
the cellulose-EDA complex, and b) tilting the chains. The lower chains are prohibited from
tilting causing disruption in the forces holding the sheets on top of each other and the top
layers of the CNC are exfoliated.
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Even though highly speculative, the defibrillation or exfoliation of the CNCs
is not farfetched. Similar exfoliation upon van der Waals bonded planes has
previously been reported for van der Waals solids (Bhimanapati et al. 2015,
Geim and Grigorieva 2013) and graphene. The cellulose I crystal lattice is
vaguely reminiscent of these materials with the hydrogen bonded sheets stacked
on top of each other and bound with van der Waals forces. In addition, the
defibrillation of CNF has been reported to be caused by mere mechanical stress
(Li and Renneckar 2011) and furthermore, CNCs themselves have also been
reported to be chemically peeled with periodate and chlorite oxidation (Conley
et al. 2016b). The polymorph transition from cellulose I to III, on the other
hand, has been reported to irreversibly change Valonia crystallite morphology
(Chanzy et al. 1983, Roche and Chanzy 1981), observed as a decrease in width
and cracks on the crystallite surface. Here, similar morphological changes were
not observed for polymorph transitions of cotton performed in suspension
(Paper IV), where the smaller cotton CNCs might be able to resist the effects
of the strain with more degrees of freedom in dispersions. In this vein, the
additional restrictions introduced by the solid-solid interface interactions could
cause similar outcome as with the more rigid Valonia, although with more
severe consequences.



5. Concluding Remarks

This thesis was an investigation into the CNC properties, as influenced by
production and modification, and to the aspects that should be considered when
developing new preparation routes. The nature of CNCs affects the outcome of
their modifications and it is also one of the obstacles in their production. To
simplify, much of the research here was triggered by two fundamental
questions: (i) how to separate CNCs from a fibre matrix into individual, discrete
nanoparticles and (ii) how the interactions work between cellulose crystals and
within the crystal lattice. Generally, it is evident that the bonding between the
CNCs is strong and therefore the production requires severe mechanical and/or
physico-chemical – usually electrostatic – forces to separate the CNCs from the
fibrillar matrix. Yet the properties obtained by the production or modification
are far more important than they are given credit for. For example, the work in
this thesis established that, e.g. the effect of the carboxylic units introduced on
the particle surface upon TEMPO-mediated oxidation is not sufficient in itself
for efficient isolation of the nanoparticles; also the size of the matrix plays a
significant role.

The experiments with TEMPO-mediated oxidation showed that the
interparticle interactions of the CNCs within the MCC particles are substantial.
For instance, TEMPO-mediated oxidation, which is known to produce NFC in
high yield, could only disintegrate 10-20% of the MCC into nanosized particles.
The low yields were possibly partially due to the limitations of scission by
cavitation, and some of the MCC particles were already beneath the limiting
length under which the scission does not occur. Therefore, sonication should be
used with consideration of the starting material. This is the reason why
sonication is more effective for CNCs produced from pulp fibres because the
fibrillary matrix is long enough to be caught in the effect of cavitation, whereas
MCC as a severely fragmented fibre material can stay largely unaffected during
sonication. Therefore, it could be beneficial to consider a different mechanical
treatment such as ball milling or microfluidizer in CNC production after the acid
hydrolysis or like here after the TEMPO-mediated oxidation.

In addition, TEMPO-mediated oxidation affects the porosity of the material
as observed from the larger pore volumes in the TEMPO-oxidized products,
both coarse and fine fractions. In coarse fractions, the pore volumes increased
overall in all pore diameter sizes. However, the smaller particles in the fine
fractions after the TEMPO-mediated oxidation had lost the larger pores almost
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completely. Of course some of the large pores might have acted as sites where
the cleavage of the particle occurred during oxidation and disintegration, and
therefore were eliminated.  On the other hand, the interactions between the
particles in the fine fractions could have been further increased by TEMPO-
mediated oxidation due to the carboxylic groups introduced. Because of the two
oxygen atoms, carboxylic groups are capable of forming two hydrogen bonds
whereas hydroxyl groups can form only one, and thus an increase in the
carboxylic content could further tighten the particle matrix, and furthermore,
hinder the MCC particle disintegration.

The effect of hemicelluloses on MCC and CNC porosities should be further
investigated by producing a measurement series of crystalline cellulose with
known amounts of hemicelluloses. Moreover, the naturally occurring
hemicelluloses in AaltoCell could be utilize in these experiments by removing
the hemicelluloses chemically or enzymatically to partially or completely rather
than the hemicelluloses being added to MCC. In addition to giving more insight
to the relations of cellulose porosity and hemicelluloses, the method could
possibly be utilized to fine tune the porosity of the material for applications
requiring defined porosities such as medical drug release implants.

The strength of the inter-crystal interaction was further observed in the
silylation experiments, where the end-to-end associations present in the acid
vapour hydrolysed CNC were retained in the hydrophobic media used in
dispersing the hydrophobic FTCS-modified CNCs. The end-to-end associations
were observed in TEM images as nanowire structures of end-to-end connected
CNCs. The hydrophobicity, in addition to the unique particle formations, should
be further examined to establish stronger knowledge on the nature of the
modified CNCs, e.g., with light scattering for the dispersion.

On the other hand, the crystal lattice of the CNC, natively in a cellulose I
polymorph, was found to be breakable with surface induced frustration. When
the EDA-treatment, used for polymorph transition from cellulose I to cellulose
III, was performed on CNCs immobilized on a surface, the CNC width decreased
to half of the initial. The thinning was hypothesized to be caused by exfoliation
of the outer layers initiated by the EDA-complexation. During EDA
impregnation and complexation with cellulose, the lattice swells and the
cellulose chains tilt. Hence, the bottom layers bound to the cationized substrate
with electrostatic interactions have less freedom to move, and the complexation
is likely to cause strain in the lattice, leading to exfoliation of the outer layers.
The observed thinning opens up possibilities to fine tune the CNC dimensions
after their preparation – something that has not been reported with any
modification previously.

Overall, this thesis contributed to the task of exploring the nature of native
cellulose, particularly how it affects the production and modification of CNCs.
Although the mechanisms behind the observed property changes were
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speculative and naturally raise topics for further investigations, the properties
themselves, such as tuneable porosity and thickness presented in this thesis,
could provide a basis for future applications.
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