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Abstract

The recent developments to disintegrate nanocelluloses from plant and wood cell materials
have attracted considerable interest in materials science. Nanocelluloses are considered as
fascinating building blocks for functional materials, thanks to their high mechanical properties,
rod-like or fibrous structure, biocompatibility and sustainability. In addition, they own high
surface area with numerous free reactive groups offering great opportunities for chemical or
physical functionalization.

Among nanocelluloses, native cellulose nanofibrils form an important class of materials, and
this thesis explores them as building blocks for functional and responsive materials. The
characteristics of enzymatically and mechanically prepared cellulose nanofibrils are studied
in Publication I. The cellulose nanofibrils form strong inherent hydrogels at low concentration
without chemical cross-linking, and show shear thinning which is useful both in processing and
in applicability. Publication IT demonstrates that the hydrogel enables vacuum freeze-drying
to form light-weight aerogels which are ductile and deformable, even if the porosity totals 98%.
The tunable morphology provides multiple length scale structures and porosity, as well as
percolative template for conducting polymer, e.g. polyaniline to achieve highly porous
conducting materials.

The aerogels, made from the long and entangled cellulose nanofibrils, are also versatile
templates for titanium dioxide (TiO5) and fluorosilane deposition to tune the wetting, and to
enable responsive materials. In Publication III, the TiO5-coated nanocellulose aerogel shows
switchable water absorption between nonabsorbent and superabsorbent states upon exposure
of UV light. In addition, TiOs-coated aerogel shows improved photo-catalytic activity. The
aerogel template not only serves as a support for TiO5 but also enhances the effects due to its
multiple scale structures. The superoleophobic and -hydrophobic bio-inspired nanocellulose
cargo carrier, reported in Publication IV, is also shown to benefit from multiple length scaled
structures and the pores. The TiO5 approach is extended in Publication V, where the selective
absorption of TiOg-coated nanocellulose aerogels is applied, and floatable oil-absorbing
nanocellulose aerogel is demonstrated for oil spill removal.

This thesis contributes to basic research on nanocelluloses, while yielding concrete benefits
for the industrial context. It furthers the fundamental understanding of the behavior of
cellulose nanofibrils, and suggests novel value-added applications beyond the classic cellulose
applications. Nanocellulose can lead to strengthened competitiveness of the forest industry in
its changing operational environment.
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Tiivistelma

Téassa tyossa selluloosan nanokuidusta on valmistettu funktionaalisia ja ulkoisiin
olosuhteisiin reagoivia materiaaleja. Nanoselluloosa on materiaalitieteen kannalta kiinnostava
sen mekaanisen lujuuden, nanoskaalan kuiturakenteen, uusiutuvan alkuperén, seka biologisen
yhteensopivuuden vuoksi. Lisdksi nanoselluloosan suuri ominaispinta-ala, ja kuidun pinnalla
olevat lukuisat kemiallisesti tai fysikaalisesti muokattavat ryhméat mahdollistavat mita
moninaisimpia funktionaalisia nanoselluloosamateriaaleja.

Natiivin selluloosan nanokuitujen kykya muodostaa vahvoja hydrogeeleja hyvin alhaisilla
konsentraatioilla on tutkittu julkaisussa I. Niiden osoitettiin olevan lujia ja voimakkaasti
leikkausohenevia, miké on tarkedd materiaalien valmistus- ja prosessointimenetelmissa seka
sovelluksissa. Julkaisussa IT havainnolistettiin, miten vahva hydrogeeli voidaan kuivata
kylméakuivauksella, jolloin muodostuu aerogeeleja. Natiivin selluloosan nanokuiduista
valmistetut aerogeelit ovat muokkautuvia ja taipuisia, huolimatta niiden 98 % huokoisuudesta.
Niiden sisdrakennetta ja huokoisuutta voidaan muunnella mm. kuivausolosuhteiden avulla,
minka vuoksi ne soveltuvat mité erilaisimpiin kdyttotarkoituksiin. Ne tarjoavat esimerkiksi
perkoloivan substraatin johtavalle polymeerille, kuten polyaniliinille, jonka avulla saavutettiin
erittdin huokoinen sdhkoisesti johtava nanoselluloosamateriaali. Liséksi, pdallystamalla
aerogeeli titaanidioksilla (TiOy), sen ominaisuuksia voidaan ohjata ulkoisesti. Julkaisussa III
osoitettiin, ettd TiOo-pinnoitetut nanoselluloosa-aerogeelit muuttuvat UV-valon vaikutuksesta
vettd hylkivasta vettd superabsorboiviksi. Aerogeelin vaikutus on kaksijakoinen: se toimii seka
alustana etté tehostaa omalla rakenteellaan pinnoitteen aiheuttamia ominaisuuksia. Myos
TiOs-nanoselluloosa-aerogeelin hyva fotokatalyyttinen aktiivisuus perustuu suurehkoon
ominaispinta-alaan ja hierarkkiseen huokoisuuteen.

Julkaisussa IV tarkasteltiin edelleen nanoselluloosa-aerogeelin rakenteen ja huokoisuuden
merkitystd niin hydrofobisuuteen kuin mydos oleofobisuuteen fluoraamalla aerogeeli.
Julkaisussa V havainnollistetaan miten hydrofobiseksi TiOs:lla pinnoitettu nanoselluloosa-
aerogeeli absorboi selektiivisesti 6ljy4, mutta hylkii vettd. Tallaista veden pinnalla kelluvaa,
0ljyd imevaa materiaalia voidaan kidyttda esim. 6ljyn poistamiseen vedesti 6ljyvahingoissa.

Tassé tyossa tutkitut funktionalisoidut nanoselluloosamateriaalit tarjoavat mahdollisuuksia
uusiin erityissovellutuksiin materiaalitieteessé, ja yhtélailla nanoselluloosa luo
mahdollisuuksia metsiteollisuuden kilpailukyvyn vahvistamiseen sen muuttuvassa ja
haastavassa toimintaymparistossa.

Avainsanat nanoselluloosa, nanofibrillaarinen selluloosa, mikrobrillaarinen selluloosa,
aerogeeli, valo-ohjautuva absorptio, selektiivinen absorptio
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1. Introduction

Nanocelluloses are increasingly considered as suitable building blocks for
designing of functional materials, thanks to their nanosize dimensions and
unique rod-like or fibrous structure.’7 Native cellulose possess hierarchical
structure covering the molecular scale (1—100 A), the nanoscale (10-100 nm)
and finally the mesoscale (1-100 um). Their properties are closely related to
the quality of arrangement of their multiple scale structures, and plant cell
wall materials can be regarded one of the prototypic hierarchically structured
materials in nature. More generally, over the last few decades, the design and
use of hierarchical structures have become a major topic in nanotechnology
areas as diverse as physics, chemistry, material science, biology, medicine,
electronics and engineering.® On the other hand, among the nanomaterials,
responsive materials with reversibly switchable properties are of great
importance due to their foreseen technical applications. External stimuli,
such as light illumination, temperature, electrical potential, pH, and others
can change the properties of stimuli-responsive materials, which result for
example in the change of surface properties such as wetting.8- 9

The recent environmental and political requirements encourage researchers
to find sustainable alternatives to replace the existing non-renewable sources
in material development. Also in this context, cellulose is excellent candidate
being renewable and the most abundant polymer on the earth, not to mention
its nanoscale fibrils. Importantly, these fibrils have outstanding mechanical
properties and numerous free reactive groups on the surface offering great
opportunities for functionalization.

The fact that future success in novel materials development is based on the
transition from resource-intensive bulk products to knowledge-based value-
added products goes for cellulose industry as well. The traditional forest
products such as paper, packaging and viscose products have their place, but
cannot meet the demands of the modern society for high performance
materials. The increase in potential utilization of the cellulose as a
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nanomaterial could improve the competitiveness of forestry materials. (Fig.
1.1)

Cellulose 1. ge,‘neration 2. geniration

.ﬂ»iﬁ-

Figure 1.1. The traditional products (1. generation) of different cellulose
sources and value-added and high performance nanocellulose
based products (2. generation).

Native nanocellulose covers several types of materials involving the native
crystalline structure, such as long and fibrous cellulose nanofibrils (also
denoted as microfibrillated cellulose, MFC, or alternatively as nanofibrillated
cellulose, NFC), rod-like cellulose nanocrystals (CNC), bacterial cellulose
(BC) and tunicates, all having nanoscale lateral dimensions. The
nomenclature will be discussed in more detail in next chapter. The state of
the art in nanocellulose (fibrils and crystals) research has been summarized
in several recent reviews, for example, Sir6é and Plackett 2010°; Eichhorn et
al. 2011! and 20107; Klemm et al. 20113; Moon et al. 20112; Lavoine et al.
20124 and Lin et al. 2012%°. In the early 2000, the growing interest in
nanotechnology resulted in a revival of MFC research pioneered by Turbak et
al. and Herrick et al. in the 1980’s, and many recent developments have
prompted also industrial interest in cellulose nanofibrils. For instance DaiCel
Chemical Industries (Japan), Innventia AB, UPM (Finland) and Stora Enso
(Finland) built a pilot factory. In addition, Borregaard (Norway), J
Rettenmaier & S6hne (Germany), Oji Paper Company (Japan), Nippon Paper
Group (Japan), and BASF (Germany) own patents and have started pilot
projects and/or manufacture of cellulose nanofibrils. It is therefore
reasonable to expect commercial nanocellulose products in near future.
Within a few years the general interest in nanocellulose has increased
tremendously, as has the number of research groups around the world that
work with this material (illustrated by the growing number of relevant

publications in Fig. 1.2.).
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Figure 1.2. The number of publications released yearly in the field of
nanocelluloses according to SciFinder(February 2013). Keywords
used: microfibrillated cellulose, cellulose nanofibril, cellulose
nanocrystal.

1.1 Outline of the Thesis

This thesis focuses in applying cellulose nanofibrils as building blocks for
functional materials. The main advantages in applying cellulose nanofibrils
are their mechanical strength and flexibility, ability to build hierarchically
porosity, as well as the numerous free reactive hydroxyl groups on the surface
that can be functionalized. The motivation for the present nanocellulose
research was obvious both scientifically and industrially: when we started,
only a few studies on the MFC/NFC existed and there was a need for new
preparation methods and understanding how they behave. More importantly,
novel value-added applications were considered to compensate the expected
high production costs.

This thesis comprises six chapters as follows: Chapter 2 gives an
introduction to the characteristics of the nanocelluloses, focusing on the NFC.
Chapter 3 describes basics of aerogels and preparation methods used also in
this work, including a brief review on state of art of cellulosic aerogels which
are based on dissolved and regenerated cellulose. Chapter 4 contains
simplified discussion on the photo-responsive wetting, influence of surface
structure on the hydrophobicity, as well as examples of photocatalytic
decomposition. The main results of this thesis are presented in Chapter 5,
where the results are discussed in relation to the state of art. The strategy of
the work is straightforward and presented schematically in Fig. 1.3. First, in
Chapter 5.1, the characteristics of enzymatically and mechanically prepared
cellulose nanofibrils are introduced. We demonstrate the creation of a strong
inherent fibril network in the hydrogel by rheology (Publication I). Second,
the behavior of these nanofibrils upon different drying conditions is

investigated in Chapter 5.2. The first native nanocellulose aerogels with
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tunable morphology, porosity and mechanical properties are shown, and they
are applied as percolative template for a conducting material (Publication IT).
In Chapter 5.3, the versatility of the nanocellulose aerogel as a template is
demonstrated by titanium dioxide coating: the UV-responsive
superabsorbency and photocatalytic activity is shown (Publication III).
Furthermore, the benefits of revealed multiple length scaled structures and
porosity are discussed. In Chapter 5.4. the structure related superhydro- and
oleophobicity of bio-inspired, fluorinated nanocellulose aerogel are discussed
as a case study (Publication IV). Finally, the TiO- coating approach is
extended in Chapter 5.5, where TiO: is employed to create selectively oil-

absorbing nanocellulose aerogels for oil spill removal (Publication V).

Applications of Functionalized Nanocellulose
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Figure 1.3. Schematic illustration of the structure of the research strategy
and results presented in this thesis.



2. Cellulose: From Macroscopic
Fibers to Nanocellulose

Cellulose is a homopolymer of B-1,4-linked anhydro-D-glucose rings in which
every ring is rotated 180° with respect to each other.'> 2 The repeat unit
consists of two adjacent anhydroglucose rings and is known as cellobiose
(Fig. 2.1.). In nature, cellulose chains have a degree of polymerization (DP) of
approximately 10 000-15 000 glucopyranose units depending on the source.2
However, the DP is greatly influenced by the source and the isolation
treatment. For instance, the DP values of wood pulp vary typically from 300
to 1700. During the complex biosynthesis, cellulose chains arrange parallel-
up and edge-to-edge, making flat sheets that are held together by van der
Waals forces and an intra- and interchain hydrogen bond network.'3: 4 The
intrachain hydrogen bonding between O3-H-O5 of the neighbouring
molecules in the chain (Fig 2.1.) stabilizes the glucosidic linkages, resulting in
a linear and rather stiff polymer structure. The interchain hydrogen bonds,
i.e. hydrogen bonds between the adjacent chains within the sheets (Fig 2.1.),

promote multiple chains to arrange into fibrils.?5 10

Figure 2.1. Molecular structure of cellobiose i.e. repeating unit of cellulose
polymer and formation of the intrachain (red dashed line) and
interchain (black and green dashed lines) hydrogen bonding.
Note that, the O2 secondary alcohol and O6 hydroxymethyl
groups are involved in both intrachain and interchain hydrogen
bonds.5

Within these fibrils, cellulose chains are tightly packed together forming
highly crystalline regions (crystallites), which are accompanied by disordered,

amorphous-like regions, making cellulose semicrystalline. The cellulose

5
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crystallites in the ordered regions exist in several polymorphs depending on
the source, method of extraction, or treatment.?” Cellulose I, so-called native
cellulose, has two crystalline forms, I and Ip that can coexist in various
proportions.'® Cellulose If is dominant in plant cell wall cellulose and in
tunicates. Cellulose II, i.e. regenerated cellulose crystal structure is formed by
two processes, regeneration (solubilization and recrystallization) and
mercerization, is the most stable structure with technical relevance (viscose
products).'% 2° The other polymorphs of cellulose, cellulose III and IV can be

formed by ammonia and thermal treatments.'>

Natural fibers are composite materials, resulting from the assembly of
microfibrils and hemicellulose embedded in a matrix mainly composed of
lignin.2* For instance in wood cellulose, the polymer chains are packed into
elementary fibrils with a lateral diameter of ~ 3-5 nm. They are further
aggregated together with hemicellulose by hydrogen bonding to form what
are classically known as microfibrils and their aggregates with a diameter of ~
5 to 30 nm. The microfibrils are further packed into larger and larger

aggregates finally forming macroscopic wood cellulose fibers (Fig.2.2.).

elementary
fibers microfibrils fibrils molecule chains
] L} ] — 1

Figure 2.2. A simplified illustration of the morphological hierarchy in
cellulose: the elementary fibrils contain both crystalline and
amorphous regions.

What constitutes an elementary fibril and microfibril in terms of the number
of chains and length and position of the disordered regions has been, and still
is a subject of debate.? 52223 In the end, it is the special hierarchical structure
and the linear and symmetric packing of the chains that is stabilized by the
strong intra- and interchain hydrogen bond network, which promotes the
high axial stiffness and poor solubility of cellulose, as well as leads to the
laborious delamination of the fibers to its nanoscale fibrils in MFC/NFC
processes. However, upon cleaving and functionalization, the cellulose
microfibrils have the ability to impart novel and significantly improved
mechanical, optical, thermal, catalytic, filtration, biological, electrical, and

magnetic properties. Therefore, the development and use of cellulose
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nanofibrils with macroscopic fibers will increase the potential use of
renewable materials. In the next sections, the basic principles to isolate the

cellulose nanofibrils are discussed as well as their typical characteristics.

21 Preparation Methods Towards Cellulose Nanofibrils

First, a few words about the nomenclature of the different nanocellulose types
for clarification: In this thesis, the terms nanofibrillated cellulose (NFC)
and/or cellulose nanofibrils are used for describing the fibrous cellulose
microfibrils. Currently, terms NFC and cellulose nanofibril are more and
more commonly used instead of classical microfibril and MFC as they
describe better the nanoscale nature of the individual fibrils. Indeed, here we
distinguished NFC from traditional MFC not only to emphasize the size but
also that a pre-treatment is applied in the fibrillation process, which enables
the nanoscale and more individual fibrils as the aggregation is reduced. The
term cellulose nanocrystal (CNC) is used for the rod-like cellulose crystals
and tunicate nanowhiskers. Note that, the microcrystalline cellulose (MCC) is
composed of aggregated bundles of multiple sized hydrolyzed cellulose
microfibrils that are strongly hydrogen bonded to each other and have high
crystallinity. The particles are typically 10-50 pm in diameter and they can be
deagglomerated into smaller, 1-10 um, sized particles prior to use.2 MCC is
commercial product and it is typically used in pharmaceutical applications
and food industry, as well as source for CNC.

As cellulose microfibrils e.g. in wood fibers are composed of two regions,
highly ordered chain packings i.e. crystalline regions and disordered
amorphous regions, two main types of nanocellulose can be isolated: (i)
cellulose nanocrystals and (ii) cellulose microfibrils (NFC/MFC) containing
both regions.24 The routes to different types are schematically presented in
Fig. 2.3. in simplified terms. This thesis will cover only the type (ii), however,
to put the topic and the results of this thesis in context, e.g. the rheological
properties of CNC are discussed.

The typical procedures to prepare the rod-like CNC consist of subjecting
e.g. pulp to strong acid hydrolysis under controlled temperature, agitation,
and time, followed by sonication to separate crystals.2s Sulfuric and
hydrochloric acids have been extensively used, but phosphoric and
hydrobromic acids have also been reported.25 The origin of the cellulosic
material demands which of the specific hydrolysis and separation protocols
are used. In addition, the geometrical dimensions (length and width) as well
as the morphology of the forming CNCs are found to vary widely depending
on the source of the cellulosic material, and the conditions under which the

hydrolysis is performed.2® The self-assembly and chiral nematic nature of the



Cellulose: From Macroscopic Fibers to Nanocellulose

CNC,27-29 as well as the their chemical modification, surface polymerization,
and production of thin films, and finally applications in nanocomposites are
have recently been reviewed.® 7> 10,30

Fibrous, long and entangled cellulose microfibrils, on the other hand, are
isolated using different mechanical treatments, which most often involve a
refining step followed by a high-pressure homogenization stage3-34 although
grinding35-8% and cryocrushing3? have also been reported.# ¢ The resulting
material is called microfibrillated cellulose and consisting of moderately
degraded long fibrils that have greatly expanded surface area.4 4° Typically,
traditional MFC consists of cellulose microfibril aggregates with a diameter
ranging from 20 to even 100 nm with and length of several micrometers,
rather than single nanoscale microfibrils. MFC can be manufactured from
numerous different cellulosic sources. However, wood is obviously the most
important industrial source, and thus it is also the main raw material to
produce MFC.4 ¢ Bleached kraft pulp and sulphite pulp are frequently used as
a starting material for MFC production. To prepare MFC, a pulp suspension
is typically passed repeatedly through a mechanical homogenizer to increase
the degree of fibrillation; inevitably, the energy consumption increases with
the number of passes.3> 4! Besides, these methods tend either to damage the
microfibril structure by reducing the degree of crystallinity, and DP up to 27
%, or fail to sufficiently disintegrate the pulp fiber.3> 4 Typical energy
consumption reaches levels of approximately 27,000 kWh/tonne for
homogenization and even higher values reaching up to 70,000 kWh/tonne
have been reported.#> In order to decrease the high energy consumption
associated with these processes, and to isolate individual fibrils from the fibril
aggregates, chemical43-46 and enzymatic4® 4. 47 48 pre-treatments of the
cellulose raw material have been developed. When the pre-treatments are
applied, MFC is denoted more frequently NFC as it consists of nanoscale
individual fibrils.
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Methods to manufacture MCC, CNC and cellulose nanofibrils

Macroscopic
fibers

Strong acid - Mechanical

hydrolysis - Enzymatic mechanical
-TEMPO mechanical
- Charboxymethylation
+ sonication mechanical

Microcrystalline
Cellulose nanocrystals  cellulose (MCC) Cellulose nanofibrils

Figure 2.3. Preparation routes for MCC, CNC and cellulose nanofibrils
(NFC/MFC).

Oxidation pre-treatment

Recently, Saito et al. introduced TEMPO-mediated oxidation as a pre-
treatment for nanocellulose production.4® In this procedure, cellulose fiber
suspension is oxidized by 2,2,6,6-tetramethylpiperidine-1-oxyl radical
(TEMPO) with NaClO as a primary oxidant and NaBr as an additional
catalyst, at pH of 10-11.44 Thereby, charged carboxylate groups are introduced
on the surface of the fibers, as the C6 primary hydroxyl groups of cellulose
(see Fig. 2.1.) are selectively converted to carboxylate groups via C6 aldehyde
groups. As a result, the nanofibrils within the fibers separate from each other
easier, as the electrostatic repulsion among the ionized carboxylates holds the
hydrogen bonding between the fibrils. When the carboxylate contents reach
approximately 1.5 mmol/g, the oxidized cellulose slurries are mostly
converted to transparent, highly viscous dispersions with nanofibrils of 3-4
nm in width and a few microns in length.44 Afterwards, they have developed
the oxidation pre-treatment procedures that work at neutral or slightly acidic
conditions, utilizing TEMPO/NaClO/NaClO- system.5° Thus, the undesirable

9
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side reactions such as depolymerization and discoloration, taking place under
alkaline conditions, are avoided.? Consequently, aldehyde-free nanofibrils
with uniform fibril distribution can be achieved, almost completely
maintaining of the original DP.5° The TEMPO oxidation pre-treatments are
typically followed by mechanical treatment with a double-cylinder type
homogenizer or sonication. The reported energy consumption for TEMPO
mediated fibrillation process is ~ 7 MJ/kg i.e. ~ 2000 kWh/tonne.45 This

brings great potential in saving energy over the traditional processes.

Enzymatic pre-treatment

To weaken the fiber cell walls in the MFC fibrillation process, also enzymes
can be utilized. Endocluganases, which are able to attack only in the
amorphous, disordered regions, have been frequently applied.4o 41 48 51
Typically, enzymatic pre-treatment combines a refining step prior the enzyme
treatment as it swells the fiber walls, enabling the enzymes to penetrate into
them, and potentially also to create damaged zones in the crystalline regions.
This increases the number of possible attack points for the enzymes. It should
be recalled that endoglucanases, used also in the present study, do not
significantly degrade the DP of the cellulose, which in turn has an important
impact on the mechanical properties of the end materials.4* Henriksson et al.
showed, that DP of dissolving sulfite pulp decrease from 1200 to only 910 due
to the enzymatic treatment with enzyme concentration of 0.02 %.4
Enzymatic pre-treatment is typically followed by homogenization, which
liberates the cellulose nanofibrils from the fiber wall fragments. This is
showed to lower DP and consequently has an effect on the mechanical
properties.4 51 Henriksson et al. reported further the decrease in DP value
from 910 to 740 as a consequence of the 12 passes through homogenizer.4
The enzyme dosage should be low not only from the material property point
of view, but also due to processing, as too high dosage cause severe clogging
during homogenization.4> According to calculations, the energy consumption
for enzymatically hydrolyzed and homogenized cellulose nanofibrils is ~ 2300
kWh/tonne, including two refining steps and 8 passes (3 passes through the
large chambers and 5 passes through the small chambers).4> As the energy
consumption was 27,000 kWh/tonne without pre-treatments, the reduction
achieved is 91%.42 However, it was later found that one cycle through the
homogenizer was sufficient, and recent results have indicated that the energy

consumption can be lowered further to be ~ 1800 kWh/tonne.4>

10
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Figure 2.4. Enzymatically and mechanically prepared 2% (w/w) aqueous gel
of NFC (Innventia AB, Sweden)

Carboxymethylation

Another chemical pre-treatment for producing cellulose nanofibrils is
carboxymethylation.4¢ The goal is similar to TEMPO oxidation: introduce
anionic charges on the fibril surface to increase the electrostatic repulsion
between the fibrils, and thus facilitate the fibrillation. Wagberg et al. reported
carboxylate content of ~ 0.5 mmol/g to isolate individual fibrils of 5 - 15 nm
in width.46 The procedure involves the solvent exchange from water to
ethanol, impregnation of monochloroacetic acid by adding of NaOH in the
mixture of methanol and isopropanol.4® After carboxymethylation, the fibers
are filtered and washed. Finally, the fibers are homogenized using a high-
pressure fluidizer to liberate the fibrils.46

The main drawback of the above described method is the use of organic
solvents, whereas for environmental reasons water-based processes are
preferred.+> Despite that the carboxymethylation is a commercial process, it
can be considered fairly complex because several solvents must be handled.42
However, Ankerfors made energy consumption calculations also for
carboxymethylation process.4> As only one pass through the homogenizer is
needed, the mechanical energy consumption is thereby ~ 2200 kWh/tonne
for 2 % w/w suspension.4> Furthermore, the recent developments indicate
that if carboxymethylation is used, NFC can be produced at higher
concentration of ~ 8 % w/w, which gives a mechanical energy consumption
only of 555 kWh/tonne (a 98% reduction).42 This estimate is, though,
preliminary and not yet takes all factors, such as the pump efficiency and pre-
heating into account. According to developers, the energy consumption
calculations could be further improved e.g. by considering the flow profiles,

friction losses and viscosity changes in the suspension.42

11
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The pre-treatment assisted MFC production is still under development.
Despite the achievements to lower the energy consumption, the overall
production costs are still rather high. The shipping and storage of a cellulose
product with 2-8 % solid content is uneconomical. New approaches need to
be considered, and novel value-added products to be developed to ensure the

commercial success of nanofibrillated cellulose.

Bacterial cellulose

Bacterial cellulose networks differ significantly from NFC networks in that
they consist of fully jointed fibril network of pure native cellulose, formed
during cultivation. Under special culturing conditions the bacteria secrete a
thick gel, called pellicle, that is composed of nanoscale cellulose microfibrils
and 97% water.5> 53 The most studied species of bacteria that produces
cellulose is generally called Gluconacetobacter xylinus (reclassified from

Acetobacter xylinum).

2.2  Structural, Rheological and Mechanical Properties of
Cellulose Nanofibrils

The characteristics such as morphology, DP, dimensions (length and width),
surface charge, rheological behavior and mechanical properties of
nanocelluloses are greatly influenced not only by the processing method but
also by the source of cellulose.> 4 ¢ As there are a wide range of sources such
as, wood pulp and plant fibers e.g. cotton, ramie, sisal, flax, sugar beet pulp,
as well as tunicate, algae and bacteria, there are also numerous different
nanocellulose materials with different properties.? Indeed, fibers show e.g.
different initial fiber lengths and amounts of residual lignin and
hemicellulose. The bacterial cellulose pellicle, on the other hand, consists of
network of pure cellulose with extremely fine and interconnected, continuous
and dimensionally uniform ribbon- like elements.52 Therefore, a careful
attention for the source and the processes is needed for comparison of the
properties of the nanocelluloses.

The most typical sources for nanocellulose, MCC, wood pulp and BC as well
as the different type of nanocelluloses, made via acid hydrolysis, TEMPO-
oxidation, mechanical homogenization and carboxymethylation, are
presented in Fig. 2.5. Even if CNCs are excluded in this thesis, it is important
to show the morphological and dimensional differences between CNC and
NFC/MFC as they further influence on e.g. rheological and mechanical
properties. The dimensional and morphological characteristics of cellulose
nanofibrils are generally investigated by electron microscopy, such scanning

electron microscopy (SEM) and transmission electron microscopy (TEM).
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While direct mechanical disintegration of wood pulp fibers typically produces
aggregated fibrils with 20-100 nm in width, additional chemical and
enzymatical pre-treatments result in fibrils with a width of ~ 5 nm and their
aggregates of ~ 10 - 30 and nm as characterized by TEM and SEM.37 40 44 The
cross-section of bacterial cellulose ribbon fibril is ~ 6-20 nm in width.5> The
evaluation of the fibril length by microscopy is qualitative as the long fibrils
are entangled and consist of junction points and kinks. On the other hand, the
use of TEM or atomic force microscopy (AFM) for analyzing the dimensions
of CNC is straightforward due to the rod-like character.” 26 However, fibrils
can be several micrometer in length, and show generally higher aspect ratio
than typical CNCs.4 45

Figure 2.5. A) MCC from cotton2 B) CNC via acid hydrolysis from woodz, C)
TWs2 D) BC54, E) wood pulp2, F) mechanically homogenized
MFC from sugar beet pulp5s G) TEMPO-oxidized NFC from wood
pulp#4, H) carboxymethylated NFC from wood pulp.4¢ Image is
adapted and reproduced from Moon et al. Chem Soc Rev. 2011
with the permission of RSC.
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Nanocelluloses are typically produced to water dispersions in which they tend
to aggregate and/or percolate to form networks depending on the surface
charges® and concentration6-59. Rheology is a practical tool to investigate the
aqueous suspension properties such as viscosity, elasticity, flow and
alignment.®® For instance, the storage modulus, G’, and loss modulus, G”
express whether the system is an elastic gel or a viscous dispersion when
measured as a function of the oscillation frequency . In addition, G’ and G”
also determine the rigidity of the gel. The early rheology studies of CNC and
nanofibrils focused on shear viscosity. The flow and aligning behaviour of the
crystals were investigated due to their liquid cristallinity,%- 2 while shear
thinning of MFC was important in both processability and applicability.3% 3257
Shear viscosity experiments have confirmed the pseudoplastic behavior of
nanocellulose suspensions. Indeed, CNC and fibrils showed a large decrease
in viscosity with increasing shear rate, i.e. shear thinning.5% 58, 61-66 In addition
to shear thinning, Bercea et al. demonstrated further the flow orientation for

tunicate nanowhiskers at large concentration range, as presented in Fig.2.6. 61
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Figure 2.6. Shear thinning, i.e. decrease in viscosity with increasing shear
rate, of CNC with different concentrations.®* With permission
from Langmuir © 2007 American Chemical Society.

Interestingly, Araki et al. showed that HCI treated CNCs form loose bulky
aggregates, and show more complicated viscosity behaviour due to
flocculation, induced by the lack of electrostatic repulsion.’¢ On the other
hand, H-SO4-treated suspension showed only a weak shear-rate dependence
in viscosity, due to the possible flow induced orientation of the more charged
rod-like particles.5® H.SO, treated CNCs with high surface charge showed
also lower initial shear viscosity of 10-3 Pa, while that of HCI treated CNCs
was 102 Pa. As both CNCs show similar length (<200 nm) and morphology,
the differences in the initial viscosities at the same concentrations result from
different distribution of the crystals in the suspension.’¢ Accordingly, HCI
treated CNCs form to loose flocs, which give rise to higher initial viscosity,

while H.SO, treated short crystals are dispersed and stabilized via
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electrostatic repulsion suppressing the tendency for percolation, resulting in
low initial viscosity.

The more recent rheology studies of cellulose nanofibrils concentrate more
on moduli, i.e. elasticity/rigidity of the network. This is obvious as the high
aspect ratio fibrils are entangled and form networks even with very low
concentrations compared to CNCs. However, already the early rheology
results suggested the applicability of fibrils and crystals as general thickeners
in food, cosmetic, pharmaceutical and industrial products. 31:32:56

The background for mechanical properties of the cellulose nanofibrils is
briefly discussed next. A Young’s modulus of a single native cellulose
nanofibril has been estimated using two methods. An atomic force
microscopy tip bending method yielded a value of 78 + 17 GPa for BC,%7 while
114 GPa was suggested based on Raman spectroscopy.®® The latter value is
closer to a generally accepted value of 138 GPa for the crystal modulus of
cellulose I, as suggested using an X-ray diffraction method.®® Note that,
highly crystalline plant derived CNCs and tunicate cellulose nanowhiskers, on
the other hand, showed Young’s modulus from 50 to 143 GPa when Raman
spectroscopy was applied,”> 7 and 145-150 GPa when AFM bending tests
were utilized.”

Turning now to the Young’s modulus of the fibrils in the networks. The
effective moduli of single fibrils within NFC and BC networks are much lower
than the generally accepted experimental value for the crystal modulus of
cellulose I crystal structure, 138 GPa.®® The moduli of cellulose nanofibril
networks have been reported to be about 15 GPa, due to the lack of the
alignment and reduced crystallinity.% 73 Aulin et al. used dynamic mechanical
analysis (DMA) and model to predict the amorphous modulus of cellulose
was utilized, values of 30 GPa for carboxymethylated NFC films have been
reported.” Humidity scans in DMA showed how the modulus of a NFC film
decreased from 30 to 19 GPa with increasing RH from 5 to 90%. Water in the
amorphous regions is suggested to act as a plasticizer, reducing the
intermolecular interactions between the NFC fibrils, and thus also the
stiffness of the material.7# Also the elastic component plays important role,
as the mechanical behaviour of the films, is determined by the overall degree
of crystallinity of the fibrils.74

Very recently, Tanpichai et al. applied Raman spectroscopy to study the
Young’s modulus of fibrous networks of BC and NFC.73 They showed that
Raman spectroscopy is a valuable tool as it records molecular deformation of
both crystalline and amorphous regions that lie in the NFC material.”3 Thus,
it enables some averaging of the stiffness recorded and results in a reduced
value.”3 The Young’s moduli of the BC networks ranged from 79 to 88 GPa,
and that of enzymatically pre-treated and the carboxymethylated NFC fibril

networks from 29 to 36 GPa.” The difference in the moduli between BC and
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NFC is most likely due to the lower degree of crystallinity of NFC.73 When the
crystallinity is also taken into account, the moduli for enzymatically pre-
treated and carboxymethylated randomly orientated NFC fibrils in the film
are around 30 GPa.73 74 It is worth to mention, that although NFC fibrils
themselves may have low modulus , the high bonding of the nanoscale
entangled fibrils can contribute appreciably to the strength and modulus of
the whole network. The effect of the fiber-fiber bonding on the overall
strength of paper was early suggested by Page.”s The contribution of bonding
depends on the relative bonded area and efficiency of the interfacial fiber-
fiber area to transfer load.”> Thus, the overall load transfer efficiency of paper
depends not only the inherent fiber strength, but also the number of fiber-
fiber bonding and the nature of those interactions.’s Accordingly, the very
high fibril-fibril bonding in NFC network may contribute substantially to the
overall modulus of the nanofibril networks in the film. Furthermore, the
control of the fibril orientation in the network plays a role in mechanical
properties. In the end, the potential applications for the mechanically high-
performance nanofibrils are e.g. various nanocomposites® 7 76 flexible
electronics devices”’, wet-extruded multifunctional fibers7®: 79 and biomimetic

materials8o: 8
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3. Aerogels

Aerogels have been pursued extensively towards highly porous and
lightweight solid materials ever since introduced by Kistler in the 1930’s.82 An
aerogel is a porous nanostructure containing ~ 90—99% air by its volume.83
Aerogels are typically prepared from solvent swollen gels, i.e. percolative
networks within a solvent medium. It is essential to avoid the collapse and
shrinkage of the network upon solvent removal, as illustrated in Fig. 3.1.
Drying process removes the liquid and leaves behind a network structure.
This kind of delicate structure is responsible for the lowest known density,
refraction index, thermal, electrical, and acoustical conductivities of any solid
material.83 As their porosities, densities and specific surface areas vary greatly
depending on starting material, they have a variety of applications, such as
thermal and acoustic insulation, catalysis, and templation. Most applications
deal with inorganic silica aerogels,83 but various types of organic aerogels84-87
have also been reported, including carbon nanotube aerogels88: 8 and

cellulose derivative aerogels that can also be pyrolyzed into carbon aerogels9°-
93

solvent swollen gels

solvent phase

- freeze-drying
- supercritical CO, drying

AEROGELS

«—— airorgas —)p

nanoparticle-based nanofiber-based

Figure 3.1. Schemes for aerogel process from wet gels to aerogels. For
instance, silica aerogels and regenerated cellulose aerogels pearl-
necklace morphology (left) while native nanocellulose aerogel
show fibrous morphology (right).
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Classically, the term “aerogels” was used to designate gels dried under
supercritical conditions.83 Supercritical drying prevents the formation a
liquid-vapor meniscus during the drying. The meniscus is formed as a
capillary pressure gradient is built in the pore walls due to the surface tension
of the liquid. The formation of the menisci would lead to collapse most of the
pore volume. However, from a practical point of view, supercritical drying is
laborious and expensive.

As an alternative, freeze-drying94-9¢ where the solvent in the wet gel is first
frozen and then sublimated without entering the liquid state has been used.
Therefore, the formation of a liquid-vapor meniscus is prevented or at least
diminished. The surface area and mesopore volume of the freeze-dried
aerogels tend to be slightly smaller than in supercritically dried aerogels. The
gel network structure may eventually be affected by the nucleation and
growth of solvent crystals, which tend to generate very large pores.83 Indeed,
ice crystals nucleate in the water or in other solvent, and grow in the same
direction as the temperature gradient.9” Consequently, solid material is
entrapped between ice crystals. Homogeneous and unidirectional freeze
casting, followed by the homogenous growth of ice crystals, results in ordered
porous foam with unidirectional channel structures such as lamellar or
cellular (honeycomb) structures.97-99 Thus, by controlling and changing the
location of the nucleation and the freezing temperature (rate), it is possible to
control and tune the microstructure of the aerogels and foams.9”

Despite all the advantages and delicate properties stated before, aerogels
generally suffer from their brittleness. To overcome this problem and widen
further their scope of applications, native cellulose has recently proven to be
particularly useful source for aerogels and foams. Due to the biocompatibility
and biodegradability, cellulose based aerogels open doors to application fields

such as medical, cosmetic and pharmaceutical applications.

3.1 Cellulosic Aerogels

This chapter gives a brief review on the state of art of cellulosic aerogels, in
which either cellulose derivatives9: 100-103 or dissolved and regenerated
celluloses'©4122 are applied. As the Publication II'?3 was the first report on
native nanocellulose aerogels, they will be introduced in chapter 5 (Results
and Discussion). By contrast to native cellulose nanofibrils utilized in the
present work, cellulosic aerogels exhibit cellulose II crystal structure, and
preparation procedure involves several steps including dissolving, possible
cross-linking, regeneration and typically supercritical drying. The cellulosic
aerogels are greatly influenced by the source, solvent, regeneration bath,

temperature, and drying method. Hence, the properties such as morphology,
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porosity, surface area and mechanical properties may differ significantly even
if the density of the aerogel would be the same. In most cellulosic aerogels,
supercritical drying is required. Tan et al. demonstrated 2001 the first
chemically cross-linked cellulose acetate butyrate derivatized aerogels
showing very high surface areas up to 389 m2 g.1°° Fisher et al. investigated
the influence of cross-linker content and cellulose DP and concentration, on
formation of cellulose acetate aerogels reaching surface area of 250 m2 g.101
Such high values can be explained by the morphologies and processing. The
aerogels based on cellulose derivatives typically consist of cross-linked
colloidal particles, which form pearl-necklace structures as seen in Fig. 3.1.
However, the pearl-necklace structure of densely cross-linked colloidal
particles causes also a large shrinkage, which in turn lowers the porosity to
41-82%.11 Not surprisingly, such aerogels typically suffer from a fairly high
density of 0.15—0.85 g cm3. Thereafter, cellulose derivative aerogels have
been investigated to load silver nanoparticles in a controlled manner,°2 for
energy applications9, as well as for cell scaffolding and bone crafting'°3 and
an adsorbent for the selective capture of carbon dioxide from air'24.

A more fibrous aerogel structure can be obtained when MCC is dissolved
followed by regeneration and drying.’°4 Jin et al. reported highly porous
cellulosic aerogels, which show order of magnitude lower density compared
with cellulose derivative aerogels by dissolving cellulose in calcium
thiocyanate solution followed by regeneration and freeze-drying.1°4 The
effects of the density and freeze-drying rate for 1 mm thick cellulose II
aerogels were investigated, and the increase in the surface area from 70 to
120 m? g by increasing the density from 0.5 to 3 %w/w was shown. It was
further demonstrated that, the lower the density, the bigger the pores were,
and fibrils were pushed into film-like structures lowering the resulting
surface area. If the density of the fibrils was increased, the growth of ice
crystals was hindered and fibril aggregation was reduced, and thus resulting
in finer fibrous structure and higher surface area.’*4 To achieve higher surface
areas, they use solvent exchange to tert-butanol prior the drying. Thereby,
specific surface areas increased to 160—190 m? g, depending on the density.
Interestingly, Hoepfner et al. applied later the same dissolution route to show
the effect of supercritical drying on the structure. By supercritical drying, the
density of the aerogel was able to decrease down to 0.01 g cm™3, and surface
areas increased up to 250 m2 g.105

On the other hand, Innerlohinger et al.’°® and Liebner et al.1°7: 11 performed
comprehensive investigations regarding cellulosic aerogels utilizing NMMO
as solvent and supercritical drying. As an alternative to NMMO, Gavillon and
Budtova introduced cold aqueous NaOH for the dissolution, and produced
similar types of aerogels by supercritical drying.’®9 The combinations of

NaOH and urea or LiOH and urea as solvent was tested by Cai et al., where
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cellulose fibrils were regenerated from aqueous acid or methanol or
ethanol.’! Thereby, fibrous aerogels from cotton pulp with astonishingly high
surface areas up to 485 m2 g' were achieved by applying freeze or
supercritical drying.!* Note that the above-described cellulose II aerogel
developments were under investigation at the same time as the first native
nanocellulose aerogel development work presented in this thesis. Later, it was
shown that the high surface area cellulosic aerogels can act as support
medium for silver, gold, and platinum nanoparticles.”'?> The nanoparticles
dispersed and stabilized well due to the nanocellulosic network, and the yield
and the size of the metal nanoparticles could be controlled through
concentration, temperature, and the duration of reaction.’’? Very recently,
also various aerogels utilizing LiCl/DMSO solvent path'3 and cellulosic-silica
nanocomposite aerogels by in-situ formation of silica in the cellulosic gel
were shown.4 Similar NaOH/urea and LiOH/urea solution systems and
freeze-drying were utilized for graphene-oxide modified cellulosic aerogels's
and magnetic cellulosic composite aerogelste.

Ionic liquids (ILs) have also attracted much interest recently as alternative
benign solvents for cellulose,®5 also enabling aerogel production.!7-122
Cellulosic aerogels made from MCC dissolved in IL result in more globular
morphology,9 while wood based aerogels show more fibrous morphology.
On the other hand, morphology also depends on the regeneration conditions,
and direct conclusions are difficult to make. However, Li et al. showed that if
wood flour is used as a source, aerogels cannot be prepared without a prior
freeze-thaw process even when supercritical drying was utilized, but they
collapsed.’?° Granstrom et al. showed IL route for porous cellulosic aerogels
with dual length scale structures to achieve high water repellence based on
stearoyl esters.2!

While aerogels based on cellulose derivatives involve crosslinking, aerogels
made from regenerated cellulose are typically based on the hydrogen bonds
as physical crosslinks. Unfortunately, such aerogels generally suffer from
brittleness. Depending on the source, solvent and concentration, elastic
moduli are in a range of 0.6 - 85 MPa.!10:115, 116, 119 For instance, supercritically
dried sulphite pulp based aerogel with a density of 0.06 g cm3 (3% in NMMO
solution) showed a modulus of 9 MPa.'° If cotton fibers where used, higher
concentration of 5 and 10 % was required for gelation in LiOH/urea®, and
NaOH/urea's solutions. Accordingly, the resulted higher density of 0.2 g cm3
leads higher moduli of 85 MPa and 35 MPa, respectively. There seems to be a
contradiction, however, as the 5% solution results higher moduli than 10%
solution and it is well know that the modulus correlate with density. On the
other hand, the density and the morphology of the 10 % aerogel based on
NaOH/urea solvent system were not reported.
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The development of the cellulosic aerogels is still in progress. So far the
focus has been in the process and source related issues and demonstrating
the morphological variety arising from different solvents and regeneration,
while practical applications have still played a minor role. The cellulosic
aerogels show typically very high surface areas and uniform pore structure,

and thus are interesting candidate for a sustainable substrate and template.

21



22

Aerogels



4. Responsive Materials

One of the main advantages in applying cellulose nanofibrils is the great
number of reactive hydroxyl groups on the surface that can be functionalized.
On the other hand, in many applications the functionalization is, in fact
required, because the numerous hydroxyl groups give arise to also unwanted
phenomena like aggregation of the fibrils and high excessive hygroscopicity.
Generally, surface functionalization can be categorized into three groups:
First, functionalization via synthesis i.e. modification of the fibril surface as a
facilitating their extraction. Carboxymethylation, TEMPO-oxidation, and
sulphuric acid degradation for CNC are included in this group. The main
purpose is to introduce negative or positive charges on the surface of the
fibrils to obtain better dispersion and/or to help in the delamination of the
fibers. The second is adsorption of surfactants or polyelectrolytes for better
dispersibility, dry and wet strength, as well as antistatic purposes. Third,
chemical modification via covalent attachments of molecules or polymers
utilizing e.g. esterification (acetylation), silylation, or “grafting-onto” and
“grafting-from” methods. Thereby, properties such as mechanical, thermal,
optical as well as humidity and gas barrier properties, of the fibrils can be
enhanced and controlled.>4 ¢ Functionalization also serves as a valuable tool
to tailor the self-assembly of the nanocellulose.® 126, 127

The functionalized NFC and CNC films with e.g. tuned thermal, optical and
barrier properties as well as the nanocellulose based composite films have
been reviewed e.g. by Lin et al.’, Eichhorn et al.» 7, Lavoinne et al.4, Moon et
al.2, and by Sir6 et al.® and will not be discussed further in this thesis. On the
other hand, nanocellulose aerogels own various properties that can be
benefited upon functionalization in versatile applications. Some practical
functionalities such as conductivity, absorption, hydrophobicity, and
photocatalytic activity combined with nanocellulose architecture will be

discussed next in more detail.
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41 Conductive Nanocellulose Materials

Conducting polymer composites with cellulose have received growing interest
in recent years for applications such as batteries, sensors, antistatic coating,
corrosion protection, and electrical devices to be employed in several fields
including biology, medicine, agriculture, etc.28 Cellulose nanofibrils can serve
a dual purpose in the conducting polymer composites by mechanically
reinforcing the brittle conductive polymers and providing a continuous 3D
scaffold beneficial for conductivity.29

Among conducting polymers, polyaniline (PANI) is one of the most
promising material because of its facile synthesis, good environmental
stability, simple doping/dedoping chemistry, and controllable electrical
conductivity. PANI is also one of the few conjugated polymers that is
commercially available and therefore relevant for applications e.g. to enable
electrical conducting coatings and composites.’3° The undoped emeraldine
base form of PANI consists of benzene diamine and quinode diimine
moieties. The latter ones can be doped with sufficiently strong acids to
achieve a conducting emeraldine salt.’3 131 Due to the rigidity, stacking, and
mutual hydrogen bonds, emeraldine salts are generally not soluble in
common solvents, unless the dopant acids are functionalized to incorporate
spacers or surface active groups to limit mutual aggregation and to improve
solubility.3* The dopants, which can be also called counter-ions, may also
modify the polymer or the polymer solution in other ways beyond the change
in conductivity. These kinds of counter-ions are frequently called functional
dopants. The effect of functionalised solubilising dopants is based on acid
with e.g. a long alkyl tail that is compatible with nonpolar solvents, thus
making the whole complex soluble in them. One of the first examples of

functional dopants was dodecylbenzenesulfonic acid (DBSA) (see Fig. 4.1.).13%
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Figure 4.1. The structure of PANI(DBSA)1.0. Here branched, soft type
DBSA is presented.
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Even if the polyaniline chemistry is beyond the topic of this thesis, it is worth
to mention, that the discovery of dopant-induced processability was an
important step in conducting polymer, including polyaniline, research.
Heeger, MacDiarmid, and Shirakawa were awarded a Nobel Prize in
Chemistry in 2000 for the discovery and development of conductive
polymers. Doping can increase the conductivity of conjugated polymers to
high levels up to 1-104 S cm™ range.

In a context of nanocelluloses, the state of art of the conducting
nanocellulose composites based on BC, nanowhiskers and NFC, are briefly
reviewed next. Yoon et al. demonstrated the first conducting nanocellulose
films based on incorporation of multiwalled carbon nanotubes (MWCNT)
into bacterial cellulose pellicles.33 The electrical conductivity of the films
ranged from 2.0x 102 to 1.4x10' S cm™ with concentration of MWCNTs from
3.2 10 9.6 % w/w, which in turn depend on the immersion time and the initial
concentration of MWCNTs in the dispersion.'33

van den Berg et al. applied another type of nanocellulose, negatively
charged tunicate whiskers, and adsorbed positively charged PANI doped with
camphorsulphonic acid (CSA) in formic acid onto them.’34 They
demonstrated PANI-CSA/SO4-TW nanocomposites with good film-forming
ability and high stiffness. Along with the Young’s modulus, the electrical
conductivity was increased with the nanowhisker content from 1.3 x 102 S
cm™ (at a whisker content of 66.7% w/w) to reach a maximum of 5 x 102S cm-
! between 98 and 99.4% w/w of the nanowhiskers.34 The percolation was
observed at 0.6% w/w of PANI-CSA, suggesting that PANI-CSA was not
homogeneously adsorbed by the individual nanowhiskers in a molecular
scale.’34 They also showed a feasible combination of electrical conductivity
and high mechanical properties.’34 These observations suggest that the
PANI-CSA contributes the mechanical percolation within the nanowhisker
network and, vice versa, nanowhiskers positively influence the electrical
percolation of the PANI-CSA component.134

The contribution of percolative template comprising of nanocellulose fibrils
was also utilized in Publication II, where we demonstrated the first highly
porous conducting cellulose aerogels.?3 In contrast to previous studies, we
generated the conductivity by post-functionalizing the aerogels by simply
dipping the aerogels into PANI(DBSA)1.1-toluene solution. Despite the high
porosity, similar conductivity levels were achieved. The results are introduced
in detail in Chapter 5.2.

The subsequent investigations related to nanocellulose-based conducting
materials contrast greatly the few previously reported. Instead of simple
adsorption, they involve “in situ” polymerization process of pyrrole (Py) or

aniline in the presence of cellulose nanofibrils. For instance, in situ
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polymerization of Py on the surface of NFC results in individually PPy coated
conducting cellulose nanofibrils.’29 Nystrom et al. reported NFC/PPy
composites process which is completely water-based and involves no time-
consuming solvent-exchange and drying steps to maintain the large surface
area of NFC upon water removal.?9 Such composites have surface areas of
~90 m2 g and conductivities of 1.5 S cm™. Similar conductivity was achieved
when bacterial cellulose was applied with PPy.135 Thus, these composites can
be applied in ion exchange membranes and novel energy storage devices.'29

Bacterial cellulose polyaniline (BC/PANI) composites showed also similar
electrical conductivity of 0.9 S cm-. Miiller et al. prepared the composites
through in situ oxidative chemical polymerization of aniline using HCl as
dopant and FeCl3-6H-O as an oxidant.3® On the other hand, the PANI
content was high, almost 40% w/w. At the same time, conducting composite
membranes of BC/PANI doped with dodecylbenzenesulfonic acid,
PANI(DBSA), shows low conductivities, even if the PANI content ranged from
30-50% w/w.37 Very recently, Hu et al. showed very high electrical
conductivity of 5.1 S cm™ with well-controlled composite morphologies for
BC/PANI nanocomposites.!28

Interestingly and more related to the present work, Carlsson et al.
demonstrated the polymerization route for conductive NFC aerogels.’38 The
conductive composites were prepared by chemically polymerizing pyrrole
onto TEMPO-oxidized cellulose nanofibrils dispersed in water, and the
various nanostructures were obtained employing different drying methods.38
Supercritical CO. drying was shown to generate highly porous aerogel
composites with very high surface area of 246 m? g*. The all aerogel types
showed similar specific charge capacities ranging between 212 and 226 C g
irrespective of porosity.'3® The average PPy content in the composite aerogels
was as high as ~ 70%. The significantly higher conducting polymer mass
fractions in these composites enable electric conductivity enhancement and
thus improved electrochemical utilization.'3® The good mechanical properties
of these composites are dominated by the NFC network, as chemically
polymerized PPy usually forms a powder and cannot bear any load.:38
Recently, the nanoarchitecture-dependent electrical conductivity changes
during redox state switching was shown in layer-by-layer deposited
polyaniline—nanocellulose composite films.!3% Thereby, percolation speed can
be tuned based on the cellulose nanofibril architecture. Also, cellulose
nanowhiskers template reduces electrical percolation threshold 5-fold in

conductive polymer nanocomposites.4°
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4.2 TiO, as Photo-Responsive Material

4.2.1  Photo-Response and Multiple Length Scales in Wettability

Titanium dioxide, TiO., is inexpensive, stable, nontoxic and biocompatible
semiconductor. Ever since the discovery of photo-induced water splitting on
TiO: electrodes by Fujishima and Honda,'4' there has been extensive research
on potential applications of photocatalysis of the semiconductors in following
fields: (i) photolysis of water to yield hydrogen fuel; (ii) photo-oxidative
decomposition of organic pollutants; (iii) artificial photosynthesis; (iv) photo-
induced superhydrophilicity; (v) photoelectrochemical conversion etc.142 143
Interestingly, TiO= shows both hydrophilic and lipo/oleophilic characters.'44
145 As the hydrophilicity can be changed by UV-light, TiO- is a prototypic
source for dynamically responsive materials. Such materials respond to
external stimuli, such as light, temperature, solvents, electrical potential, pH,
etc., and change their surface conformation and/or morphology, which
results in the change of surface properties, such as wetting.9 Light is one of
the most important external stimuli used for switching the wettability, and
TiO», in turn, the most studied material among the photosensitive
semiconductors.3 Fujishima’s group discovered also the photo-induced
superhydrophilicity. A flat TiO- surface can undergo an aqueous wetting
transition from a contact angle (CA) of 72° to 0° upon UV illumination.'44 The
original contact angle is recovered upon storage the sample in the dark.144 145
The mechanism for the photoinduced hydrophilicity was first proposed by
Wang et al. the time of the discovery.43 They suggest that UV-illumination
generate the reduction of TiO. itself, resulting in Ti3* ions, as oxygen atom
ejects from the lattice. These defects, called thereby oxygen vacancies or Ti3*
sites, are created at the surface and are known to generate water dissociation,
which would further produce hydroxyl groups on the surface, and thus
increase the surface hydrophilicity.44 145 146 However, subsequent studies
brought new insight into the origin and the mechanism of photoinduced
hydrophilicity of TiO..14> In a secondly proposed model, UV-induced
hydrophilicity is claimed to cause by major reconstruction of the surface —-OH
groups with presence of H.O and UV-light, leading to an increased surface
coverage of Ti-OH groups.’4” The third model simply suggests that
superhydrophilicity is an inherent property of clean TiO. surface, which is
revealed upon removal of hydrophobic hydrocarbon contaminants by photo-
oxidation during the UV-illumination.142

Despite the ongoing debate on the actual mechanism and understanding of
photoinduced hydrophilicity phenomenon, numerous commercial products

are available based on this property, including windows and mirrors that are
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self-cleaning and anti-fogging. Furthermore, with the development of
techniques in fabricating hierarchically rough TiO. surfaces with combined
microscale and nanoscale structures, UV switchable wetting even from CA >

150° to 0° have been reported (see example in Fig. 4.2.).9- 148,149

UV switchable wetting

uv
—

< . Y
Dark

Figure 4.2. Water droplet on a rough TiO.-coated surface exhibits contact
angle of 140°. After UV illumination the CA is 0°. The surface
shows reversible transition from hydrophilic state to
hydrophobic upon storage in dark.

Generally, the increased surface roughness increases the surface area, and in
combination with hierarchy and low energy coating, it can lead to even
superhydrophobic surface with CA > 150°, as presented in Fig. 4.3. If a
droplet is located on a rough superhydrophobic surface, where the
solid/liquid interface follows the texture solid surface, droplet is at the
Wenzel state.’5° On the other hand, if air can remain trapped underneath the
droplet and droplet sits partially on air, droplet is at the Cassie state.!5°
Lafuma and Quéré showed that even if the both states lead to very high CAs,
they are very different from their adhesive properties: Wenzel droplets are
pinned and shows adhesion, while Cassie droplets show reduced contact
angle hysteresis and are able to roll off, typical to nonwetting Lotus leaves.!5%
151 Note, the definition of the superhydrophobicity is under constant debate:
one claims, that surface is superhydrophobic only if it is non-wetting i.e. low
contact angle hysteresis at Cassie state; the other defines also the Wenzel
state superhyrdophobic only based on the high CA > 150°.152

Effect of surface roughnes on wetting

flat nanostructure microstructure hierarchical structure

Figure 4.3. The largest wetted contact area between the droplet and the
surface is given in flat and microstructured surfaces, but is
reduced in nanostructured surfaces and is minimized in
hierarchical structured surfaces. Adapted and reproduced from
Soft Matter 2009, 5, p. 1387 with the permission of RSC .15
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Recently, Bittoun and Marmur elaborated the role of multiple scale
hierarchical roughness, and its strong dependency on the basic geometry in
nonwettable surfaces.’s3 The sinusoidal topography, similar to lotus leaf
protrusions, generates the lowest wetted area among the several investigated
geometries and lead to the highest CA.153 The wetted area plays important
role as it strongly effects on the adhesion of the drop to the solid surface and
thus the further application.

In contrast to nonwetting surfaces, also superhydrophobic surfaces with
high adhesion have been realized e.g. in aligned polystyrene nanotube films'54
and petal of the rose!s5. Such pinning of droplets has also been reported for
paper surfaces.'5 The mechanism for high-adhesive pinning of the droplets is
not clear. However, it is suggested that the capillary force between the micro-
orifices/grooves and/or pores and water droplet, as well as the van der Waal’s
force between the surface and water, give rise to strong adhesion.’s” Another
hypothesis is that adhesion is caused by the negative pressure induced by the
volume change of the sealed air in the air pockets.’5® The common feature for
high-adhesive superhydrophobic surfaces is the presence of such structures
and pores that are able to trap air that is isolated from the atmosphere. It is
important to note, that two kinds of trapped air is suggested to exist; air
pockets in the open state (continuous with the atmosphere) leading to
nonwettable surface, as well as sealed pockets of trapper air leading
adhesion.’s® In addition to influence of multiple scales, geometry and air
pockets, also height of the rough features as well as the droplet size play role
in wetting phenomena of a rough surface.

Ever since Barthlott and Neinhuis suggested that “Lotus-effect”5% can be
transferred to artificial surfaces, researchers have been motivated mimicking
also other biological structures in nature having specific wetting properties,
such as water striders. The unique hierarchical micro- and nanostructures in
the leg play important role in ability of water strider to walk on the water:
they enhance the hydrophobicity of waxy surface, and enable air to trap in the
hierarchical structures to form a cushion at the leg—water interface, thus
preventing the legs from being wetted. Therefore, the hierarchical microsetae
and nanogrooves in the leg are responsible for the water resistance and the
strong supporting force.6°

The need for hierarchical roughness was also realized in the previous
(super)hydrophobization studies of cellulose, in which macroscopic cellulose
fibers, such as in filter paper, provided the large microscale roughness, but it
was necessary to generate a suitable hierarchy by additional means, e.g., by
fluorinating nanostructures,® 162 nanoscale silicone,'3 metal oxide—silane
nanocoatings,4 gold nanoparticles,'%5 or by etching the fibers.’s¢ On the

other hand, in the native nanocellulose aerogels additional roughening is not
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needed as they exhibit inherent hierarchical porosity and roughness due to
the nanoscale fibrils and the aggregated sheets capable of some air trapping,

as will be shown in chapter 5.3 and 5.4.

4.2.2  Photocatalytic Decomposition

In addition to photoinduced wetting, TiO- photocatalysis has received much
attention also for degradation of environmentally harmful compounds.143
Whereas the photo-induced hydrophilicity is caused by a topmost surface
structural change, conventional photocatalytic oxidation activity depends on
total amount of generated electron-hole pairs.146 The higher the amount of
photoinduced holes and electrons, the faster the decomposition, as more 02"
species and +OH radicals are induced to participate in degradation.
Photocatalytic activity of TiO- coatings depend strongly on the phase, the
crystallite size and the porosity of the coatings.®® Furthermore, studies to
control the morphology of TiO. are abundant, since both, the structural
properties and the accessible surface area play a significant role in the
efficiency of TiO: in many of its applications. For instance, macroscopic
cellulose fibers within wood tissue and filter papers have been utilized as
templates for organic—inorganic hybrids or for purely inorganic replicates of
TiO., using sol-gel processes or atomic layer deposition.'67-72 The results
show, that the sol-gel and deposition methods enable to template the
morphological hierarchies of natural cellulosic substances from macroscopic
to nanometer scales. Moreover, CNC has been reported to act as morphology-
inducing and coordinate agent resulting crystal growth of TiO- particles and
promoting the formation of nanocubes.73

On the other hand, cellulose fibers have been shown to serve as a good
matrix for highly efficient TiO- photocatalysts.1%% 174176 For instance,
decomposition of gaseous acetaldehyde in TiO- containing pulp sheets with
good deodorizing activity under room light illumination has been shown.74
Further, TiO:. containing pulp, filterpaper, and regenerated cellulose films
showed good photocatalytic efficiency to decompose toxic organic pollutants
and dyes.1%%. 175, 176 Moreover, TiO--cellulose based photocatalysts exhibit also
good photostability under weak illumination without any lost of
photocatalytic activity after several cycles, or damage in the fiber matrix
structure.16 176 However, if highly crystalline photoactive TiO- powder and
intensive UV light is utilized, cellulose matrix can be damaged.7+ 175
Immobilization of the TiO: e.g. via bioconjugation, to form homogeneously
distributed, non-aggregated TiO- particles on the cellulose, is suggested as a
solution to protect the cellulose fibers during the very efficient

photocatalysis.'75
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Reducing the particle size is generally beneficial for surface-dependent
photocatalysis because it increases the specific surface area and hence the
number of the reactive sites.43 As mentioned earlier, one of the examples is
applying the cellulose fibrils in the filter papers as templates for synthesis of
TiO- using sol-gel processes or atomic layer deposition. Furthermore,
particular effort is put on complex or hierarchical and/or porous hetero-
nanostructures to facilitate the separation of photogenerated electron-hole
pairs, which further improves the photocatalytic activity.43. 177 Photocatalysis
has been described dealing with a series of tasks involving optoelectronic
conversion, surface/interface catalysis, and the post-treatment or recycling of
the photocatalyst.!43 Therefore, it is important that all the above mentioned
functions should be optimized and integrated into the photocatalytic system,
in order to be practical in use.’43 This has generated the design and
fabrication of advanced photocatalytic materials based on hierarchical
composite nanostructures.'43 Thus, TiO»-coated nanocellulose aerogels could
be considered as an option. To date no single composition or structure is able
to fulfil all the above mentioned tasks satisfactorily on its own.43 As the
stability and reasonable cost of the photocatalytic materials are called for, it is
important to identify and design new photocatalytically active materials that

are efficient, stable and abundant.43
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5. Results and Discussion - Cellulose
Nanofibrils as a Functional Material

This chapter presents the main results of this thesis. First, we introduce the
characteristics of enzymatically and mechanically prepared NFC that enable
strong networking and cause the superior mechanical properties (Publication
I). Second, we demonstrate, for the first time, how these cellulose nanofibrils
enables aerogels with tunable morphology, porosity and mechanical
properties with suppressed brittleness, and that they provide a percolative
template for conducting material (Publication IT). Then we show versatility of
these nanocellulose aerogels by coating them with titanium dioxide and
fluorosilane. TiO.-coated aerogels are applied as a photoswitchable
superabsorbent and a photocatalytic material (Publication III), while
fluorinated nanocellulose aerogels as a bio-inspired load carrier due its
superhydro- and oleophobic properties (Publication IV). Last, we extend the
TiO-» approach to demonstrate floatable and selectively oil-absorbing
nanocellulose aerogels for oil spill removal (Publication V).

Nanocellulose aerogel as a template for functionalities

1) Switchable superabsorbent
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2) Floatable selective membrane
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Figure 5.1. NFC aerogels provide multiple scale roughness and overhang
structures beneficial for several functionalities, e.g. switchable
superabsorbency and selective absorption.
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5.1 Hydrogels Based on Native Cellulose Nanofibrils
(Publication 1)

Herric3' and Turbak3? succeeded to liberate nanoscale cellulose fibrils by only
mechanical shearing but due to the major process-related problems MFC was
never a commercial success, as discussed in Chapter 2.1. Subsequently,
Taniguchi and Okamuras3s as well as Nakagaito and Yano33 developed further
the MFC processes that also were based only on the mechanical shearing but
even if pulp slurry passed numerous times through the high-pressure
homogenizer or grinder, the fibril sizes were still in the range of 20-100 nm,
and the energy consumption was large. Importantly, harsh mechanical
beating and shearing has the same disadvantages as acid hydrolysis, as at
some point the fiber length and molecular weight and crystallinity are
reduced.3> 41 However, these are particularly important e.g. for mechanical
properties and should, therefore, be preserved. These challenges motivated
towards processes using less intensive shearing, thus lowering the process
costs at the same time.

The source of the cellulose and the pre-treatments used in the fibrillation
process effects greatly the characteristics of the NFC.4 ¢ In this study, sulfite
pulp with a high hemicellulose content of ~ 15% was chosen as a raw material
and selective, mild enzymatic hydrolysis as pre-treatment, as discussed in
Publication I. Both the high hemicellulose content and enzyme hydrolysis
facilitate the disintegration process.3” 41 Therefore, the high energy input
costs and clogging problems are largely overcome. The enzymatic pre-
treatment does not only facilitate the process, but also enable selective
hydrolysis of the amorphous parts of the cellulose, leaving hemicellulose
intact. Hemicellulose plays an important role in the stability of the formed
network by generating some electrostatic repulsion between the fibrils. The
enzymatic assisted fibrillation process enabled a network of long and
entangled nanoscale microfibrils that contain both amorphous and crystalline

regions, as demonstrated in Publication I.

(left). TEM image of cellulose nanofibrils resulted from
enzymatically and mechanically assisted fibrillation process.
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The cryo-TEM image in Fig. 5.2. shows cellulose nanofibrils disintegrated
from pulp. The fibril size is reduced significantly from 20-100 nm to only 5-
20 nm when compared to the previously reported solely mechanically
fibrillated cellulose fibrils.31-33. 35 Fibrils are several micro meter in length and
entangled. There are also thicker, aggregated fibril bundles and junction
points of the entangled fibrils.

At the same time, Saito et al. introduced chemical pre-treatment, TEMPO-
mediated oxidation, which also resulted in individual cellulose nanofibrils
with 3-5 nm in diameter.44 Similarly, also carboxymethylation pre-treatment
process yields very well fibrillated, individual cellulose nanofibrils.4¢ Two
main differences between the enzymatic-mechanically and chemically treated
fibrils are, that the later are easier to fibrillate, and the lateral aggregation of
the fibrils in the suspension is clearly suppressed leading to well-defined
dispersions.44 46 This is due to the electrostatic repulsion between the fibrils,
resulting from significant amount of carboxylate groups on the surface after
oxidation/carboxylation process. The carboxylate content with negative
surface charge, which causes the electrostatic repulsion, is typically 1.2-1.5
mmol/g and 0.5 mmol/g for the TEMPO-oxidized and carboxymethylated
cellulose nanofibrils, respectively.44 46 178 The surface charge density of the
present enzymatically treated fibrils, that arouse from the hemicellulose, is
only 0.05 mmol/g (44,2 peq/g). The charge is substantially lower than the
charge of chemically treated fibrils. The electrostatic repulsion is not strong
enough to keep the fibrils ideally dispersed, and consequently, the fibrils
aggregate to form interconnected flocs. The Figure 5.3. presents how the
fibrils are distributed in the 2% w/w dispersion.

2>~

Figure 5.3. The 2% (w/w) enzymatically and mechanically homogenized
cellulose nanofibril suspension is composed flocs that are closely
interconnected by entangled fibrils. Inside the floc nanofibrils
form dense network.

The low magnification SEM image from supercritically dried gel (Fig. 5.3.
left) shows that the aqueous dispersion is composed of interconnected flocs
with size of 5-20 ym and between the flocs there can be micron scale voids.
The flocs are mutually connected with entangled nanofibrils, and inside the
flocs the individual nanofibrils form dense network structures, demonstrated
by the high magnification SEM images (Fig. 5.3. in the middle and in the
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right). The effects of surface charge and possible flocculation of cellulose
microfibrils and nanocrystals were discussed earlier by Dinand at al.”7? and
Araki et al.5% Note, that despite the micron scale flocs in the present structure
which cause the turbidity, the suspension seems stable.

The entangled network structure itself illustrated by TEM and SEM should
manifest in the mechanical and viscoelastic properties, as well as gelation. In
Publication I we investigated the rheological properties of the aqueous
suspension to find the strength of the network, and how the fibrils behave
under the applied shear. In Fig. 5.4. the storage (elastic) modulus, G’, and the
loss (viscous) modulus, G”, of cellulose nanofibrils are shown. We found the
storage modulus (G’) and loss modulus (G”) to be relatively independent of
the angular frequency at all of investigated concentrations (%w/w). This
means that the long and entangled fibrils are able to form a gel with all
investigated fibril dispersions, even for the lowest mass fraction of 0.125
%w/w. Importantly, the values of the storage modulus are particularly high in
comparison with the previously published results for cellulose short rod-like
CNCs and MCC.58 180,181 This is obvious as the storage modulus represent the
elastic part of the network (elasticity).
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Figure 5.4. The storage modulus (G’) and the loss modulus (G”) of NFC as a
function of angular frequency for all suspensions. Geometries
used in the rheometer: steel plate for 5.9% w/w, aluminum
cone-and-plate for 1-3% w/w, and acrylic plate for 0.125-0.5%
w/w.

Another observation is that the elastic moduli are almost 10-fold higher than
the loss moduli at the same concentration, also indicating a rather strong
network, even for the lowest concentration. Furthermore, we noticed that the
loss tangent (tan §) values, which measure the ratio of the viscous modulus to
the elastic modulus (G'/G), were below 0.3 for all investigated dispersions:
tan § was 0.17 for 5.9-1% w/w dispersions, increasing to 0.24 for the range
0.5-0.125% w/w. This is a further indication that all dispersions are
predominantly elastic. It is interesting that the tan §values for all dispersions

were fairly equal. However, the tan § of NFC at the lowest concentration
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exhibited the highest value, meaning that at low concentration there is a more
viscous behaviour than at high concentrations. In addition, we found
particularly strong concentration dependence in elastic moduli, as the storage
modulus increases 5 orders of magnitude upon increasing the concentration

from 0.125% w/w to 5.9% w/w, as seen in the Fig. 5.5.
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Figure 5.5. Storage moduli, G’, of present NFC as a function of weight
fraction (left). G’ of various nanocelluloses with different sources
and preparation methods, as a function of weight fraction (right).
CNCs8; NFC enzymatic (the present study); MFC mechanical57;
TEMPO NFC'78; NFC carboxymethylated (Hiekkataipale et al.
unpublished).

The influence of the nanocellulose source and processing method on the
network moduli is obvious. In the Fig. 5.5. moduli of CNC and different NFC
and MFC fibrils are plotted as a function of weight fraction. Acid hydrolysis,
mechanical, enzymatical, TEMPO and carboxymethylation pre-treatments
have been utilized for MCC, sugar beet pulp and wood pulp, respectively. 3%
w/w of the present NFC leads to G’ 104 Pa, whereas 3% w/w of rod-like CNC
leads to G’ 102 Pa38 that is, a 2 orders of magnitude higher storage modulus.
The present higher elastic modulus is due to high aspect ratio fibrils and fibril
aggregates, which contain also amorphous parts. As the CNCs are typically
short, they are not able to efficiently percolate, i.e. connect to each other to
form a network gel at low concentrations. In contrast to rod-like CNC, the
long and entangled fibrils in NFC are able to form an inherently
interconnected network structure. Mechanically homogenized MFC from
sugar beet pulp?” and the present enzymatically and mechanically treated4°
NFC showed similar moduli. Both materials have low surface charges and
tend to form flocs that effect on the overall moduli. Lowys et al. demonstrated
that if subsequent ultrasonification was used, the moduli of sugar beet pulp
fibrils were about twice as large as that of only mechanically stirred.5” When
more negative charges are introduced on the surface of the fibrils by TEMPO
oxidation”8 or carboxymethylation, the moduli are increased one order of
magnitude, at least at low concentrations. Saito et al. demonstrated also pH

initiated gelation for TEMPO-oxidized NFC dispersion, where viscous 0.1 %
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w/w aqueous dispersion became elastic by decreasing the pH from 8 to 2 with
a droplet of HCIL.'7® Moreover, the moduli increased two orders of magnitude
for all investigated dispersions by decreasing the pH.7® The higher moduli of
TEMPO-oxidized NFCs are due to the more stabilized network structure of
highly charged fibrils. The macroscopic mechanical behaviour of highly
charged NFC is defined and dominated by the uniform network, while in low
charged fibril suspensions (Publication I), the interfloc interactions are
suggested to be dominant. Recently, also Fall et al. studied theoretically the
influence of pH on colloidal interactions of cellulose nanofibrils®2 while Way
et al. demonstrated pH-responsive gels, applying cellulose nanocrystals.183

Turning back to the Fig. 5.5, there is clear concentration dependence in the
moduli ( G" «c ¢*) for all the above-discussed materials, however, the slopes of
the plots differ indicating different power-law exponents n. The materials can
be divided roughly into two categories: those with n ~ 2 and those with a n ~3
or larger. The former group includes interestingly the both, rod-like CNC as
well as the highly charged TEMPO and carboxymethylated NFC, whereas the
latter group consist of less charged fibrils. Common to CNC and the charged
NFCs is better stability and higher crystallinity, as they are not affected by
several homogenization passes, unlike the mechanically and enzymatically
treated low charge fibrils. The origin of the cellulose source influences also as
kraft pulp, dissolving pulp, sulphite pulp and sugar beet pulp has different
fiber length and hemicelluloses content. Moreover, the morphology of the
highly charged fibrils resembles more rod-like CNCs than coiled and more
amorphous low charged fibrils, which tend to flocculate. The scaling
properties of elastic modulus depend not only on the size and degree of the
interactions between the particles but also the shape. The shape of the group
with power of ~ 2 can be considered as rod, and the shape of group with
power of ~ 3 or larger more like spherical cluster. All the above-mentioned
aspects suggest similar power law for CNC and TEMPO and
carboxymethylated fibrils.

In Publication I, we also investigated the hydrogels under the continuous
shear.40 All (0.125-5.9 % w/w) suspensions show a large decrease of viscosity
with increasing shear rate, that is, shear thinning as seen in Fig 5.6.
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Figure 5.6. Influence of shear rate on the viscosity of NFC suspensions with
different concentrations (left). Influence of pH on the shear
viscosity of suspension with concentration of 0.25% w/w (right).

In addition, we demonstrated the influence of pH on the network structure by
the shear viscosity experiments. The dependence of pH on shear viscosities is
seen in Fig. 5.6. At lower pH, the hydrogen ions neutralize the charges of the
hemicellulose associated with the fibrils, which reduces the homogeneous
network. At higher pH, on the other hand, the number of charges increases
leading to a higher electrostatic repulsion resulting in a lower interaction
between the flocs and a lower viscosity.

The shear viscosities can be used as an indirect tool to compare structural
and chemical differences between NFC and CNCs. The initial shear viscosity
at very low shear rates shows the evident structural difference between long
and entangled NFC4° and low aspect ratio CNCs5° and even with tunicates.5
The enzymatically and mechanically homogenized NFC (1% w/w) exhibit
initial shear viscosity of ~ 102 Pa s, that is, 3 orders of magnitude larger than
that of TWs that showed initial shear viscosity of 10! Pa s at the same
concentration.®® On the other hand, the enzymatically and mechanically
homogenized NFC shows similar shear viscosities as the mechanically
homogenized MFCs manifesting the similarity of the fibrils.3t 184

The breakdown of the nanocellulose network (i.e. gel), causing the decrease
in viscosity, is shown to take place via flocs.5% 185 Viscous CNCs suspensions
showed a clear plateau in the end of the shear viscosity curve.®* It means that,
CNC rods can be flow-oriented in the plateau region, and further increase in
the shear rate does not change the rod orientation, or the viscosity.5% 6 As
there exists no plateau in the present NFC curves, it means that despite the
high shear rates, the flocs are not broken into flow oriented individual fibrils.
The fact that viscosities of the present cellulose nanofibrils remain higher
compared to CNCs5% 6 support the conclusion, that suspension is still
composed of nanofibril aggregates or small flocs rather than individual fibrils.
Recently, Saarikoski et al. demonstrated that shear viscosity of the NFC was
strongly depended on the time, geometry and the gap size used in the
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measurement.'®5 Therefore, conclusions on the detailed shear thinning
behaviour of NFC are still under debate. To investigate the initial viscosity
under continuous shear, extremely low shear rates are required in order to
avoid the breakage of the network. Furthermore, to overcome the geometry-
related problems such as wall slip and uneven flow field, which would
dominate the results, we suggest that measurement with small oscillatory
amplitude should be applied instead of continuous shear. However, the
shear-thinning behavior of the cellulose nanofibrils is beneficial e.g. in novel
3D cell culture and tissue engineering applications.'8¢- 187 Due to the shear
thinning, cells can be mixed into the gel and thereafter the hydrogel cell
cultures can be easily dispensed e.g. with a syringe and needle, a pipette tip,
or a microfluidic device. Importantly, the high viscosity is established
instantaneously after shearing (e.g. injection or mixing) has stopped.i8¢ In
addition, shear-thinning is useful in material processing like extrusion and
further processability, which is important for future success of NFC
materials.188-190

Taking into consideration the characteristics of the NFC observed in
Publication I, it become interesting to consider the long and inherently
connected nanofibrils as construction units for nanoscale engineering of

functional materials, which are discussed in the next section.

5.2 Robust Nanocellulose Aerogels with Tunable Morphology
and Percolative Template (publication Il)

The nanoscaled size, increased surface area and the superior mechanical
properties of the nanofibrils, encouraged us to explore the applicability of the
fibril network as a lightweight template. Previously, the potential of the fibril
network as a reinforcement was shown33: 36191193 e g_ in optically transparent
composites3® and composite films.24 194 195 In addition, promoted high
toughness of nanopaper was shown based on purely cellulose nanofibrils.5!
However, no reports on applying the native cellulose nanofibril network to
form aerogels were published by the time of this research. As discussed in
chapter 3.1., previously reported derivatized cellulose aerogels require added
cross-linkers to form a gel and stabilize the resulting aerogels due to a
reduced number or total elimination of hydroxyl groups.°© 101 Besides,
gelation followed by solvent exchange prior to supercritical drying is usually a
slow process, taking several days. Furthermore, such aerogels suffer from a
large shrinkage, which lowers the porosity and increases the density,
although the specific surface area can be very high. Dissolved and regenerated
cellulose aerogels, on the other hand, suffered from quite laborious

processing and brittleness.’*4 In contrast to cellulosic regenerated aerogels,
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we expected that native cellulose nanofibrils in the aerogels are held together
not only by the physical hydrogen bonds, but also by mechanical
entanglement of the fibrils. The rheological experiments showed strong
networks, and that the high aspect ratio native nanofibrils would enable very
low gel concentration for aerogels. Thus, the network was expected to be
strong against the collapse upon drying, and possibly allowing new drying
technique.

5.2.1 Drying Techniques and Morphological Characteristics of the
Aerogels

Encouraged by these hypotheses, we tried particularly simple freeze-drying
method i.e. drying in a vacuum oven without any preceding chemical cross-
linking, or specific additional mechanism of physical cross-linking
(Publication II). In our method, the gel is frozen relatively quickly due to the
simple pumping action of the vacuum oven, resulting in ice sublimation from
the frozen sample. For the first time, vacuum freeze-drying was demonstrated
without significant collapse in the structure, and a robust and sponge-like
native nanocellulose aerogel was achieved. In addition to vacuum freeze-
drying, we applied the quick cryogenic freeze-drying method previously
introduced for regenerated cellulose aerogels.’°4 In our procedure the liquid
propane was utilized instead of liquid N. in order to accelerate freezing. We
placed the aqueous cellulose nanofibril gel on the mould and the mould was
quickly plunged in liquid propane. Water is removed from the frozen state by
sublimation in vacuum oven. The sublimation temperature was controlled
only by cryogenic metal block underneath the metal mold. A lightweight
nanocellulose aerogel was formed without significant collapse. Importantly,
the aerogels seemed not to be brittle.

The both resulting nanocellulose aerogels reached a very high porosity of
98% and a density ranging from 0.02-0.03 g cm-3.

Porosity = 1— L
Ps

where p and p; are the densities of the aerogel and cellulose fibrils (skeletal
density). The value for p; is 1.5 g cm™3.2!
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Table 5.1. The properties of present aerogels

Drying Drying Density Porosity BET
method srinkage surface area
[%] [g/cm3] [%] [m?/g]
Cryogenic
Freeze-dying 7 0.02 98 66
Vacuum
Freeze-drying max. 20 0.03 95-98 20

The different freezing rate in these two methods resulted in different
morphologies and different pore size distribution into the aerogels (Fig. 5.7.).
As we showed previously, the initial morphology of the present wet gel is
composed of interconnected NFC flocs that, in turn, consist of dense network
of long and entangled nanofibrils with diameters of 5—10 nm with occasional
thicker fibril bundles. During the vacuum drying, however, the
microstructure undergoes major changes as seen in Fig. 5.7. The SEM reveals
that the nanofibrils inside the flocs collapse into 2-dimensional extended
sheet-like morphology. This is due to the liquid—vapor menisci that can be
formed prior the freezing in vacuum pumping, partially collapsing the flocs
and pulling the nanofibrils together.
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Figure 5.7. NFC allows transparent/translucent films and nanopapers as
well as aerogels using different drying methods. Both aerogel
types consist of nanoscale fibrils that are assembled into
micronscale sheets or flocs, generating multiple length scales
into the aerogel structure.

More importantly, large ice crystals are formed during the freezing that push
the fibrils together leaving micrometer range voids. The 20% shrinkage
caused by the aggregation is still relative small. SEM images show that the
sheets are irregular and ~10-20 pm in width and oriented random-in-the-
plan. The sheets form layered and interconnected skeleton structure to
aerogel.

The cryogenically dried aerogels preserved better the interconnected and

open fibrous morphology after the water extraction, as illustrated in Fig. 5.7.
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According to SEM the skeleton is composed of nanofibril flocs and inside the
flocs the 3D open network structure. This indicates that the freezing rate is
relatively high to prevent the excessive ice crystals grow to separate the flocs
and to destroy the network. The voids between the flocs originally in the wet
gel are now slightly larger and form macrochannels in the aerogel. On the
other hand, the voids between the sheets affected by the ice crystals are larger
than the pores in the gryogenically dried aerogel.

N: adsorption—desorption measurements were carried out to determine the
pore size distribution of the smallest pores. We found the existence of an
additional mesoporosity, i.e. pores smaller than 50 nm (Table 5.2) evaluated
from the desorption isotherm utilizing Barret—Joyner—Halenda (BJH)
method. This suggests that the sheets, in fact, have also an internal porosity,
which explains the high porosity even if 20% shrinkage took place. The
internal porosity within the sheets can be also directly observed in the SEM

micrographs (Fig. 5.7)

Table 5.2. The aerogel pore diameter distribution for < 100 nm pores based
on N: desorption and BJH-method. The sample thickness is 3 mm.

Pore Cryogenically Vacuum Classification
radius  freeze-dried freeze-dried

[nm] [%] [%]
50-60 5 macroporous
40-50 10 mesoporous
30-3 98 84 mesoporous
1-2 2 <1 microporous

As the final pore structure is formed during the sublimation, the final
morphology of the aerogel is therefore directly related to the size and
distribution of the ice crystals in the frozen system. Therefore, the
morphology of the aerogel and the pore size distribution can be tuned: a
higher freezing rate results in a smaller average pore size and a more
homogenous pore structure, as well as preserves better the original gel body.
In the both nanocellulose aerogels, nanoscale fibrils (5-10 nm) are assembled
into micronscale sheets or flocs (5-20 um), thus generating multiple length
scales i.e. hierarchical structure into aerogel. Furthermore, aerogels contain
also multiple scale pores: the voids between the sheets/flocs form
macrochannels through the aerogel, while nanoscale pore network is formed
within the fibrils.

Naturally, the BET surface areas of the aerogels differ from each other due
to the differences in the freezing rate and consequently in morphology. The

ca. 3 mm thick cryogenically dried aerogel shows a BET specific surface area
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of ~ 70 m? g, measured using an N. adsorption—desorption method and
calculated from N. adsorption. Correspondingly, vacuum dried aerogel
exhibits the BET surface area of only 20 m2 g. The large sheets with rather
tightly aggregated fibrils result in lower BET surface area than more fibrous
morphology. The more detailed effect of freezing rate on the morphology,
porosity, and consequently on the surface area, as well as the mechanical
properties, is still under investigation. However, the heterogeneity in the pore
structure and in the different morphologies can be useful for controlling
filtration properties for both gas and liquid phases. It is worth pointing out,
that despite the collapse of the fibril flocs into the 2D sheets during the slow
freezing, and the micron scale pores left by the ice crystals in the structure,
the overall skeleton of the aerogel did not significantly collapse even upon the

simplest vacuum drying.

Subsequent to this study,?3 freeze-drying has been the most frequently
applied drying technique for native nanocellulose aerogels,196-20¢ although
supercritical drying is also utilized.2°7-209 The density and morphology have
been tuned by the freezing rate2°4 or by selecting different concentration?98, 210
of the cellulose nanofibril gels before freeze-drying. Sehaqui et al. studied the
effect of density on the structure, using the same enzymatically and
mechanically homogenized NFC.198 The freeze-dried nanocellulose aerogels
showed cellular honey comb -like or polyhedral structures, with both open
and closed cells, which are referred to as foams.!98 In addition to the structure
and porosity, the density effects also on the surface area of the aerogel. The
surface areas of the foams were similar to those of our aerogels. While the
previous thin fibrous regenerated cellulosic aerogels showed increased
surface area with increasing density,'°4 the surface area of the foams
decreased from 42 to 12 m? g'* upon increasing the density from 7 to 79 kg m-3
198 In the foams, thicker sheets are formed by increasing density or by
decreasing the freezing rate, thus resulting in lower surface area.123-198

A solvent, in which the fibrils are dispersed and dried, plays also an
important role in controlling the structure, and consequently the surface area.
To achieve very high surface area originating from cellulose nanofibril
network, solvent exchange e.g. to tert-butanol has been applied prior the
freeze-drying.178- 204 For instance, totally fibrous native nanocellulose aerogels
with very high surface area of 246 m? g were achieved by freeze-drying
performing 6-step solvent exchange prior the drying.204 If supercritical CO-
drying is employed, the surface area can be further increased.2°® Moreover,
the smaller and more stabilized TEMPO-oxidized cellulose nanofibrils results
in even higher surface area than the enzymatically and mechanically
homogenized nanofibrils that tend to aggregate more easily.2°4 Therefore,

also the fibril source should be taken into consideration, especially in
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applications where high surface areas are required. The tunability of the
morphology and pore structure makes the nanocellulose aerogels versatile

materials e.g. as a template for catalysts.

5.2.2 Compression Studies of the Aerogels

The strong and inherently percolative skeleton structures of the native
nanonanocellulose aerogels give arise to good macroscopic mechanical
integrity. We noticed that the present vacuum and cryogenically freeze-dried
aerogels were almost sponge-like and not as brittle as it would be expected
regarding such low density and high porosity. The first indication of
increased ductility and flexibility is that they can be reversibly folded into a
loop (Publication II). Furthermore, the present aerogels can be compressed
without disintegration into pieces. Next, we performed compression stress—
strain tests to study the mechanical properties quantitatively, and apply the
Gibson and Ashby deformation models2' 22 for 2D and 3D cellular solids
(open and closed) to discuss the mechanical behaviour of the aerogels. Three
characteristics describes the stress-strain curves of cellular solid under
compression: a linear elastic region, a stress plateau, and densification.?' 212
The linear elastic region and accordingly the elastic modulus correspond to
bending of the cell edges or face stretching.2> The stress plateau, i.e. non-
linear region, corresponds to cell collapse by elastic buckling, plastic yielding
and brittle crushing.2> The collapse mode depends on the properties of the
solid from which the material is prepared.2’> In the densification, cells
collapse throughout, pores become totally empty, and cell edges and faces
press against to each other.2'2 In the stress-strain curve, the densification can
be seen as steep rise in the stress at high strains. The collapse mode of the
non-linear region is important in the applicability point of view. If the cells
collapse only by elastic bending and buckling, foam is flexible and recovers
completely when unloaded. Rigid foams are also able to bend, however, cells
collapse mainly by plastic yielding, initiated by formation of the plastic
hinges, and break at higher loads.2*2

The compression stress-strain curves for present sheet-like and more
fibrous aerogels are presented in Fig. 5.8. The behavior of the aerogels under
the compression is similar. This could be explained by the asymmetry in the
fibrous aerogel due to the possible aggregation of the fibrils, i.e. sheet
formation in the interior of the aerogel. While brittle aerogels/foams show a
flat collapse region in which the stress is constant with increasing the strain,
the present native nanocellulose aerogels show gradual transition from linear
to non-linear stress—strain region without clear yield point. Furthermore,
collapse region shows strain hardening i.e. stress increases with strain in wide

range, resulting in a rather linear curve until 40-50 % strain.
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Figure 5.8. Compression stress-strain curves for fibrous (cryo freeze-
dried) and sheet-like (vacuum freeze-dried) aerogels.

As the curves reveal, the sheet-like structure shows slightly more yielding
behaviour than more fibrous-like, in which linear strain hardening dominates
more. This was also observed later for the more closed foam structures and
fibrous aerogel using the same NFC as in the present study.2°4 As the stress—
strain relationship is rather linear to large strains, the actual value of
“modulus” is unclear, although the material is reported to be truly elastic
(recovers after deformation) only at strains ranging from 3 to 12%.204-206 The
present aerogels show moduli of ~170 kPa, being comparable with moduli of
199 kPa and 249 kPa, reported for fibrous and irregular sheet structures,
respectively.204. 205 Therefore, the results support the observation of
morphological irregularity of the sheet like aerogels, as well as the
heterogeneity of the fibrous aerogels. The estimated yield stress for present
aerogels is ~ 20-30 kPa. This is comparable with a recently reported yield
stress of 35 (+ 10) kPa for very similar type of aerogel with irregular sheet-like
structures.2°5 The deformation occurring in the non-linear, collapse region, is
mainly associated with bending of the sheets and fibrils, as well as some
cracking in at higher strains. After 50% strains, the sheets and fibrils press to
each other and the materials show considerable stiffening due to
densification of the porous structures. The present aerogels can be

compressed to > 70 % strain.

As demonstrated subsequently, the mechanical properties of NFC aerogels
scale strongly with density, besides, the morphology of the aerogels and the
fibril source influence significantly. Sehaqui et al. reported a wide range of
mechanical properties by controlling the density'9® and the fibril interaction
by solvent exchange2°4 resulting nanocellulose foams98 or fibrous aerogels204

as plotted in Fig. 5.9. For instance, it is possible to control the foam modulus
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in a range as wide as 56—5310 kPa, and compressive yield strength in the
range 7.8—516 kPa.198 It is also shown that fibrous NFC aerogels depend more
strongly on relative density than NFC foam (slope 2.2 for fibrous aerogel and
1.8 for NFC foams).204

Stress (MPa)
Stress (MPa)

0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 S50 60 70 80 90 100
Strain (%) Strain (%)

Figure 5.9. Compression stress—strain curves of (a) NFC fibrous aerogels
and (b) NFC foams. Numbers next to each curve represent
density values in kg m-3. Magnified sections show (a) strain
hardening behavior of the fibrous aerogels and (b) yield behavior
of the NFC foams. Reprinted from Composites Science and
Technology © 2011, with permission from Elsevier.204

To clarify the differences in the mechanical properties between the different
structures, compression modulus (E’) and yield stress (oyied) of fibrous
aerogel and foams, are presented in Table 5.3. All aerogels were prepared
from the same enzymatically and mechanically homogenized cellulose
nanofibrils, but they exhibit different morphology. Again, the one with totally
fibrous structure refers to an aerogel and the others to foam. One of the foams
show irregular sheet-like morphology with open cells,2°5 and the other regular
sheet-like polyhedral morphology with open and closed cells'98. The fibrous
aerogel has a lower modulus than that of NFC foams, particularly at low
densities. Furthermore, the foam with a uniform cellular structure and
regular sheets is significantly stiffer than the foam with irregular sheets and

the fibrous aerogel.

Table 5.3. Mechanical properties of aerogels/foams with different
morphology.

Structure NFCenzymatic NFCenzymatic NFCenzymatic
Fibrous Foam (irregular) Foam (regular)
Density (kg m-3) 29 27 28
E (kPa) 199 249 718
Gyield (kPa) 24.4 35 70.1

NFCenzymatic fibrous and foam (regular): Composites Science and Technology (2011), 71.;
NFCenzymatic foam (irregular): Soft Matter (2013), 9.
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Very recently, Ali and Gibson compared and modeled the difference in the
deformation between these irregular and regular NFC foams.2°5 The
microstructure of the NFC foams they used differs significantly from that of
regular NFC foams, as they are composed of irregular sheets that are
occasionally connected to other sheets by smaller struts i.e. junctions of the
sheets.205 The irregular foams are less well connected and consist of smaller
and thinner cell edges and larger sheets compared to regular foams reported
by Sehaqui et al.’98 205 The irregular foam deforms primarily by bending of
the smaller struts (junctions of the sheets), with little deformation of the
larger and more rigid sheets.2°5 Therein the sheets contribute to the relative
density of the NFC foam but do not resist the bending deformation.2°5 Sheets
were suggested to move slightly monolithically along with the bending of the
struts.2°5 Importantly, the Young's modulus of the irregular foam would be
thus controlled by the bending of only the small and thin struts/junctions,
which comprise only a fraction of the relative density of the foam.205
Furthermore, they showed that also yield stress of the irregular foam arises
from the plastic deformation of the smaller, thinner struts, along with some
cracking at larger strains.2°5 Consequently, the modulus and yield stress are
smaller than those of foam made of regular sheets and more uniform
pores.2%5 QOur aerogels exhibit more random organization of the sheets,
multiple pore sizes, and uncontrolled pore connectivity, and thus resulting
lower mechanical properties than those of reported by Sehaqui et al. and Ali
and Gibson. Therefore, careful design and control of the overall aerogel and
sheet structure would lead significant improvement in the mechanical
properties.

Next, the mechanical properties of the aerogels are analysed according to
the different sources. Table 5.4. shows the mechanical properties of the
aerogels made form tunicate nanowhiskers, TEMPO-oxidized NFC, as well as
enzymatically and mechanically homogenized NFC , with fibrous or sheet like
morphology.

Table 5.4. Mechanical properties of aerogels/foams from different sources.

Source Tunicate TEMPO- NFCenzymatic NFCenzymatic
Morphology nanowhisker NFC fibrous sheet
sheet fibrous
Density (kg m-3) 10 35 10 14 12 35
E (MPa kgt m3) 1.8 9.7 14 2.5 15 39
oyield (kPa) - - 20 3.2 20.6 92.7

Tunicate nanowhiskers: J. Mater. Chem. (2009)206; TEMPO-NFC: Soft Matter
(2011)178.; NFCenzymatic fibrous and foam: Composites Science and Technology (2011)204.
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Different sources lead to significant differences in the mechanical properties
of the aerogel. For instance, the aerogel made from 0.8% w/w tunicate
nanowhisker hydrogels showed specific moduli, E’, of 1.8 MPa kg m3, while
the TEMPO-oxidized cellulose nanofibril hydrogel with the same fibril
concentration resulted in the specific moduli of 14 MPa kg m3.178: 206 Despite
the rather high aspect ratio and very high crystallinity, the elastic modulus of
the nanowhisker aerogel is almost one order of magnitude lower than that of
the aerogel made of TEMPO-oxidized NFC. This is suggested to results from
two structural aspects. First, there is a difference in the original network
structure between the whiskers and the TEMPO-fibrils. While the TEMPO-
oxidized nanofibrils form strong network due to the inherently connected
nanofibrils already at very low concentrations, the individual tunicate
nanowhiskers are just about to percolate i.e. to form a network (see also the
morphologies in Fig. 2.5. ¢ and h). Secondly, the nanowhiskers formed
layered sheets, which are separated by large voids, and loosely connected
through occasional thin fibrils, whereas the TEMPO oxidized nanofibrils
show dense, uniform and rigid fibrous network throughout the sample.
Furthermore, also the low-density sheet-like foam made from enzymatically
and mechanically homogenized fibrils results in specific modulus of 15 MPa
kg m3. The almost tenfold difference in modulus compared to that of the
foam made from tunicate whiskers is generated by the structure. As discussed
earlier, the sheets formed regular cellular structure, whereas the layered
sheets in the whisker foam can span the entire cross-section of the sample
being only loosely connected to each other. However, despite the structural
change towards cellular structure upon increasing density, the nanowhisker
aerogels showed still 4 times lower specific modulus compared to the long
and entangled NFC foam, being 9.7 MPa kg m3 and 39 MPa kg' ms3,
respectively. Finally, fibrous TEMPO NFC aerogel has a specific modulus of
14 MPa kg m3, whereas the fibrous aerogel made from enzymatically and
mechanically homogenized fibrils has that of 2.5 MPa kg m3. As the both
aerogels were prepared by freeze-drying from tert-butyl alcohol, the
difference in specific modulus is not affected by the structure but is generated
only by the source. The TEMPO-oxidized fibrils show higher surface charge
density, crystallinity, and form more uniform rigid network, and
consequently a stiffer aerogel. Furthermore, it has been shown that the
TEMPO oxidized fibrils may also orient locally within the hydrogel structures,
which effect favourably on the mechanical performance of aerogels.'78

To highlight the mechanical properties of native nanocellulose aerogels,
regenerated cellulosic aerogels are not known to be able to form a stable
aerogel at as low density as native fibrils are. Furthermore, there are two
important and common features in the compression stress-strain curves of

regenerated cellulose aerogels different from native ones. First, clearer yield
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stress, where the material start to collapse can be observed. Although the
yield stresses are rather high up to 160 kPa, the typical yield strains are
only of 4 %.119 115 Second, beyond the yield point, aerogels show rather clear
plateau, typical for plastic deformation, in which not only the skeleton bend
but also the structures become irreversibly damaged.!1% 116: 119 The maximum
compression strains are limited to 60%, while native nanocellulose aerogels
can be compressed to very large strains of 70-99%.123. 198, 205 This suggests
that regenerated cellulose aerogels are rather rigid, and collapsed more by
plastic yielding and brittle crushing, while native nanocellulose aerogels are
more flexible and able to bend due to the alternating arrangement of
crystalline and amorphous regions in the fibrils.

To put the effect of fibril size (aspect ratio) into perspective, the freeze-
dried aerogels made from MCC show the compression modulus of only 17 kPa
with a density of ~0.06 g cm3 (note, concentration 5%).2'3 That is one order
of magnitude lower moduli despite of the higher density of MCC. Also
tunicate nanowhisker aerogels2°® have shown lower moduli than NFC
aerogels78 198 However, the high aspect ratio tunicate whiskers exhibit very
interesting mechanical properties e.g. in stimuli-responsive bio-inspired
nanocomposites.24

To conclude, the overall mechanical response of the aerogels is influenced
by density, mechanical properties of the source itself, as well as the
microstructural features of the aerogels and foams. Thus, one of the main
advantages applying native cellulose nanofibrils in the aerogels and foams is
the finer and more homogeneous and tunable cell structure compared to
traditional fiber based porous structures.2°> Furthermore, native cellulose
fibrils can be applied as reinforcement in other foams due to the low density
and high mechanical properties and nanoscale size.2°5

5.2.3 Conductive Aerogels

Would the percolative skeleton of the nanocellulose aerogels enable and/or
enhance electrical conduction at low weight fractions of conducting polymer?
To answer this it is relevant to note that the present aerogels could be simply
immersed in a wide variety of organic solvents, such as toluene and ethanol,
and they could be re-dried in air or in a vacuum oven essentially maintaining
the original aerogel properties without collapse. Encouraged by this
observation, we demonstrated electrically functionalized aerogels using a
conducting polymer (Publication II). In contrast to previous studies, we
generated the conductivity by post-functionalizing the aerogels by simply
dipping the aerogels into PANI(DBSA)1.1-toluene solution. In this system,
the excess of the dopant (DBSA) enables solubility in toluene.32
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Figure 5.10. Nanocellulose aerogels were post-functionalized by dipping the
aerogels into PANI(DBSA)1.1-toluene solution(A). Structure of
polyaniline (PANI) doped and plasticized with branched, soft
type DBSA (B). SEM image show the aggregated PANI on the
skeleton of the aerogel (C). PANI-functionalized aerogels show
ohmic conducting behaviour (D).

In our method, 2 mm thick vacuum dried aerogels were immersed in 6.2 %-
wt PANI(DBSA)1.1 - toluene solution (commercial PANI-T, from Panipol Oy)
for ca. one hour. We did not observe disintegration or significant swelling of
the aerogel samples during such dipping, thus demonstrating the robustness
of the network. As the aim was to explore whether a small amount of doped
PANI on the aerogel skeleton could form conducting material, the excess, i.e.
unbound, conducting polymer was rinsed off using a large excess amount of
toluene until toluene was detected to be colourless. Finally, PANI(DBSA)1.1-
nanocellulose aerogels were dried in the hood at mild heating to evaporate
toluene, followed by vacuum drying. That PANI(DBSA)1.1 could be adsorbed
on the nanocellulose aerogel skeleton, is qualitatively observed already by the
green colour of the aerogels. The measured conductivities ranged from 7 x 10
3 t0o 4 x 102 S cm being at same level than previously reported carbon
nanotube and PANI(CSA) based nanocellulose composites.'33: 134 Note, taking
into account the very high porosity of n. 98%, and the extremely small
PANI(DBSA)1.1 volume fraction of below 0.5%, the aerogels showed
astonishingly good conductivity compared with e.g. previously reported films.
While we applied post-functionalization of the aerogels by simply dipping, the
subsequently reported studies utilized in-situ polymerization of conducting
polymer onto nanocellulose, as described in chapter 4.1. Thereby, the
electrical conductivities are 1 to even 3 orders of magnitude higher than that
of present aerogels. On the other hand, the mass fractions of the conducting
polymer have been substantially higher. The recently reported PPy/NFC
aerogels showed good electrical properties, however, the PPy content was
70% w/w.138

In summary, in the Publication IT we showed many advantages of using long

native cellulose nanofibrils to prepare aerogels. First, the high aspect ratio
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and the inherent entanglements and junction points allow percolation and
gelation in very low concentration. This means that very small amount of
material is needed. Second, crosslinkers are not needed in the process, as
entangled nanofibrils form rigid networks themselves. Besides, no solvent
exchange or supercritical drying is required to inhibit or substantially
suppress the collapse during the aerogel preparation, unlike in typical aerogel
preparations. For the first time, we demonstrated that the present cellulose
nanofibril network is strong and flexible thus allowing a highly porous and
robust aerogel by in particular simple vacuum freeze-drying method. Besides,
we showed that the fibril network enables nanocellulose aerogels with tunable
hierarchical morphology and porosity and percolative template e.g. for

conducting polymer.

5.3 Photoswitchable Superabsorbent and Photocatalytically
Active Nanocellulose Aerogels (Publication Ill)

During the vacuum freeze-drying cellulose nanofibrils are assembled into
micro- (sheets) and nanoscale (fibrils) structures within the aerogel.
Furthermore, the aerogel contain voids and pores at different length scales:
the voids between the sheets form macrochannels through the aerogel, while
sheets show internal nanoscale porosity. As seen in Fig. 5.11., the multiple
scale structures and pores in the aerogel generate hierarchical roughness,

which is beneficial e.g. in catalysis, separation and wetting processes.
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Figure 5.11. The native nanocellulose aerogels are robust, hierarchically
rough and porous enabling template for functionalities.

In Publication III we applied the native nanocellulose aerogels as a template
for TiO., which is a prototypic source for dynamically responsive material,
e.g. TiO: changes its wetting properties by UV-light. Besides, it shows
photocatalytic properties, stability, and biocompatibility. We wanted to
explore whether the high porosity and multiple length scale in the aerogel
promote wetting and photocatalytic properties resulting from TiO-. Thus, the
influence of a nanocellulose aerogel would be twofold: it would serve as a

support for TiO- to act, and also enhance the effects due to its structure. On
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the other hand, cellulose is very hydrophilic, and in many suitable
applications water repellence is required. As inspired by the high porosity and
very hydrophilic character of the nanocellulose aerogels, we showed that the
originally very hydrophilic, superabsorbent nanocellulose aerogels are turned
into water-repellent upon TiO: coating. Such TiO:-coated aerogels further
enable photoswitching of water absorption upon exposure to UV light,
ranging from a very hydrophobic state to a superabsorbent. In addition,
photocatalytic properties are explored in relation to the porous aerogel
structure.

We chose chemical vapour deposition method (CVD) for aerogel
functionalization, as it is feasible due to the high porosity of the aerogels. In
the CVD process, the nanocellulose aerogels were exposed to titanium
isopropoxide vapor at 190 °C at pressures of 1—5 kPa for 2 h (Publication ITI).
TEM images showed quite uniform coating with a thickness of ~ 7 nm. We
performed contact angle experiments to demonstrate the water repellence
resulting from TiO- coating. The wetting and photoswitching between water-
repellent and water-superabsorbent states in the aerogels are presented in
Fig. 5.12.

Hydrophobic state state n I n

CcvD
TiO,

Dark

Superabsorbent state

Nanocellulose aerogel

Figure 5.12. Switchable absorption and wetting upon TiO- coating of the
nanocellulose aerogel and the effect of UV-illumination.

A water droplet on an uncoated nanocellulose aerogel surface is absorbed
very quickly (within ca. 40 ms), and therefore the contact angle cannot be
measured. The untreated nanocellulose aerogel is highly hydrophilic due to
the numerous hydroxyl groups on the nanofibril surfaces, and the relatively
high surface area in relation to nanofibril volume. We measured the amount
of absorbed water by immersing an untreated aerogel in water for 30 min and
weighing the aerogel after removal from the water. The untreated
nanocellulose aerogel absorbs water ca. 35 times its own weight (absorbent
capacity Mabsorbed water/Macrogel = 35). The measured volume increase was below
2%. Such a high absorption value is qualitatively expected, taking the aerogel
porosity of 98%, and the densities of water and cellulose (1.00 and 1.55 g cm™
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3, respectively) into account. Therefore, the material can be classified as
superabsorbent. By contrast, upon TiO- deposition, the nanocellulose aerogel
becomes highly hydrophobic, with contact angle of 140° (see Fig. 5.12.). The
aerogel floats on the water and very little water is absorbed within the aerogel
after TiO- coating: simple weighing suggested that after forced immersion in
water, only 0.6 times the aerogel weight of water is absorbed (see Fig. 5.13.).
However, it should be noted that a large fraction of this water might actually
be adsorbed onto the surface due to the adhesive pinning of water despite of
the high hydrophobicity.

Figure 5.13. Untreated nanocellulose aerogel absorbs water 30 times its
own weight (a), whereas the TiO.-coated nanocellulose aerogel
shows water repellency when floating on water (b). (Note that
the aerogels in a) and b) were originally different in size.

Upon UV illumination, the TiO- -coated aerogels underwent a transition from
the water-repellent state back to the water-absorbing state with a vanishing
contact angle as seen in Fig. 5.12. UV illumination strongly increases the
hydrophilicity of TiO.. Therefore, absorption is drastically increased and 16
times of the aerogel weight of water is absorbed. The water repellence, with a
high contact angle of 135°, recovers slowly upon storage in the dark (Fig.

5.12.).

The photocatalytic activity of these TiO--coated nanocellulose aerogels was
demonstrated by methylene blue (MB) decomposition. The reaction was
carried out in a quartz cell containing 3 mL of 0.03 mM aqueous MB solution.
UV illumination was performed at wavelength of 365 nm, with intensity of ~2
mW cm=. The decomposition of MB can be observed from the variations in
maximal absorption of the UV-visible spectra. Typically, MB solutions
display maximal absorbance at 668 and 609 nm,2'5 occurring at 665 nm in
the present case. The UV-Vis spectra of the samples in the presence and
absence of TiO. under UV illumination, as well as without UV illumination
are presented in Fig. 15.14 a, ¢ and d, respectively. The absorbance of MB
decreased over time in all samples due to adsorption of MB on the fibril
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surface. However, it can be clearly observed from the spectrum a, that when
both TiO- and UV light is present, the main absorbance band of MB shifts
strongly from 665 to 603 nm. This did not take place with the reference
measurements. The shift results from N-demethylation of MB due to

photocatalytic degradation.
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Figure 5.14. Spectral changes during the photodecomposition of methylene
blue (MB) on TiO:-coated nanocellulose aerogel (NCA) in the
presence of TiO- and UV (a), absence of TiOz(c) and absence of
UV (d). The molecular structure of MB (b).
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Figure 5.15. Absorbance of MB (a), and the position of maximum
absorbance (b), as a function of time. As a reference for the
TiO- -coated nanocellulose aerogel (NCA) sample illuminated
with UV light (open triangles) the absorbance of MB with
native NCA (i.e., no TiO- deposition) under UV radiation
(open circles) as well as TiO2 —coated NCA in the dark (filled
triangles) are shown. (¢) The photocatalytic activity of TiO--
coated filter paper and NCA to decompose MB.

The photocatalytic decomposition is presented more clearly as a function of
time in Fig. 5.15. When the absorbance of MB at 665 nm is plotted as a
function of UV illumination time, the absorbance of MB decreased at a
significantly higher rate than in the reference measurements, where either
the TiO: or UV light was absent, as seen Fig. 5.15.a. The fact that absorbance
of MB goes to zero, indicates that MB is photocatalytically decomposed. The
shift results from N-demethylation of MB due to photocatalytic
degradation.2'> Moreover, the main absorbance peak of MB shifted strongly
from 665 to 603 nm when both TiO- and UV light were present, as presented
in Fig. 5.15.b. This did not take place in the reference measurements. After 24
h of weak UV illumination 65% of the MB was decomposed. The activity is
good taking into account the amorphous nature of the present CVD TiO-
coating. Indeed, it has been reported that the amorphous TiO- nanoparticles
show reduced photocatalytic activity.179 216 To put this result in perspective,
the photocatalytic activity of the frequently used cellulose substrate, filter
paper, was demonstrated under same conditions. As presented in Fig. 5.15.c,
the decomposition is slower and the decomposed amount of MB is smaller in
TiO2-coated filter paper. After 24 h UV illumination ~ 45% of the MB was
decomposed. Photocatalytic decomposition rates of MB in TiO- has been
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shown to scale with light intensity.2’5 Moreover, photocatalytic activity of
TiO- coatings depend strongly on the phase, the crystallite size and the
porosity of the coatings.® Previously, cellulose fibers coated with
nanocrystalline TiO. particles by sol-gel process, showed only slightly higher
photocatalytic decomposition activity in comparison with the present
amorphous TiO- coating, even though the illumination intensity used was
significantly higher than in the present system.1%® Interestingly, amorphous
TiO: particles immobilized in regenerated cellulose film showed lower activity
compared to present work.7¢ Therefore, we believe that aerogel structure
plays important role in photocatalytic activity. Next the influence of aerogel
structure on wetting, absorption and photocatalytic activity is discussed more
in detail by means of morphology and porosity based on SEM and AFM.

Structure-enhanced wetting

The large change of the aerogels from a strongly absorbing, very hydrophilic
material to a near-superhydrophobic and water-repellent material after TiO-
coating is remarkable, considering that initially both the substrate and the
TiO- coatings are fairly hydrophilic. Indeed, the contact angle of water with a
smooth and fresh TiO- surface is 15°.45 As discussed in Chapter 4.2.1 surface
roughness and porosity plays an important role in wetting as well as in
catalytic activity. This was demonstrated by using TiO.-coated filter paper as
a reference. In the aerogels, nanofibrils are assembled into multiple length
scales structures: micron scale sheets and nanoscale fibrils. Furthermore, the
voids between the sheets form macrochannels through the aerogel while

within the sheets there are nanoscale pore network, as seen in SEM images

(Fig. 5.16.). Together these structures contribute multiple scale roughness.

Figure 5.16. Low magnification SEM image of the TiO.-coated aerogels
shows the interconnected micronscale sheets and voids. The
high magnification SEM image shows nanofibrils and
nanoscale pore network within the sheet.

Accordingly, a 3D AFM topographical image of TiO2-coated aerogels (Figure
5.17.) reveals the internal porous network within the sheet forming the

aerogel skeleton. The sheets, in turn, show microscale ridges and re-entrant
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structures. The ridges result in the wavy structure to the sheets with typical
height of over one micrometer (microroughness). Besides, at the smallest
scale, the sheet shows hierarchical nanoscale roughness by AFM (Fig. 5.17.).
Indeed, two roughness levels can be observed, one at 200 nm and the other at
~ 25 nm. Consequently, the aerogel consists of multiple length scale
structures, which enable some air trapping and promotes high contact angle

of 140°.
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Figure 5.17. Topographical 3D AFM images of the TiO:-coated aerogels and
the TiO.-coated filter papers, and resulted roughness.

By contrast, in the TiO.-coated filter papers, the hierarchy and porosity is
reduced. The TiO»-coated filter paper is composed of macroscopic flattened
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fibers that have topographical height of lower than 1 um, as seen in the AFM
image (Fig. 5.17.) The reduced hierarchical roughness and porosity leads to a
smaller contact angle of 129°.

The need for structures at multiple length scales was also realized in the
other cellulose (super)hydrophobization studies. While macroscopic cellulose
fibers, such as in filter paper, provided the large microscale roughness, the
hierarchy with nanoscale structures was necessary to generate by additional
means, e.g. by fluorinating nanostructures,¢% 162 nanoscale silicone,'%3 metal
oxide—silane nanocoatings,’®4 gold nanoparticles,’®5 or by etching the
fibers.15¢ By contrast, in this work, cellulose nanofibrils provide both micro-
and nanoscale structures and pores, due to their spontaneous aggregation,
thus affording particularly simple preparations.

The impact of the hierarchically porous structure was observed also in
absorption. An untreated hydrophilic filter paper with a rather high overall
porosity of 73 %, can absorb only 1.4 times its own weight, while the
nanocellulose aerogel absorbs 35 times its own weight. Even if the absorption
and wetting are separate phenomena, being bulk and surface properties, they
are still connected. The pores and structures at different length scales, formed
during the vacuum freeze-drying, play an important role in both absorption
and wetting of the TiO.—coated aerogels. This material shows how the
increased surface area with multiple length scale structures and pores
increases the hydrophilicity of hydrophilic material, as well as the
hydrophobicity of hydrophobic materials: at the superabsorbing state, the
continuous pore network and structures at different length scales promote
the facile water absorption, while at the water-repellent state, the structures
promote formation of re-entrant structures, evidenced by a high contact

angle.

Structure-enhanced photocatalysis

Photocatalytic activity of the TiO2-coated nanocellulose aerogels is enhanced
due to increased surface area and porosity. The BET surface area of filter
paper is ~ 1 g m2, while the present aerogel exhibits a surface area of 20 g m-
2, Consequently, also the total amount of titanium deposited on the aerogel
during CVD is higher, ~ 8.0 %, versus only 0.9 % of the filter paper (under the
same conditions), explaining the difference in photocatalytic activity.
Interestingly, according to roughness analysis based on the AFM, the
nanoroughness of the aerogel actually decreased from 48 nm to 25 nm upon
deposited 7 nm thick TiO. coating, still showing enhanced activity compared
to filter paper. The roughness of the filter paper was not changed noteworthy
upon the coating. The larger BET surface area results in the large contact

areas between the active sites and the target substrate in photocatalysis. In
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addition, the highly porous structure of the aerogel diffuses rapidly the
reactants into the structure.

5.4  Structural Aspects in Bio-inspired Nanocellulose Aerogels
(Publication IV)

As demonstrated in the previous publication and discussed earlier in chapter
4.2.1., multiple scale structures and air trapping play an important role in
practical applications of the superhydrophobic surfaces. Inspired by the light
weight and multiple length scales in the aerogel structure, common to water
strider leg, we demonstrated a bio-inspired vacuum dried nanocellulose
aerogel with load carrying capacity by CVD of fluorosilane!99 in Publication
IV. In this thesis, the structural features of the fluorinated nanocellulose
aerogel are discussed simplified with relation to hydrophobicity, strong
adhesive force and supporting. In a rough analogy to water strider leg, our
nanocellulose membranes show structures at several length scales, but in the
present case fibrils form networks, from nanometer scale individual
nanofibrils up to micrometer scale nanofibrous aggregates and sheets, as
presented in Fig. 5.18. Rather than mimicking the setae that are connected
only at one end to the water strider leg, we incorporate networks of fibrils,

which are expected to be more robust.
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Bio-inspired functional nanocellulose aerogels
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Figure 5.18. The nanocellulose aerogel shows structures at different length
scales that promote air trapping and hydrophobicity of
functionalized aerogel. The fluorinated aerogel is capable of
floating and cargo carrying 199 217

The legs of water strider secrete a wax, which make the legs hydrophobic and
cause surface tension effect. The contact angle of the flat surface of the
secreted wax is only ~105°16° However, Gao et al. showed that it is not
enough for that significant water repellence and strong supporting force but it
is achieved by the hierarchical structures in the leg.’®© To generate
hydrophobicity to nanocellulose aerogel, it was fluorinated by CVD with
trichlorosilanes in “bottle-in-bottle” setup. It is known that maximum contact
angle of flat fluorinated surface is roughly 120°.2'® Beyond that, contact angle
value is influenced by the surface roughness. We observed water contact
angles above 150° for the fluorinated nanocellulose aerogels, indicating
superhydrophobicity, as seen in Fig 5.19. However, the droplet is highly
pinned onto the surface even when tilted 180°. In addition to high water
contact angles, we observed high contact angles of 153° and 158° also for
paraffin oil and mineral oil, respectively, indicating additional
superoleophobicity.
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Figure 5.19. Fluorinated nanocellulose aerogels are high-adhesive
superhydro- and superoleophobic materials.

The result is encouraging, as superoleophobic surfaces with CA > 150° for oils
are rare and considerably more challenging to construct, as the surface
tension of oils is only a fraction of that of water. In addition to chemical
composition and roughened surface, a third parameter is required for
superoleophobicity, that is, re-entrant surface curvatures in the form of
overhang structures, introduced by Tuteja et al.29 They showed that spacing
ratios play important role in designing superoleophobic surfaces: not only the
size of features but also the distance between features affects the wetting
properties of surfaces. The overhangs can be realized as fibers®!9, mushroom-
like structures®9, and pores.22° The oleophobicity confirms the existence of
re-entrant structures in the present vacuum dried aerogels. Superoleophobic
surfaces are appealing e.g. in antifouling, since purely superhydrophobic
surfaces are easily contaminated by oily substances in practical applications,
which in turn will impair the liquid repellence. However, the fluorinated
nanocellulose aerogel shows also high adhesion, as the oil droplet remain
pinned at tilted angles, as illustrated in Fig. 5.19.

Interestingly, also the previously introduced very hydrophobic TiO.-coated
nanocellulose aerogel shows adhesive pinning of the water droplet when
tilted, as presented in Fig. 5.20. While the fluorinated nanocellulose aerogels
are both hydrophobic and oleophobic, the TiO.-coated aerogels are
hydrophobic but oleophilic. The oleophilic character originates from TiO-, as
discussed in chapter 4.2. However, in the both aerogels, hydrophobicity is
enhanced by the increased surface roughness, arising from multiple scale

structures and pores on the surface.
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TiO, - coated aerogel

hydrophobic adhesive oleophillic
water paraffin oil glycerol
water CA 135° tilted 180° mineral oil

Figure 5.20. TiO2-coated nanocellulose aerogels are highly adhesive
hydrophobic but oleophilic materials.

In the adhesive superhydrophobic surfaces, generally, the hierarchical micro-

and nanostructures are different in size from those of the lotus leaf which are
nonwettable.’55 As discussed earlier, it is not only the multiple scale
roughness which need to be taken into account when designing
superhydrophobic surfaces, but also the right geometry, height and its ratio in
the structures, play an important role. It is important to note, that the surface
roughness of the present aerogels is comprised of heterogeneous structures,
pores and voids that are irregularly distributed and uneven in height.
However, the nanocellulose aerogels offer overhang structures and multiple
length scales required for both superhydro- and oleophobicity. What comes to
the high adhesion of the both surfaces, high porosity is suggested to play the
key role: when wetted, the substantial number of nano- and micropores
produce a miniscule capillary forces, and together with the roughness
originating from the fibril aggregates create a large adhesion, as suggested by
Guo et al. for sticky superhydrophobic surface's”. Furthermore, the influence
of high porosity on adhesion can be explained with the other suggested
mechanism: pores and voids increase substantially the number of possible air
pockets with sealed air, which induce negative pressure.

Despite the high adhesive pinning of the droplet, the superhydrophobic and
superoleophobic character of fluorinated nanocellulose aerogel enable
floating and load bearing capability on both, water and oily liquids. They are
capable of supporting a weight nearly three orders of magnitude larger than
the weight of the aerogel itself.?9% This could be conceptually interesting for,
for example, autonomous devices sensing pollution on water or oil.
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5.5 Bio-Based Selective Membrane for Oil Spill Removal
(Publication V)

As we previously demonstrated the floating and superabsorbing characters,
as well as the hydrophobicity and the oleophilicity of functionalized
nanocellulose aerogels, we wanted to further benefit from these properties.
Therein, it became particularly attractive to extend the TiO.-coating approach
and investigate the functionalized aerogels as a selectively absorbing
membrane for oil spill removal. Cleaning oil spills under a marine
environment is a challenging task. The collection of oil is often preferred
instead of in-situ burning or using dispersing agents that facilitate natural
degradation, as it enables proper disposal of the oil. In oil collection,
traditional choice for absorbent material is sawdust, which however, suffers
from large coincident water absorption along with the oil that needs to be
separated. Thus, there is a need for selective materials that do not absorb
water but are able to rapidly absorb a large amount of oil. The materials
should be robust, floating, reusable, recyclable and environmentally friendly,
and able to incinerate along with the oil they absorb. Despite that the
previously reported materials, such as polypropylene fiber mats22t 222 silica
aerogels,223-225 carbon nanotube aerogels??® and manganese oxide nanofiber
membranes22” showed various oil intake from 15222 to even 180220 times their
original dry weight, they suffered from poor retention, brittleness,
sustainability and safety issues. Porous nanocellulose materials fulfil all the
above-mentioned requirements, being also widely abundant, renewable,
sustainable and safe material for environmental applications.

We utilized similarly TiO.-coated nanocellulose aerogels described in
chapter 5.3. which show small density of 20-30 mg ¢cm™ and a porosity of
>98%, and that are hydrophobic and oleophilic (Publication V). This
functionalized aerogel absorbs a variety of organic solvents and oils, and on
the other hand, repels water as shown previously in Fig 5.20. The droplets of
water and also glycerol (as another example of a polar, viscous liquid) on the
surface demonstrate the hydrophobicity (contact angle >90°) of the material,
while paraffin oil and mineral oil demonstrate the oleophilicity, as the oils
readily absorb into the aerogel. When a hydrophobic aerogel is immersed in
water, the water absorption is unsubstantial, as discussed previously. On the
contrary, the aerogel absorbs a large amount of oil within the interior pores
from the surface of water as demonstrated in Fig. 5.21. An oil spill with a
volume almost equal to the overall volume of the aerogel is absorbed when
the aerogel is placed onto the paraffin oil spill (colored with Nile Red dye for
clarity).
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\'l- / /i oy
Ndes

water ethanol

Figue 5.21. Oil spill removal from water (a) paraffin oil (colored for clarity)
floating on water;(b) the oil being absorbed into the aerogel; and (c) all of the
floating oil has been absorbed;(d) the oil-filled aerogel can be washed simply
by immersing it in a solvent, such as ethanol. The oil gets removed as shown
by the red streaks.

The weight of the absorbed oil is ca. 30 times the dry weight of the aerogel. By
immersing the aerogel directly into paraffin oil, up to 40 times of the original
weight could be absorbed. However, the excess seemed to be oil adhering
outside the aerogel. The oil-filled aerogel can be left floating on water without
water penetration into the structure, or oil release, as the weight of the soaked
aerogel decreases only by 5% after 24 h. Besides, floating of oil-filled aerogel
on water dyed with Reactive Blue, showed no color after removal, which also
confirms that oil is not replaced by water. When weighing the oil filled
aerogel 24 h after removing it from water, 95% of the oil was still retained in
the aerogel. Importantly, we showed that the absorbed paraffin oil could be
completely removed by immersing the oil-soaked aerogel into an organic
solvent, such as ethanol or octane. Fig. 5.21.d shows a paraffin oil-filled
aerogel dropped into a glass jar containing ethanol. The oil is immediately
released as shown by the red stained streaks. The weight difference of the dry
aerogel after and before the oil immersion was very low (ca. 0.6% of the
absorbed amount) manifesting that practically no oil was left in the aerogel.

To test the reusability of the aerogel we immersed an aerogel in an organic
solvent (toluene) for 10 times and measured the weights before and after
drying. The results shown in Fig. 5.22.a indicate that the absorption capacity
does not deteriorate and the dry weight of the aerogel does not change when
the aerogel is reused multiple times. After this reusability experiment, the
aerogel was immersed in water and it still did not absorb water, which
indicates that the hydrophobicity was not lost. After the cycles, a number of
different organic solvents along with some oils were absorbed and the aerogel
was dried a total of 20 times without any measurable change in the dry
weight or the absorption capacity indicating durability and reusability. The
ratios of the final and initial weights upon full absorption m/mo (w/w) are
shown in Fig. 5.22.b along with theoretical maximum lines corresponding to
given constant volume (100% and 80% vol/vol plotted) intake within the
aerogel.
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Figure 5.22. The reusability of aerogel absorbent (a) and the mass-based
absorption capacity for different organic solvents and oils as a function of the
density of the liquid (b).

The aerogels are made from nanocellulose, which is sustainable and can be
simply incinerated along with the absorbed oil. Here the low-surface energy
coating was TiO-, but other inorganic coatings, such as octyltrichlorosilane,228
or surfactants could lead to similar results. In the end, as the TiO.-coated
nanocellulose aerogels can be reused, recycled, or incinerated with the
absorbed oil, and cellulose as well as titanium dioxide are environmentally
friendly, this work paves way for nanocellulose-based oil absorbents for
sustainable applications.

In various other functionalization of the n22ative nanocellulose aerogels,
demonstrated after the present work, the morphology and mechanical
properties have been utilized in various ways. The network of bacterial
cellulose aerogel can serve as a substrate for non-agglomerating growth of
ferromagnetic cobalt ferrite nanoparticles, to form magnetic aerogels.2°3 They
showed superior mechanical properties, higher porosity, lower density, as
well as smaller and more controlled nanoparticles than accordingly prepared
magnetic regenerated cellulose II aerogels.’® The native nanocellulose
aerogels have been also applied as a template for inorganic hollow nanotube
aerogels, that are suitable for fast response resistive humidity sensor.2°7
Furthermore, they can be considered as an effective supporting material for
metal ion catalysts.2°2 The mechanical behaviour of the native nanocellulose
aerogels has been further improved by cross-linking, which turn the aerogel
into shape recoverable in water.2°! In addition to floating and cargo carrying,
the fluorinated native nanocellulose aerogels have been showed to allow
Marangoni-driven self- propulsion as they are gas permeable from their
open-porous structure.27 Moreover, spray dried porous fluorosilane modified
microparticles show self-cleaning and water droplet manipulation.229
Importantly, these recently developed native cellulose aerogels have shown
their superiority in functionality, mechanical properties, and in sustainability,
as well as in biocompatibility compared to previous aerogels, thus expanding
the applicability of aerogels even more.
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6. Conclusions and Outlook

The results presented in this thesis demonstrate the applicability of the native
cellulose nanofibrils as building blocks for functional and responsive
materials. First, we have shown in Publication I that NFC, as isolated by
mechanical and enzymatic treatments forms inherent hydrogel networks in
water without chemical cross-linking, leading to high storage modulus even
at very low concentrations. Furthermore, the NFC hydrogel shows strong
shear thinning, which is beneficial in processability and in applications,
considering the easy mixing and dispensing. Next, in Publication II it was
demonstrated that the strong nanofibril network enables porous aerogels. In
contrast to most previous aerogels, which are brittle, the shown native
nanocellulose aerogels are ductile and deformable, despite the high porosity
of 98% and randomly organized structure. Controlling of the overall aerogel
structure by freeze-drying allow tuning of to the mechanical properties and
the morphology. The present nanocellulose aerogels are composed of
micronscale sheets or flocs that, in turn, consist of nanoscale fibrils,
generating dual scale structure into the aerogel. Furthermore, the aerogels
contain hierarchical porosity: the pores between the sheets and flocs form
macrochannels through the aerogel, while a nanoscale pore network is
formed between the fibrils. These aerogel skeletons provide a percolative
template for conducting material, e.g. polyaniline to achieve highly porous
conducting materials.

The nanocellulose aerogels are also versatile templates for functional
coatings to tune the surface activity, and to allow responsive materials as
demonstrated in Publications III, IV and V. The TiO2-coated nanocellulose
aerogels are functional, i.e. show photo-triggered wetting and absorption
transformations. We have shown that the original nanocellulose aerogel is
very hydrophilic and act as a superabsorbent, absorbing water 35 times its
own weight. Upon CVD of TiO- on the nanocellulose aerogel, it became
hydrophobic with negligible absorption. The UV illumination, on the other
hand, changes the surface structure of the TiO--coated nanocellulose aerogel
and switches the material to be superabsorbent again. Besides the
photoresponsive wetting and adsorption, we demonstrated the improved

photocatalytic decomposition of organic matter based on the enhanced
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surfaced area and hierarchical porosity of the TiO.-coated nanocellulose
aerogel. In addition, TiO: coating on the nanocellulose aerogel provides
means to tailor the selectivity of the absorption due to its hydrophobic but
oleophilic character. By exploiting the selectivity of the TiO:-coated aerogel
for water and oil and the superabsorbency of porous nanocellulose template,
we demonstrated sustainable and water floating selectively absorbing
membrane for oil spill removal.

Moreover, we showed combined superhydro- and oleophobicity based on
fluorinated nanocellulose aerogels. The result is encouraging, as
superoleophobic surfaces are rare and considerably more challenging to
construct. Superoleophobic surfaces are appealing e.g. in antifouling, since
purely superhydrophobic surfaces are easily contaminated by oily substances
in practical applications, which in turn will impair the liquid repellence.

The results presented in this thesis demonstrate that nanocelluloses allow
novel properties within the class of cellulose-based materials. One of the most
obvious advantages of exploiting cellulose nanofibrils e.g. for preparation of
porous templates is that the high aspect ratio cellulose nanofibrils enable very
low gel concentrations, and very low density and highly porous light weight
aerogels. Importantly, the cellulose nanofibril network is robust against the
collapse upon drying, thus allowing a facile drying process. Moreover, the
results presented in this thesis show that the nanocellulose aerogels enable
feasible templates, not only by serving as a support for functional materials,
but also enhancing the effects of functional coating. The native nanocellulose
aerogels offer re-entrant curvatures, and multiple length scaled structures
and pores required for both superhydro- and oleophobicity, as well as
improve the absorption and photocatalysis.

We believe that these results will not only contribute to the basic
understanding of the behavior of cellulose nanofibrils but they also suggest
novel types of sustainable applications in materials science beyond the classic
cellulose applications. During and after the publications shown in this work,
significant development has taken place regarding the production,
modification, and use of nanocellulose aiming for sustainable materials,
driven by various research groups around the world. Importantly,
nanocellulose materials can lead to strengthening of the competitiveness of
the forest industry in its changing operational environment.

Altogether, this work has aroused a number of questions, many of which
remain unanswered. Therefore, the work as such should be considered as a
beginning, not the end. What are the key advantages and ultimate limitations
of the use of cellulose nanofibrils in future material development? Despite the
fact that the nanocellulose materials have been proven to be able to compete
successfully in various properties with extensively used synthetic polymers,

the production methods and the costs still limit the final commercial success.
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How to find the feasible preparation method, which is able to maintain as
many valuable properties as possible needed in the applications? Or which
preparation method generates fibrils that can best be utilized in the various
applications? How to fully exploit the superior mechanical properties of the
cellulose nanofibrils in various applications? What are the key value-added
products, which ensure the commercial success of cellulose nanofibrils in the
future? Those are some of the questions that will be answered in the near

future.
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