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1. Introduction

Cellulose, as the main solid constituent of plant biomass, is abundant and re-
newable.1,2 This is a good starting point for using it as an ingredient to prepare 
materials that are inexpensive and environmentally friendly. Humans have used 
natural cellulose-based materials (e.g. wood, hemp, cotton, linen) for millennia 
in the form of construction material, textiles, and paper, for example. Natural 
wood-based materials are well suited for these purposes due to their hierar-
chical structure (Figure 1), which has evolved to combine light-weight with me-
chanical strength, stiffness and toughness (Figure 2).3,4 For instance, the struc-
ture of wood spans several hierarchical levels at many length scales from the 
macroscopic level of individual plants down to individual cellulose polymer 
chains as schematically illustrated in Figure 1.  

Figure 1. The morphological hierarchy of wood down to the level of individual cellulose polymer 
chains. © IOP Publishing. Reproduced with permission from Ref. 5. All rights reserved.

For applications, the naturally encountered cellulose-based materials are re-
fined typically by deconstructing to a characteristic hierarchical structural level. 
For macroscopic construction materials, this means producing objects of given 



Introduction

2 

shapes and sizes by mechanical processing at a scale above 1 mm typically. For 
paper, the raw cellulose source needs to be deconstructed further to pulp, i.e. 
down to the level of the hollow cellulose fibers corresponding to the wood cell 
wall, with diameters in the range of tens of micrometers.  

Continuing the deconstruction of natural cellulose to finer hierarchical struc-
tural levels, i.e. the level of microfibrils and elementary fibrils, would result in 
essentially nanomaterials (i.e. nanocelluloses), as these structures have diame-
ters in the range of a few to hundreds of nanometers. Many material properties 
of interest (e.g. optical and mechanical) are quite different for a nanomaterial 
in comparison to its bulk counterpart.6 Until the 20th century, methods for the 
controlled and high-yield deconstruction of cellulose to the nanoscopic level of 
microfibrils and elementary fibrils had not been developed yet. 

 

 

Figure 2. Ashby plot of specific modulus (Young’s modulus / density) vs. specific strength (ulti-
mate tensile strength / density). Regions of crystalline cellulose Iβ, neat films of either bacte-
rial cellulose (BC) or cellulose nanoparticles (CN, referring collectively to cellulose nanocrys-
tals, microfibrillated cellulose, and cellulose nanofibrils), and CN reinforced matrix compo-
sites with less than 30 wt. % CN are shown. Reproduced from Ref. 3 with permission of The
Royal Society of Chemistry (RSC).

1.1 Structure of the Elementary Fibrils and the Microfibrils

Cellulose is an unbranched homopolysaccharide composed of β-D-glucopyra-
nose linked by 1,4-glycosidic bonds.7 During biosynthesis several cellulose pol-
ymer molecules aggregate together and align nearly uniaxially to form the ele-
mentary fibrils, which aggregate further to microfibrils (Figure 3b), with possi-
bly other compounds such as hemicelluloses incorporated. The synthesis results 
in Cellulose I crystals where the polymeric chains have a parallel conformation 
and form a strong hydrogen bonding network with adjacent chains and them-
selves (Figure 3a). This hydrogen bonding network contributes to the high axial 
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chain stiffness of the crystals, which is expressed also in the elementary fibrils 
and the microfibrils.3,8,9 In the fibrils, the long and thin crystalline domains are 
interspaced by less ordered, non-crystalline domains of cellulose (Figure 3b).3 
The deconstruction of natural cellulose to the level of these nanoscopic struc-
tures means essentially the cleavage of the microfibrils and/or elementary fi-
brils from each other (Figure 3c) to result in individual nanofibrils, and possibly 
the degradation of the non-crystalline domains by chemical means.  

Figure 3. Structure of nanoscopic constituents of cellulose. (a) One of two possible hydrogen 
bonding networks between adjacent cellulose chains within the (110) and (200) planes in 
Cellulose Iα and Iβ, respectively. (b) Idealized depiction of the arrangement of ten-by-eight
cellulose chains into Cellulose I crystals in four elementary fibrils, which are further aggre-
gated together to form one microfibril. In (b) the labels A, B, and C indicate coalesced sur-
faces of elementary fibrils, the more weakly bound and readily available surfaces between
the elementary fibrils, and more disordered and non-crystalline regions in the fibrils, respec-
tively. (c) SEM micrograph of a single cellulose pulp fiber that has partially cleaved to laterally 
separated nanofibrils, corresponding to elementary and microfibrils. The cleavage has oc-
curred as a result of TEMPO-oxidation and subsequent processing induced stresses. Images
(a) and (b) adapted with permission from Refs. 10 and 11, respectively. © 2008 American
Chemical Society (ACS) and © 1972 Wiley, respectively. Image (c) adapted from Ref. 12
with permission of Springer. © 2009 Springer.

1.2 Nanocelluloses

Currently several different classes of nanocellulose have been described, and 
they naturally inherit a number of the desirable characteristics of the natural 
sources of celluloses, such as their availability, renewability, biodegradability, 
and attractive mechanical properties combined with relatively low density (Fig-
ure 2).2–4 However, the microstructures of materials fabricated from nanocellu-
loses can be markedly different from those based on less deconstructed cellu-
loses. This leads to greatly differing characteristics in, for example, mechanical 
and optical properties.13–15  

The microstructure of a material depends greatly on how it is processed, and 
the processing routes applicable for nanocelluloses are notably different when 
compared to their bulkier counterparts. The bulkier forms of cellulose are pro-
cessed as porous solids or unstable suspensions (i.e. pulp), whereas nanocellu-
loses are processed typically as colloidal dispersions or hydrogels. As the possi-
ble processing routes available for nanocelluloses are very different from their 
bulkier counterparts, so are the feasible microstructures and the related mate-
rial properties. This offers the inspiring challenge of finding novel means of pro-
cessing in order to construct nanocellulose-based materials exhibiting novel 
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property combinations, which can further push nanocelluloses into new fields 
of application. 

This thesis will focus on the properties of one type of nanocellulose, i.e. cellu-
lose nanofibrils (CNF), and how those properties enable novel processing 
routes, and what kind of microstructures, and the consequent final properties, 
are within reach.  Below is a brief overview of some the most interesting catego-
ries of nanocelluloses, prior to discussing CNF in more detail. 

1.2.1 Cellulose Nanocrystals (CNCs) 

In 1949, the Swedish polymer chemist Bengt Rånby reported the first prepara-
tion of a colloidal dispersion of CNCs.16 This work was built on the observations 
of Nickerson and Habrle reported two years earlier where cellulose samples 
were selectively hydrolysed from the non-crystalline regions by strong, concen-
trated acids.17 In essence, this same method of selective acid hydrolysis of non-
crystalline regions of cellulose is still used today to prepare CNCs, although our 
ability to control and understand the process have greatly increased.18 

CNCs are stiff, rod-like, and crystalline colloidal objects with length and diam-
eters ranging typically from 100 to 3000 nm, and 3 to 50 nm, respectively, de-
pending on the biosynthetic origin and the method of hydrolysis.19 In addition 
to the attractive properties shared with other nanocelluloses, due to their rod-
like morphology (Figure 4b), their stable dispersions exhibit liquid crystallinity 
(Figure 4a). 
 

 

Figure 4. (a) 5 wt. % CNC dispersion photographed between crossed polarizers. (b) AFM micro-
graph of the same CNCs. The CNCs are prepared from wood pulp by sulphuric acid hydrol-
ysis, and are 174 nm long and 8 nm thick on average. Reprinted from Ref. 20 with permission
from Elsevier. © 2015 Elsevier.

1.2.2 Microcrystalline Cellulose (MCC) 

Along a related path of research as that of Rånby, Batista et al.21 similarly hy-
drolysed the non-crystalline regions in purified cellulose pulp with strong acids, 
and after neutralization and drying, obtained MCC. As the name suggests, MCC 



Introduction

5 

is not a nanocellulose per se, as it is composed of cellulose structures with di-
ameters in the range of some to tens of micrometers. This can be seen in the 
qualitative morphological difference between cellulose pulp fibers, MCC and 
CNCs in Figure 5. MCC is chemically inactive, physiologically inert, and has at-
tractive binding properties. For these reasons, it has found multiple uses in the 
pharmaceutical, food, personal care, composite and paper industries.19,22 

Figure 5. SEM micrographs of (a) cellulose pulp, (b) deagglomerated MCC, and (c) CNCs de-
rived from wood. Adapted in part from Ref. 3 with permission of RSC.

1.2.3 Dissolved Cellulose 

The deconstruction of cellulose can be continued even further from the level of 
microfibrils and elementary fibrils down to the level of individual polymer mol-
ecules by dissolution. This can be attractive for achieving processability more 
similar to that of conventional synthetic polymers. Notably, resolidification of 
dissolved cellulose will result in a crystal structure different from that of Cellu-
lose I.  

Direct dissolution of cellulose is possible with a number of solvent systems, 
for example, aqueous solutions of concentrated sodium hydroxide (NaOH) and 
urea, ionic liquids, or many others.23 The other option is chemical modification 
of the cellulose in order to create stable cellulose derivatives that can be dis-
solved in water or organic solvents.24  

1.2.4 Bacterial Cellulose (BC) 

Bacterial cellulose (BC, also denoted as microbial cellulose) is a somewhat spe-
cial case of naturally occurring celluloses, as it is not structured to hierarchical 
levels above that of microfibrils. Instead it is biosynthesized by the bacterial spe-
cies Acetobacter xylinum, and bundled from protofibrils of 2-4 nm in diameter 
to ribbon-shaped microfibrils of circa 80-by-4 nm.25 The bacteria excrete BC as 
continuous ribbons into their culture medium resulting in a hydrogel that is 
composed of more than 95 % water and an entangled cellulose network (Figure 
6a). BC nanofibers are nearly pure cellulose and contain no lignin.3,25 Among 
other applications, BC has been recognized as an attractive material for biomed-
ical applications, such as skin restoration for burn victims (Figure 6b).26 
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Figure 6. Bacterial cellulose. (a) SEM micrograph of a freeze-dried BC network. (b) A never-dried 
BC hydrogel conforms to body contours, maintains a moist environment, and reduces pain 
as a wound dressing. (a) reproduced from Ref. 27 with permission of RSC. (b) reprinted with 
permission from Ref. 26. © 2007 ACS.

1.2.5 Cellulose Nanofibrils (CNFs) 

Around the same time in 1983, Turbak et al.28 and Herrick et al.29 reported on 
the deconstruction of natural cellulose pulp to very fine individual fibrils with 
diameters on the level of individual microfibrils, and possibly even elementary 
fibrils. These fibrillated nanocelluloses (Figure 7c,d,e) are collectively known as 
cellulose nanofibrils or nanofibers (CNF), nanofibrillated cellulose (NFC), or 
sometimes also microfibrillated cellulose (MFC).3 CNFs are liberated from cel-
lulose fibers (Figure 7a,b) by mechanical disintegration, which is often preceded 
by pre-treatments such as removal of lignin, enzymatic hydrolysis of the cellu-
lose, and/or chemical surface modifications.30 

The fibril morphology (i.e. lengths, diameters, shape, crystallinity of fibrils) 
and material composition (i.e. balance between cellulose, lignin, and other pol-
ysaccharides such as hemicelluloses) of CNF depend largely on their biological 
origin, pre-treatments and method of mechanical disintegration.3,31,32 This is 
qualitatively exemplified by the difference between chemically unmodified CNF 
disintegrated by high-pressure homogenization (Figure 7d) compared to CNF 
disintegrated by extended stirring with a magnetic stirrer after introduction of 
high negative surface charge density by TEMPO-oxidation (Figure 7e).  

One of the unique features of CNF is their overall fibrillar morphology inher-
ited from the elementary fibrils and microfibrils of natural cellulose (Figure 
7a,b), where cellulose chains are highly aligned and laterally hydrogen bound 
(Figure 3). This structure endows the individual CNFs with very high axial me-
chanical properties (Figure 2): Young’s modulus of 29 – 36 GPa and ultimate 
tensile strength of 1 – 3 GPa.33,34 The fibrils are typically longer than 500 nm 
and thicker than 4 nm in diameter.3  
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Figure 7. Ultrastructure of typical cellulose fibril aggregates of never dried bleached pulp cellu-
lose fiber from (a) primary cell wall fibrils, and (b) S1 layer fibrils without any further mechan-
ical disintegration. (c) Photograph of 2 wt. % CNF gel prepared from bleached, never-dried 
birch pulp. (d) TEM micrograph of CNF prepared from bleached sugar beet root by high-
pressure homogenization. (e) TEM micrograph of TEMPO-oxidized CNF disintegrated by 
extended agitation with a magnetic stirrer after introduction of 1.5 mmol g-1 carboxylate 
groups on the surface. (a) and (b) are adapted from Ref. 35 with permission. (d) and (e)
adapted with permission from Refs. 36 and 37, respectively. © 1997 Wiley and © 2007 ACS,
respectively.

The application potential of CNF has been recognized in structural composites, 
high-performance fibers, packaging, paper, and transparent electronics, to 
name a few.38–42 Furthermore, similar to BC, CNF have been demonstrated to 
hold great promise in pharmaceuticals, personal care and food products, as sev-
eral grades of nanocelluloses have been shown to be non-cytotoxic, and viable 
options as cell growth media.43–48 

1.3 Goals and Structure of this Thesis

The goals of the current thesis manuscript are to: 
1. Recognize the features of CNF that distinguish it from many other ma-

terials, such as polymers or colloids.
2. Recognize and explore the feasibility of achieving desired properties and

property combinations through novel processing routes for CNF-based
materials.

3. Compare the processing routes and achieved material properties to
those reported in the literature.

4. Recognize interesting directions for further research in the investigated
topics and further development from the presented findings.
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The current thesis is structured in the following way: 
The 1st section, Introduction, describes the main categories of nanocel-
luloses and the general motivation for their investigation.  
The 2nd section, Implications of the Properties of Cellulose Nanofibrils, 
is focused on goal 1. It highlights the features of CNF that the author 
considers most essential to differentiate it from polymers and other 
colloids.  
The 3rd section, Results and Discussion, pursues goals 2 to 5, and is 
divided in five chapters focused on the problem setting and the related 
literature around each article. Each chapter contains the following: 

o Description of selected challenges and possibilities for CNF-
based materials  

o Short review of selected solutions from the literature  
o Overall description of a solution developed in the author’s work 
o Brief outlook on some directions of further development 

The 4th section, Conclusion, summarizes the findings and most prom-
inent directions for further development presented in this thesis. 
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2. Implications of the Properties of Cel-
lulose Nanofibrils

This section will highlight the features of CNF that the author considers most 
essential to differentiate it from polymers and other colloids. These differences 
will be considered from the perspective of the morphology of the fibrils, and 
their chemo-physical surface functionality. These analyses can allow recogni-
tion of some of the inherent limitations, but also novel possibilities, of CNF in 
terms of processability and final properties of CNF-based materials. The pre-
sented analysis partially applies to other nanocelluloses. This section will over-
view these features more generally, and in section 3 more specific instances of 
how they can be put to use are given with examples from the author’s publica-
tions.  

2.1 Morphology of CNF and Implications

The structure of an individual CNF, inherited from the elementary fibrils and 
microfibrils of natural cellulose, consists of several cellulose polymer chains 
bundled together in a parallel conformation, and aligned to a high degree along 
the long axis of the fibril. As mentioned above, among the most important con-
sequences of this structure, are the high axial mechanical properties of individ-
ual CNFs.33,34 Furthermore, the bundled structure restricts the mobility of indi-
vidual polymer chains, which dictates many of the essential properties of CNF 
both on the level of individual fibrils and of their collective network.  

This restricted mobility of cellulose chains largely defines many of the thermal 
properties of CNF. For example, CNF-based materials exhibit an extremely low 
(< 8.5 ppm K-1) coefficient of thermal expansion (CTE) as shown in Figure 8, 
which is of interest in processes where minimal thermal expansion is desired, 
as for example in the processing of cellulose-based electronics.38 Another im-
portant result of the restricted mobility of the cellulose chains is that no direct 
softening of CNF with heating is possible without thermal decomposition.49 
Therefore, for melt processing of CNF composites, CNF are typically mixed with 
thermoplastic resins.41  

At the next length scale above the level of cellulose chains, i.e. as a long fiber-
like, colloidal object, the morphological analysis of CNF and its implications can 
be approached in terms of its persistence length, aspect ratio, and diameter. 
This is presented in the following subchapters. 
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Figure 8. Ashby plot of CTE vs. Young’s modulus. Regions of crystalline cellulose Iβ, neat films 
of either BC or cellulose nanoparticles (CN, referring collectively to CNC, MFC, and CNF), 
and CN reinforced matrix composites with less than 30 wt. % CN are shown. Reproduced 
from Ref. 3 with permission of RSC.

2.1.1 Persistence Length of CNF is High 

Persistence length ( ) is a measure of the backbone rigidity of a chain-like ob-
ject, such as a polymer or a colloidal fibril. Persistence length is defined as the 
length along the chain over which directional correlation between the tangents 
at two points is lost.50,51 Informally, a chain segment shorter than the persistence 
length can be considered to behave as an elastic beam. The ratio between the 
persistence length and the contour length (i.e. length at maximum physically 
possible extension) of the object ( , can be used to roughly categorize it as 
either flexible ( ), semi-flexible (i.e. ), or rigid (i.e. ).52 By 
these definitions CNF can be described as semi-flexible rods,53,54 and CNCs for 
comparison as rigid rods.55 In Figure 9, CNFs, CNCs, and a variety of polymers 
are compared in terms of their persistence lengths and typical contour lengths 
reported in the literature.  

The persistence length of the CNF (2840 nm) reported by Usov et al.54 is two 
orders of magnitude greater than that of dissolved cellulose (10 – 30 nm),56 and 
over four orders of magnitude higher than that of synthetic polymers with flex-
ible backbones (< 1 nm).51 This difference arises from the ability of individual 
linear polymer chains to coil with very short radii of curvature, largely due to 
the freedom of short chain segments to rotate around the chain backbone.51 Due 
to the CNF morphology of bundled cellulose chains, such thermal motion is 
largely inhibited. Further contribution to the high persistence length of CNF 
may come from the inter- and intrachain hydrogen bonding network of cellulose 
(Figure 3a).8,9,10,57 
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Figure 9. Persistence lengths vs. contour lengths (i.e. length when uncoiled and extended as 
much as physically possible) of polymers, CNFs and CNCs. The values are collected from 
Refs. 3,51,54–56,58–62.

The high persistence length, or backbone rigidity, of CNF is one of the defining 
properties of CNF networks. For example, this rigidity is important for the nat-
ural tendency of CNF to conform to the macroscopic surface of a substrate when 
the fibrils are able to rearrange and experience the capillary pressure of the 
evaporating solvent, and thus form in-plane oriented networks.63,64 This spon-
taneous orientation of fibrils during preparation of CNF films is an important 
factor behind their high mechanical properties (Figure 2), as the alignment of 
anisotropic mechanical elements is crucial for the anisotropic mechanical prop-
erties of their joint structure.63,64 This tendency should be embraced when aim-
ing for anisotropic materials.  

In a slightly different context, this sort of rigidity directly implies that CNF-
based materials resist densification due to the fibrils acting as “trusses” and 
“beams” supporting the pores against compressive stresses. This is an important 
factor in the challenge of dewatering CNF dispersions,65 but also leads to the 
potential of using CNF to form porous materials ranging from tight filtration 
membranes to low-density aerogels.66–71 This theme is further considered in 
chapter 3.4 and employed in Publication 4. 

An intriguing implication in terms of application potential of the high persis-
tence length of CNF is their resultant resemblance to the constituent building 
blocks of biological gels, namely the cytoskeletal network.72 The morphology 
and stiffness of the growth matrix has been shown to be essential for directing 
the epigenetics and stem cell differentiation.73,74 This and successful cell prolif-
eration and differentiation in three-dimensional (3D) CNF cell cultures are clear 
merits of CNF for tissue engineering and other biomedical applications.43,75,76 
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2.1.2 Aspect Ratio of CNF is neither High nor Low 

Aspect ratio is the physical size along the largest dimension (i.e. length for rods 
and fibrils) divided by that of the smallest dimension (i.e. diameter for rods and 
fibrils). Due to geometrical reasons, objects with high aspect ratio, such as fi-
brils, can interact by direct contact with a much larger number of individual el-
ements than objects of low aspect ratio, such as short rods or spherical colloids. 
This is illustrated qualitatively by the formation of a percolative path (i.e. a large 
connected network) through overlapping rigid two-dimensional (2D) ellipses of 
aspect ratios 1, 4 and 50 in Figure 10a,b,c, respectively. Higher aspect ratio leads 
to a reduction of the percolation threshold of a colloidal system upon increasing 
the aspect ratio of the colloids,77 which consequently explains the observed ge-
lation of fibrillar colloids at concentrations much lower than for spherical or 
short rod-like colloids.53,78 In dry materials, especially in the context of CNF, 
higher aspect ratio fibrils lead to higher extensibility, and thus higher tough-
ness.63,79 Figure 10d,e shows quantitatively with simulated overlapping rigid 3D 
ellipsoids how percolation occurs at lower volume fractions when the aspect ra-
tio is increased. It should be noted that this analysis is most relevant for entities 
with a high persistence length in relation to their contour length. 

 

 

Figure 10. Effect of particle aspect ratio on percolation characteristics. (a-c) Qualitative illustra-
tion of the relationship between aspect ratio and critical volume fraction for the formation of 
a 2D percolative path of overlapping ellipses with aspect ratios of (a) 1, (b) 4, and (c) 50. 
(d,e) Simulated percolation characteristics of randomly placed and oriented overlapping 3D
ellipsoids: (d) percolation probability vs. volume fraction for four different aspect ratios, and 
(e) critical volume fraction (percolation threshold) of ellipsoids vs. aspect ratio. (d) and (e) 
reprinted from Ref. 77 by permission of Royal Society.

CNF are often described to have high aspect ratio, typically between 100 and 
600.3,42,53,66,80,81 Their aspect ratios are higher than those of CNCs, which are 
typically between 10 and 150,3 however, CNF actually can be claimed to have a 
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low aspect ratio when compared to many commodity polymers. For example, 
for ultra-high molecular weight polyethylene an aspect ratio of 100,000 is not 
uncommon.51  

However, this comparison does not take into account the differences in per-
sistence lengths. Flexible entities have a tendency to coil, and hence are less 
likely to form volume spanning networks at low concentration. In contrast, CNF 
possess a combination of relatively high contour length and high persistence 
length, due to which they are more extended and more likely to form volume 
spanning networks. This is of special importance for the rheology of CNF dis-
persions.53 A direct implication is the tendency of CNF to form gels of high stiff-
ness already at low concentrations.82 On the other hand, as the fibrils are only 
physically bound to each other, and entangled to only a minor extent, the net-
work structure is easily disrupted by imposed stresses. This leads to the ob-
served shear thinning of CNF dispersions,80,83 which is of high importance for 
many processing paths of CNF-based materials, such as extrusion of dispersions 
or spreading of coatings.  

One field of application where the combination of relatively low aspect ratio 
and high persistence length of nanocelluloses in comparison to polymers has 
important implications, is the spinnability and drawability of macroscopic fi-
bers of CNF, which are poor in comparison to high molecular weight thermo-
plastic polymers, such as polyethylene.42 Potential solutions for this challenge 
are investigated in Publications 2 and 3 and elaborated in chapters 3.2 and 3.3. 

2.1.3 The Diameter Makes CNF “Nano” 

The diameter of the fibrils is crucial for many of their properties. For instance, 
it strongly affects the persistence length, as the bending rigidity of an elastic 
beam increases rapidly with its width, varying as .84 The diameter largely 
defines the sizes of pores that form near the fibril intersections, as the high back-
bone rigidity of CNF limits their conformation to the shape of adjacent surfaces, 
such as other fibrils. This partially defines the intrinsic porosity and typical pore 
sizes in CNF-based materials.  

As CNF are deconstructed from significantly larger structures, it is possible to 
obtain them with a broad range of diameters. The optical properties, namely the 
turbidity of CNF dispersions and the opacity of CNF-based dry materials in-
crease with the presence of fibrils with larger diameters. Therefore, as transpar-
ency is often desired, the vast body of research has focused on preparing mate-
rials devoid of the thicker fibrils.  

The polydispersity of CNF morphologies produced by mechanical disintegra-
tion, combined with the ability of CNF to form porous materials, enables tuning 
of the microstructure of CNF-based materials in order to manipulate their opti-
cal scattering properties. This possibility is investigated in Publication 5 and 
discussed in chapter 3.5. 
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2.2 Implications and Possibilities of the Cellulose Surface as a 
Chemo-Physical Substrate

Due to the long-standing global importance of cellulose-based materials such as 
wood, pulp, paper, and textiles, a wide range of chemical and physical surface 
modification methods have been developed for cellulose,24,85 and many of these 
have been successfully transferred to nanocelluloses and CNF.30,86 These allow 
versatile modification possibilities of interfibril interactions, dispersion charac-
teristics, rheology, matrix compatibility, interactions between CNF and the en-
vironment, and added functionalities. The introduced surface chemistries can 
have direct functional value in applications, but equally valuable is to keep in 
mind their importance for the processability of CNF-based materials, as the sur-
face chemistry dictates the interfibril and fibril-solvent interactions. 

Cellulose surface modifications can be separated into two fields: the physical 
adsorption of compounds (Figure 11a), such as surfactants or polymers, and co-
valent chemical surface modification by either direct derivatization of the ex-
posed chemical groups or grafting of small molecules (Figure 11b) or polymers 
(Figure 11c).30 Permanency and immobility of the introduced moieties can be 
considered as clear merits of the covalent modification routes (Figure 11b,c), 
whereas potential environmental and health concerns, and costs in some cases, 
can be disadvantages.41 In contrast, in terms of processing, surface adsorption 
is a more facile pathway for modification. However, as surface adsorbed species 
(Figure 11a) are bound to the cellulose surface by physical interactions, they can 
undergo desorption or reorganization, which may be undesirable for some ap-
plications. 

 

 

Figure 11. Illustrated review from the year 2013 of reagents used for modification of CNF. The 
three strategies described are (a) physical adsorption of compounds, and surface grafting of 
(b) small molecules, or (c) polymers. Numbers in square bracket correspond to references in 
the original article. Adapted with permission from Ref. 30.
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2.2.1 Functional Roles of Introduced Surface Charge 

The most commonly employed routes of chemical modification of CNF aim to 
add charge to the fibril surface. TEMPO-oxidation and carboxymethylation are 
the derivatization techniques most often used for this purpose, and introduce 
carboxylic acids on the surface of CNF.87,88 Other chemistries have been devel-
oped, for example, for the grafting of quaternary amines for positively surface 
charged CNF with antimicrobial properties,89,90 or phosphates with additional 
fire-retardancy.91  

An important benefit of the introduced surface charge is the reduction of en-
ergy consumption during fibrillation.88,92 This occurs due to osmotic effects (i.e. 
hydration of the charged moieties) and electrostatic repulsion between the fi-
brils.88,93 As the introduction of charge facilitates fibrillation, typically thinner 
fibrils with higher aspect ratio can be obtained, although the fibril length might 
also be reduced.32,88,94 This often leads to dispersions that form gels at very low 
concentration, are less turbid (Figure 12a), and can lead to highly transparent 
films and aerogels upon drying (Figure 12b).14,69,88  

Figure 12. (a) Photograph of original cellulose (leftmost) and TEMPO-oxidized cellulose nano-
fibril (TOCN) dispersions (three rightmost) with varying amounts of carboxylates on the fibril
surface (inset values in mmol g-1). The original cellulose is an unstable suspension of fibers 
and sediments quickly. With the TOCN, the trend in reducing turbidity with increasing surface 
charge density is evident. (b) Photograph of two TOCN films dried from different pHs: (left) 
pH = 3, and (right) pH = 7. When the dispersion is dried in neutral conditions, the fibril sur-
faces are charged, and the fibrils have more freedom to move. This allows densification of 
the microstructure upon drying, and hence high transparency. When the film is dried in acidic 
conditions, the carboxylic acids are protonated, the fibrils uncharged, and the system be-
comes aggregated. Hence, the structure retains more porosity, scatters more light, and be-
comes translucent. (a) and (b) adapted from Refs. 37 and 95, respectively. © 2007 ACS and 
© 2013 ACS, respectively.

The sign of the surface charges and their density are important for many appli-
cations. For example, when using CNF as a cell growth medium, an appropriate 
surface charge density is of high importance in order to adjust the interactions 
between cells and the fibrillar matrix.44,48,96 In contrast, an elevated surface 
charge density combined with the high surface area of CNF is desirable when 
using CNF for harvesting of charged molecules from solution, such as ionic en-
vironmental contaminants.97,98 Optionally, the same tendency can be used for 
hydrophobization of CNF by adsorption of ionic surfactants, which leads to re-
duced water wettability,99 and better compatibility with hydrophobic polymeric 
matrices.41,100 

In terms of strategies for processing of CNF-based materials and controlling 
the resulting microstructures, the electrostatic stabilization of highly charged 
CNF offers an option for the triggered aggregation and physical crosslinking of 
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the fibrils under aqueous conditions. The dense surface charge makes the CNF 
dispersion sensitive to ionic strength, valency of ions present, and most often 
also pH.101–104 This can be utilized, for example, to induce porosity in CNF-based 
materials by crosslinking of a CNF gel prior to drying (Figure 12b).95 Another 
process where this feature has been exploited is the spinning of high strength 
CNF-based fibers by flow-focusing, where the carboxymethylated CNF are 
locked in a highly aligned conformation by the introduction of salt while the 
dispersion is pinched by adjacent fluid streams.105 

The elevated surface charge density opens up a general processing route for 
CNF, i.e. complexation with polyelectrolytes. For example, the ionic complexa-
tion between oppositely charged polyelectrolytes with CNF can be used for 
layer-by-layer assembly of CNF, which enables bottom-up construction of hier-
archical nanomaterials.87,106 Another interesting possibility is the interfacial 
polyelectrolyte complex fiber spinning technique.107 This theme is discussed 
more in chapter 3.2 and investigated in Publication 2. 

2.2.2 Tailored Functionalities by Covalent Chemical Modification 

Covalent grafting of hydrophobic moieties introduced on the CNF surface is at-
tractive for improving the water-repellency of CNF-based materials, but also al-
lows better processing of CNF composites, due to better compatibility with or-
ganic solvents and hydrophobic polymeric matrices.41  

More specific and exotic functionalities have been demonstrated, for example 
penicillin-grafted CNF that exhibit contact antimicrobial properties,108 benzo-
phenone-grafted CNF that can be crosslinked photonically,109 and poly(N-iso-
propyl acrylamide)-grafted CNF that shows thermoresponsive behavior.110 As a 
notable functionalization route, the surface-carboxylated fibrils can act as an 
intermediate step towards further chemical modification, such as the attach-
ment of biomolecules with the EDC-NHS –coupling chemistry.111 The CNF sur-
face can also act as a template for functional nanomaterials, such as titanium 
dioxide (TiO2) nanotubes,112–114 or superparamagnetic iron oxide nanoparti-
cles.115  

What new functionalities or processing routes the novel surface chemistries 
could offer is a question for the imagination. As an example, the photonically 
crosslinkable functionalities can be seen to allow 3D printing of crosslinked CNF 
gel-structures.116  

2.2.3 Adsorption of Polysaccharides  

In contrast to the adsorption of polyelectrolytes on oppositely charged CNF sur-
faces, several polysaccharides have a strong tendency to adsorb irreversibly onto 
cellulose surfaces, irrespective of their charge.117–122 The mechanism of adsorp-
tion of polysaccharides onto cellulose surfaces has been attributed to specific 
structural interactions, sometimes termed sugar-sugar interactions.123 The mix-
ing of CNF with a given water-soluble polysaccharide leads to a hybrid colloidal 
network, which is most often reversibly crosslinked by physical interactions 
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where the polysaccharides bridge separate fibrils and where the possible func-
tionalities of the polysaccharide are expressed also in the hybrid CNF-polysac-
charide system.  

Several interesting functional polysaccharide systems are known. For exam-
ple, guar gum is known for its ability to form highly malleable hydrogels in the 
presence of borates,124 and can be used in the formulation of oil drilling fluids.125 
Hydroxyethyl cellulose can endow a hybrid CNF-polysaccharide network with 
enhanced ductility,126 and hence greater possibility for alignment of the fibrils 
by stretching.64 If the polysaccharide used has stimulus-responsive behaviour, 
such as the thermoresponsive gelation of methyl cellulose (MC), or the pH-de-
pendent gelation or aggregation of carboxymethylated cellulose (CMC) or chi-
tosan, the resulting hybrid system can exhibit similar or enhanced correspond-
ing responsive behaviour, as has been demonstrated with MC adsorbed onto the 
surface of CNCs.127 For more specialized functionalization of CNF, the adsorp-
tion of CMC, that has been functionalized with azide or alkyne groups, allows 
further attachment of a wide range of functional groups through click-chemis-
try.128  

This straightforward functionalizability of CNF in aqueous conditions offers 
the simple processing route of direct mixing in solution for polysaccharide-de-
pendent tailored properties.  This theme is discussed in chapter 3.1 and investi-
gated in Publication 1. 
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3. Results and Discussion

This section will demonstrate examples of how the unique properties of CNF, 
and the processing routes that they enable, may be utilized to achieve novel 
property combinations through facile and robust processes. At the end of each 
of the following chapters is included a short overview of some possible direc-
tions that the author can perceive for the discussed topics. 

3.1 Polysaccharide Adsorption onto CNF for Composite Proper-
ties (Publication 1)

The CNF surface can be modified by the irreversible adsorption of polysaccha-
rides by sugar-sugar interactions.117–123 Thus, the simple process of mixing ena-
bles modification of a variety of properties of the CNF-polysaccharide system, 
for example the rheological properties of the dispersion,129 or mechanical prop-
erties of the dried network.126,130 

In Publication 1, the concept of CNF functionalization by adsorption of a stim-
ulus-responsive polysaccharide was used for developing a novel processing 
route to prepare CNF-based materials that display unprecedentedly high tensile 
strength in the wet state. The mechanical properties of CNF-based materials are 
quickly deteriorated by exposure to elevated humidity, and even more by direct 
wetting, as the junctions between the CNF weaken, due to competition between 
water molecules and interfibril hydrogen bonding.95,131 Preventing or reducing 
this is an important practical problem to solve for CNF-based materials. Two 
viable approaches to this problem are covalent crosslinking or surface hydro-
phobization, both of which however have their weaknesses. The former may 
hamper processability, and often results in brittleness.132–134 Hydrophobization 
on the other hand may have adverse effects on the interfibril bonding, thus 
weakening the fibril network and the resulting material.135,136 

The core idea of the work in Publication 1 was to explore a simple preparation 
route for a CNF-based material that would combine good processability, en-
hance the wet mechanical properties of the material, and retain the attractive 
dry mechanical properties. Possibility of optical transparency was also consid-
ered desirable, and hence attempted. Such a combination of properties was at 
the time of publication unprecedented, and was recognized to be valuable for 
many of the proposed fields of application of CNF, such as structural materials, 
and gas barriers in packaging. The hybrid polysaccharide-CNF films were pre-
pared by mixing a CNF dispersion with a chitosan solution, solvent casting the 
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mixture, and treating the resulting dry film with 100 mM NaOH solution in or-
der to desolubilize the chitosan and physically crosslink the system. For facile 
mixing with chitosan and reduced tendency for water absorption, CNF was me-
chanically distintegrated with a microfluidizer (20 passes) from chemically un-
modified never dried birch pulp which had approximately 24 % hemicellulose. 
For optical transparency, in addition to a homogeneous mixture of the compo-
nents, suppression of scattering was necessary, which was achieved by removing 
the aggregates or poorly fibrillated material by centrifugation prior to mixing. 

 Figure 13 shows the central results of this work. Figure 13a shows the dra-
matic effect of the base treatment (i.e. desolubilization of the chitosan) on the 
wet mechanical properties of a CNF/chitosan film with a mixing ratio of 80:20 
(w/w). The suggested mechanism behind the enhanced wet mechanical proper-
ties is schematically illustrated in Figure 13b. In short, the hydration layer of the 
surface adsorbed chitosan diminishes greatly upon deprotonation. This 
strengthened the bonding of the chitosan segments with each other as well as 
onto the CNF surface, thus effectively resulting in significantly stronger physical 
crosslinking by multivalent sugar-sugar interactions. Figure 13c shows the effect 
of the mixing ratio of CNF with chitosan on the wet tensile properties after the 
chitosan is desolubilized by exposure to a base. Lastly, the attractive mechanical 
properties of the dry CNF network were largely retained without any embrittle-
ment, and optical transparency was also achieved. 
 

 

Figure 13. Modification of mechanical properties of CNF networks via adsorption of chitosan fol-
lowed by desolubilization by exposure to a base. Tensile stress-strain curves (a,c) in the wet 
state, and (d) in the dry state. (a) the effect of the base-treatment on a CNF/chitosan film with 
a mixing ratio of 80:20 (w/w). (c) the effect of mixing ratio of CNF and chitosan on the wet 
strength of base-treated samples. (b) Schematic illustration of the physical crosslinking 
mechanism via desolubilization of chitosan (green in the image) adsorbed on the surface of 
the CNF (red). Adapted with permission from Publication 1. © 2015 ACS.
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The same approach with other polysaccharides, such as MC,127 CMC,129 or guar 
gum in combination with borates,137,138 can be expected to modify similarly the 
mechanical and rheological properties of such systems. A step towards more ex-
otic functionalization would be to combine CNF with co-polymers of polysac-
charides and synthetic polymers, which could act as physical compatibilizers in 
nanocomposites,41 emulsifying agents in oil-water-systems,139 and even tem-
plates for nanostructured self-assemblies.140 Exploration into these territories 
might lead to recognition of further application potential of CNF-polysaccharide 
systems. 

3.2 Assembly of CNF-Based Materials Using Polyelectrolyte
Complexation (Publication 2)

Controlling the structure of nanomaterials can enable functionalities that are 
otherwise unattainable, and the ionic complexation between oppositely charged 
colloids and/or polyelectrolytes is a widely employed method for structuring 
and assembling nanomaterials. For example, layer-by-layer (LbL) assembly is a 
widely employed technique of assembling a fuzzy thin film on a surface, typically 
of alternating layers of oppositely charged polyelectrolytes.106 Given a porous 
template with accessible surface area and sufficient surface charge (Figure 14a), 
LbL assembly can be extended to construct thin films of high surface area 
throughout the volume of an aerogel or a hydrogel. Additionally, the assembly 
can be carried out very rapidly if the gel is capable of withstanding applied pres-
sure, thus allowing forced flow of the adsorbing compounds (Figure 14b) 
through the gel.141 For these purposes the inherent properties of CNF, namely 
strength and stiffness of the fibrils and their chemical functionalizability, were 
found to be ideal. Following this line of research, CNF templates have been 
shown to function well for the LbL assembly of mechanically robust superca-
pacitators and batteries (Figure 14c).142 

Another interesting field of application of ionic complexation in relation to 
nanocelluloses is the interfacial polyelectrolyte complex (IPC) fiber spinning 
technique.107 IPC spinning is based on the spontaneous formation of a self-as-
sembled complex interface of oppositely charged polyelectrolytes and/or 
charged colloids upon contact of their solutions/dispersions without forceful 
mixing. If conditions are appropriate, the complexed interface can be drawn out 
mechanically into a continuous, wet filament; while simultaneously new com-
plexed interface is assembled at the interface of the solutions/dispersions (see 
Figure 15a). Upon drying the filament, a strong dry fiber results. 
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Figure 14. LbL assembled functionalized CNF aerogels. (a) Schematic illustration of the prepa-
ration of an LbL functionalized CNF network. First a CNF gel is mixed with 1,2,3,4-bu-
tanetetracarboxylic acid (BTCA), freeze-dried, and thermally crosslinked. Subsequent forced 
flow through of alternating solutions of polycationic and polyanionic compounds lead to as-
sembled thin films throughout the accessible surface of the CNF network. (b) Examples of 
compounds used to functionalize the internal surface of aerogels. (c) Photographs of a 3D 
aerogel supercapacitator demonstrating the reversibility of 75% compression. (a) and (b) 
adapted with permission from Ref. 141. © 2013 Wiley. (c) adapted with permission from Ref. 
142.

In Publication 2, IPC fiber spinning of CNF-based fibers was investigated and 
found feasible, as shown in Figure 15a with TOCN and poly(diallyldime-
thylammonium chloride) (PDADMAC). For effective ionic complexation, ani-
onic TOCN with a surface charge density of approximately 1.2 mmol g-1 was se-
lected. The TOCN dispersion was mechanically disintegrated with a microfluid-
izer (3 passes) after TEMPO-oxidation of never dried birch pulp. The original 
aim of this work was to develop an alternative approach to align CNF in the fiber 
prior to their aggregation. However, the explored compositions did not allow 
significant enhancements in the alignment of the fiber with stretching.  

As another direction of interest, the developed procedure was recognized to 
allow fabrication of strictly compartmentalized bicomponent fibers (see Figure 
15b). This was possible by forming separately two wet filaments of different ma-
terial compositions by IPC spinning, and while still wet, bringing them into di-
rect contact upon which they merged spontaneously. Drying of such wet bicom-
ponent filaments resulted in bicomponent fibers. Figure 15b shows an example 
of a bicomponent fiber formed by merging one IPC spun wet filament of TOCN 
and chitosan with another of chitosan and polystyrene sulfonate mixed with mi-
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croparticles. The composition was selected to allow visual differentiation be-
tween the compartments. One motivation for forming bicomponent fibers was 
to enable stimulus-responsive shape change in such fibers. When the compart-
ments show selective swelling or contraction in response to environmental stim-
uli, such as ambient humidity or temperature, the fiber is able to change its 
shape. Figure 15c shows humidity responsive shape change of a bicomponent 
fiber with one compartment formed TOCN and chitosan, and the other of chi-
tosan complexed with sodium oleate. The shape change was interpreted to re-
sult from selective absorption and desorption of water to and from the more 
hygroscopic TOCN-rich compartment of the fiber. 

Figure 15. Spinning of continuous macroscopic filaments by interfacial polyelectrolyte complex 
spinning of TOCN with a polycation. (a) Screen capture from a video of spinning a wet fila-
ment formed by complexing TOCN (dyed blue in the image) with PDADMAC (dyed pink in 
the image). (b) SEM micrograph of a bicomponent fiber fabricated by merging a wet filament 
of TOCN complexed with chitosan and a wet filament of chitosan complexed with a mixture 
of polystyrene sulfonate and microparticles. The composition was chosen to result in a highly 
contrastive surface texture to be viewed in the SEM. (c) Humidity-driven reversible shape 
change of a bicomponent fiber formed by merging a wet TOCN/chitosan filament with a wet 
chitosan/sodium oleate filament. Adapted with permission from Publication 2. © 2017 ACS.

Furthermore, it seems likely that with optimization of composition and mor-
phology, and possibly constructing a fabric of the material, the demonstrated 
changes in the shape of the bicomponent fibers could be enhanced, and poten-
tially even extended to actuation. This could have applications in smart textiles, 
and even soft robotics. As an additional interesting finding, while “playing 
around” with the described system in the laboratory with Dr. Ville Liljeström 
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this process was found to allow conversion of the wet filament into a hollow ex-
panded capillary by pushing either air or a liquid inside the wet filament after 
spinning and before drying. This result can be imagined to allow fabrication of 
thin semi-permeable, tubular membranes of varying compositions. Similar re-
sults were not found in the literature, which leaves this intriguing discovery beg-
ging for further investigations. 

3.3 Aligning the CNF Network by Shear for Tough Fibers (Publi-
cation 3)

The high strength and stiffness of CNF have led to them being considered as 
attractive raw materials for spinning of sustainable, next-generation high-per-
formance fibers, as suggested in several works.42,47,81,105,143–148 For achieving an-
isotropic properties in a macroscopic material resembling those of the constit-
uent materials, alignment is of key importance. Polymer-based fibers are often 
oriented by stretching as a melt, a gel or a viscous solution. Melt processing is 
not an option for CNF as they do not soften with increasing temperature.42 CNF-
based materials have been oriented by two primary means: elongation of a hy-
drated CNF network (e.g. stretching of a wet CNF film or fiber),64,144 or by shear-
ing of a CNF dispersion.81,103 

Elongation of a wet CNF network successfully leads to increased orientation, 
and consequently higher stiffness and strength, but this typically occurs at the 
expense of reduced extensibility and toughness. This is illustrated by the stress-
strain curves of CNF films and fibers that have been oriented prior to mechani-
cal characterization by stretching in the wet state (Figure 16a,b),64,144 or by the 
hydrodynamic alignment method (Figure 16c).105 The hydrodynamic alignment 
method demonstrated by Håkansson et al. can be seen as a special case of elon-
gational deformation of a CNF network in the wet state, where a never-dried 
dispersion of CNF at low concentration is stretched inside a microfluidistic flow-
focusing setup by pinching by adjacent streams of salt solution. The amount of 
prestreching applied to the samples is described by the draw-ratio (DR) in Fig-
ure 16a,b. In all three examples, clearly strain-at-rupture reduces with increas-
ing stiffness and strength, and thus orientation.  

 

 

Figure 16. Stress-strain curves of (a) films and, (b,c) fibers with processing induced orientation. 
In (a,b) orientation is induced by stretching in the wet state, and in (c) by hydrodynamic align-
ment. In (a) and (b) DR is short for draw-ratio. (a) and (b) adapted with permission from Refs. 
64 and 144, respectively. © 2012 ACS and © 2014 ACS, respectively. (c) adapted with per-
mission from Ref. 105.
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The reduced extensibility of oriented films and fibers of CNF has not been ex-
plained in the literature, but it warrants noting that the orientation in the men-
tioned cases has been induced while the CNF has been aggregated already to 
some degree. The aggregation has been induced by either high CNF concentra-
tion (Figure 16a,b), drying-induced hornification (Figure 16b), or elevated ionic 
strength (Figure 16c). In the aggregated state, the individual fibrils are expected 
to be immobilized as they are physically bound to adjacent fibrils,95,149 and con-
sequently unable to rearrange and rebond if the network is disturbed by defor-
mation. Therefore, deformation of the network in the aggregated state can be 
expected to lead to the formation of regions of reduced connectivity, i.e. struc-
tural defects or weak points, in the network.42,144 This seems like a plausible 
source for the reduction of extensibility of CNF-based materials where the fibrils 
are aligned by elongational deformation. A recent development of the hydrody-
namic alignment approach speaks for this: when the CNF dispersion is aligned 
by pinching with adjacent streams in two steps, first with deionized water, and 
subsequently with dilute acid, the extensibility of the fibers does not signifi-
cantly reduce, even while high alignment, stiffness and strength are achieved.148 
It can be argued that the CNF dispersion is aligned to some extent by the first 
pinching step without aggregation, thus avoiding the formation of structural de-
fects. With this modification CNF-based fibers were able to reach a modulus of 
toughness (i.e. the area under the stress strain curve) of 37 MJ m-3, and a com-
posite fiber with recombinbant silk proteins was able to push this even further 
to 55 MJ m-3. 

The other means for enhancing orientation in CNF-based fibers is by shearing 
the CNF dispersion.81,103 Shear forces can be easily applied during the extrusion 
step as the dispersion flows against the stationary walls of the extrusion capil-
lary. In fact, in practically all reported works on CNF-based fibers (with the ex-
ception of IPC spun fibers, as in Publication 2 of this thesis) the spinning process 
used contains a process step where the CNF dispersion is extruded through a 
capillary, and hence aligned to some degree by the associated shear. Surpris-
ingly little systematic investigation on exploiting the possibilities of enhancing 
orientation with this approach have been reported.42 A potential benefit of this 
approach would be the possibility to align the fibrils in the non-aggregated state. 

Iwamoto et al. investigated the effect of the flow rate on the mechanical prop-
erties and orientation.81 The results showed that increasing flow rate through a 
capillary by multiple degrees of magnitude resulted in enhanced orientation, 
stiffness and strength, and interestingly, at intermediate flow rates these en-
hancements did not occur at the expense of extensibility. The high flow rates, 
however, resulted in a hollow morphology of the fiber. This in combination with 
their use of a mechanical micrometer to measure the thicknesses of the fibers 
calls into doubt the reliability of the reported mechanical results.  

In Publication 3, the objective was to investigate the potential of exploiting the 
shear forces inherently present in the spinning process to enhance the orienta-
tion and mechanical properties of CNF-based fibers (Figure 17a). The CNF was 
mechanically disintegrated with a microfluidizer (6 passes) from chemically un-
modified never dried birch pulp which had approximately 24 % hemicellulose. 
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The parameters investigated were the concentration of CNF, the length and in-
ner diameter of the extrusion capillary and the flow rate of the CNF dispersion. 
All of these factors had clear effects on the mechanical properties, but especially 
increasing the length of the extrusion capillary turned out to improve signifi-
cantly the stiffness, yield stress and ultimate strength without reducing extensi-
bility and toughness (Figure 17b). In fact, the achieved values of modulus of 
toughness were the second highest in the literature when compared to other 
CNF-based materials (only surpassed by those achieved with the two-step hy-
drodynamic alignment),148 as shown in Figure 17c. In this processing path, the 
alignment of the CNF by shear during the extrusion inside the capillary occurs 
in the non-aggregated state, which can be expected to reduce the generation of 
defects in the final material. In Publication 3, this was suggested as the reason 
of the observed high extensibility and toughness of the fibers even at enhanced 
orientation, stiffness and strength (see Figure 17c).  

 

 

Figure 17. (a) Schematic illustration of shear-induced alignment of CNF dispersions inside a long 
capillary and SEM images of the side view of the fibers formed when extruded through a 
capillary of length 20 (left) or 1500 mm (right). The scale bars in the SEM images correspond 
to 20 μm. (b) Stress-strain curves of CNF-based fibers extruded through capillaries of differ-
ent lengths (20, 200, and 1500 mm). Notice that stiffness, yield strength, and ultimate 
strength are all improved with longer extrusion capillaries, while the extensibility remains ap-
proximately unchanged. (c) Hermans orientation parameters vs. moduli of toughness for the 
most oriented fibers in Publication 3 (filled circles), and films (empty squares) and fibers 
(empty circles) from the literature. Images adapted with permission from Publication 3.
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This investigation led to the somewhat surprising end-result that enhancing 
strength and stiffness does not need to occur at the expense of the extensibility 
of CNF-based fibers, at least not at these intermediate degrees of orientation. 
This suggests the conclusion that for advancing the state-of-the-art CNF-based 
fibers, in addition to enhancing the orientation, the generation of defects needs 
to be suppressed.42 

The shear-induced orientation can be expected to be robust for compositional 
variation, which leaves plenty of room for further investigations in several di-
rections, such as the effect of the origin and pre-processing of the CNF disper-
sion, and combination of CNF with physically adsorbed functional compounds 
(e.g. stimuli-responsive polysaccharides) on the final properties of the fibers. 

3.4 Exploiting Rigidity of CNF and the Hydrogen Bonding Net-
work for Constructing Porous Solids (Publication 4)

Aerogels are a category of solid porous materials characterized by low density, 
high specific surface area, and most often open pore structure.150,151 The widely 
tunable density of aerogels further enables modification of a number of inter-
esting properties, such as mean pore diameter (typically 20 - 150 nm), refractive 
index (> 1.007), thermal conductivity (> 0.017 W m-1 K-1), modulus of elasticity 
(> 0.002 MPa), and sound velocity (> 20 m s-1).150 A myriad of applications for 
aerogels have been suggested, and many of them successfully demonstrated, 
ranging from gas adsorption and catalysis to thermal insulation and light-
weight structural applications.152–154 Figure 18 depicts two examples of aerogels, 
demonstrating the high thermal insulation capacity of aerogels (Figure 18a) and 
the possibility of forming extremely lightweight 3D objects (Figure 18b). 

Figure 18. Aerogels are solid materials with the majority of their volume occupied by air or an-
other gas. In (a) a flower is protected from the heat of a flame from a Bunsen burner by a 
silica aerogel, and in (b) a carbon aerogel of extremely low density is supported by only the
thin hairs on a plant. (a) adapted from the public domain and provided by NASA (National 
Aeronautics and Space Administration). (b) adapted with permission from Ref. 155. © 2013 
Wiley.
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3.4.1 Preparation of Aerogels, and Choice of the Constituent Material 

Traditionally, the solid materials in aerogels have been inorganic compounds, 
and most often silica.150,151 These aerogels have typically been prepared through 
a sol-gel process (Figure 19a,b,c) followed by removal of the pore filling liquid 
(Figure 19d).150,151,156 For silica aerogels, the sol-gel process constitutes dissolu-
tion of a Si alkoxide in an alcohol (Figure 19a), followed by addition of water and 
typically an acid catalyst. This induces hydrolysis and condensation reactions of 
the silica precursor molecules and results in the formation of silica nanoparti-
cles called primary particles, which are individual dispersed colloids at this 
state, called the “sol” state. These primary particles aggregate together and bond 
to each other forming mesoporous clusters of nanoparticles called secondary 
particles (Figure 19b). With sufficient time and appropriate conditions, these 
secondary particles continue to aggregate further eventually forming a volume-
spanning network upon which the sol transitions to a gel (Figure 19c). Finally, 
the pore filling liquid can be removed from the gel (Figure 19d), most often by 
supercritical drying, resulting in an aerogel. 

 

 

Figure 19. Typical silica aerogel synthesis and microstructure. (a-d) Schematic representation of 
a typical aerogel preparation procedure using (a,b,c) sol-gel synthesis followed by (d) re-
moval of the pore filling liquid, i.e. drying.156 (b) In the sol-state, silica nanoparticles (primary 
particles) are formed, and subsequently aggregate together forming mesoporous silica clus-
ters called secondary particles. (c) These secondary particles continue to aggregate into 
necklace-like chains, eventually forming a volume-spanning network, i.e. a gel. (e-g) Exam-
ples of silica aerogels synthesized via the sol-gel route. (e) Photograph of three silica aero-
gels synthesized with methyltrimethoxysilane under slightly different conditions leading to 
clearly different optical properties arising from different microstructures. The microstructures 
of the leftmost and middle samples in (e) are shown in (f) and (g), respectively. (e-g) adapted 
with permission from Ref. 157. © 2007 Wiley.

One of the most significant limitations of such inorganic aerogels has been their 
brittleness.150,151 The reason for this brittleness is the weakness of the interlinks 
between the secondary particles aggregated into networks.156,158,159 Several ap-
proaches to reinforce the networks and the weak interlinks have been devel-
oped, such as aging of the gels prior to drying, or by making hybrid gels and 
reinforcing the network with organic components.156,158,160,161 
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Figure 20. Schematic difference between an aerogel prepared (a) by the sol-gel process from 
aggregates of low aspect ratio particles, or (b) from a gel of 1D colloidal objects. Notice that 
the amount of weak interlinks between separate objects is significantly lower when using 1D 
colloidal objects. This allows easier preparation of mechanically robust aerogels from 1D 
objects.

However, another consideration of how to make mechanically more robust aer-
ogels is not to attempt to fortify the weak points, but to avoid them altogether, 
or at least reduce their amount significantly. This can be done by forming the 
gel out of stiff and strong colloidal objects with high aspect ratio, instead of 
building the comparable structures out of weakly linked particles with low as-
pect ratio, as illustrated in Figure 20. This path of reasoning has led to a hoard 
of research done more recently on aerogels prepared from one-dimensional 
(1D) or 2D colloidal building blocks, such as nanocelluloses,66,69,126,162,163 clay,164–

167 carbon nanotubes (CNTs), 168–172 and graphene.172,173 These nanomaterials are 
much tougher than their traditional silica counterparts are, as they do not typi-
cally suffer from such a high concentration of weak links within the solid net-
work.  

3.4.2 Embedding Functionality to CNF Aerogels 

The characteristic properties of the solid constituent material may be exhibited 
in the aerogel as well, such as transparency in aerogels prepared from nanocel-
lulose (Figure 21),69,70 or hydrophobicity, oleophilicity, and conductivity in aer-
ogels prepared from CNTs and/or graphene.155,172–177 This naturally relates to the 
possible applications.  

Figure 21. Transparent CNF aerogel prepared by supercritical drying. (a) Original 1 wt. % hydro-
gel of liquid crystalline TOCN physically crosslinked by addition of a small amount of acid.
(b) Photograph of 3D aerogels produced by supercritical drying from a gel equivalent to the
one in (a). (c) SEM micrograph of a cross-section of the aerogel showing the orientation of
the fibrils originating from the liquid crystallinity. Adapted from Ref. 69 with permission. ©
2014 Wiley
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The electrical conductivity of aerogels composed of CNTs and/or graphene has 
led to their consideration as attractive materials for supercapacitators and ad-
vanced batteries.178,179 Such functional properties have also been introduced to 
aerogels based on nanocelluloses either by using the cellulose network as a tem-
plate for the assembly of conductive compounds, such as CNTs or conjugated 
polymers,66,141,142 or by carbonization of the cellulose.180,181 As previously dis-
cussed in chapter 3.2, the chemically modified CNF surface allows surface ad-
sorption of functional species, such as carbon nanotubes and electrical insula-
tors (see Figure 14), thus enabling CNF-templated batteries and supercapaci-
tors.141,142  

Carbonized cellulose aerogels are another attractive pathway to conductive 
aerogels, but additionally exhibit similar hydrophobic and oleophilic properties 
as aerogels composed of CNT and/or graphene. These characteristics enable the 
aerogels to absorb selectively organic solvents, which may lead to applications 
in clean-up of oil spills, for example.182 Figure 22a shows the microstructure of 
an aerogel produced by freeze-drying a BC pellicle (inset in Figure 22a), and 
subsequently carbonizing it at high temperature (Figure 22b). The carbonized 
BC aerogels are highly hydrophobic (Figure 22d) as well as absorbent to many 
oils and other organic solvents. They are also fire-resistant (Figure 22c), elas-
tically compressible (Figure 22e), and electrically conductive.180 Similar results 
with carbonized CNF aerogels have been reported.181 

 

 

Figure 22. Carbonaceous aerogel produced by carbonization of a bacterial cellulose aerogel.
SEM micrographs of (a) BC aerogel, and (b) carbonized BC aerogel fabricated at 1300 °C.
Insets in (a) and (b) show photographs of the corresponding wet BC pellicle and carbonized 
BC aerogel. (c) Photograph of carbonized BC aerogel in the flame of an alcohol burner. (d)
Water contact angle measurements of the original BC aerogel, and the carbonized BC aero-
gels prepared at different temperatures. (e) Compressive loading and unloading stress-strain 
curves of a carbonized BC aerogel driven to three different maximum strains. The inset pho-
tographs in (e) show the carbonized BC aerogel before, during and after the compression 
cycle. Reproduced with permission from Ref. 180. © 2013 Wiley.
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On the other hand, with only chemical surface treatments CNF aerogels can be 
made similarly either selectively absorbent, superhydrophobic or even omni-
phobic (Figure 23).113,114,183 For example, when the CNF surface is modified with 
a perfluorinated alkyl-bearing silane, the aerogels can be made superomnipho-
bic, and will wet with neither water nor oils.183 This ability was used to create 
bio-inspired floating cargo-carriers of omniphobic aerogels supporting multiple 
times their own weight on to top of water and oil surfaces (Figure 23a). Aerogels 
that are wetted by oils, but not water, are also possible when the CNF surface is 
hydrophobized, but not fluorinated.113,184 Figure 23b shows a freeze-dried CNF 
aerogel that has been hydrophobized by coating a thin layer of titanium dioxide 
(TiO2) by atomic layer deposition (ALD) on to the CNF surfaces. The hydropho-
bic aerogel absorbs non-polar solvents, such as paraffin oil and mineral oil, but 
repels polar solvents, such as water and glycerol. The TiO2-hydrophobization 
offers further interesting prospects, because the TiO2 coating exhibits pho-
toswitchable wetting behaviour (Figure 23c) and photocatalytic activity.114 

 

 

Figure 23. Tunable wetting behaviour and absorbency of CNF aerogels. (a) Omniphobic fluori-
nated CNF aerogels floating on water and oil surfaces while supporting loads several times 
their own masses. The aerogels are pushed slightly into the liquid surfaces forming the dim-
ples imaged from the side (top and middle) and from an elevated angle (bottom). (b) Selective 
absorption of non-polar solvents by a CNF aerogel coated with a thin layer of TiO2. (c) Pho-
toswitchable wetting exhibited by TiO2 coated CNF aerogels. Prior to TiO2 coating, the origi-
nal CNF aerogel absorbs water readily. After the TiO2 coating, the aerogel becomes very 
hydrophobic. However, if the aerogel is illuminated with UV light, the TiO2 coated CNF aero-
gel becomes superabsorbent again. The hydrophobicity is restored when the aerogel is 
stored in the dark. (a), (b), and (c) adapted with permission from Refs. 183, 113, and 114,
respectively. © 2011 ACS, © 2011 ACS, and © 2011 Wiley, respectively.

3.4.3 Method of Removal of Pore Filling Liquid 

One of the most important steps in the preparation of aerogels is the removal of 
the pore filling liquid while preserving the structure. As already mentioned for 
many of the examples above, freeze-drying and supercritical drying are the most 
commonly employed methods for this step.  

The freeze-drying process is essentially composed of the preparation of the 
gel, followed by its (rapid) freezing, and sublimation of the frozen pore filling 
liquid in a chamber at low pressure before it melts. The freezing process often 
induces structural artefacts by ice-templating, i.e. exclusion of solutes and solid 
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matter from the growing ice crystals into the interstitial space.149,185,186 The su-
percritical drying process consists of the preparation of the gel typically followed 
by a solvent exchange step, for example into ethanol or tert-butanol, and re-
moval of the pore filling liquid as a supercritical fluid at elevated pressure and 
temperature.150,151 Due to the volatile and combustible nature of the organic sol-
vents used, for safety reasons the solvent is preferably often further exchanged 
to carbon dioxide for the supercritical drying.150,151  

A limitation of both drying methods is that they are inherently batch pro-
cesses, as they require operation at extreme temperatures and pressures, i.e. in 
a closed chamber. Additionally, the detrimental structural artefacts from the 
freezing step in freeze-drying may be undesirable, as well as the slow, but nec-
essary, solvent exchange steps in supercritical drying.150 These features increase 
the costs of the produced aerogels and limit their scalability as large or contin-
uous structures are challenging to make, and thus restrict the applicability of 
aerogels in practice. 

Removal of the pore filling liquid by ambient drying, i.e. simple evaporation 
at atmospheric pressure and temperature, is possible in some cases without col-
lapsing the aerogel structure. This pathway has been explored mostly with inor-
ganic aerogels. For ambient drying of silica aerogels, typically the gel is strength-
ened by aging or addition of organic components.187–192 In many works the net-
work surface is also chemically passivated, by for example adding methylated 
silanes, in order to suppress crosslinking upon drying.187–188 Additionally, often 
the solvent in the gel is exchanged to a low surface tension solvent prior to dry-
ing of the gel in ambient conditions by evaporation.189–191 

3.4.4 Ambient Drying of CNF Aerogel Membranes, and Their Use for Col-
lection of Aerosols and Transparent Conductors 

Investigating the feasibility of preparing CNF aerogels by ambient drying was 
the starting point of the work for Publication 4 of this thesis. From earlier re-
search it was known that if films of MFC are dried by evaporation from acetone, 
instead of water, the porosity of films of MFC increases by 21 %.63 The reasons 
behind this behaviour are likely to be two-fold: upon moving to less polar sol-
vents, the capillary pressure exerted on the CNF network during drying is low-
ered,190 and the disruption of the hydrogen bonding network at the fibril inter-
sections by competition with solvent molecules is reduced.95 The latter point can 
be interpreted so that solvent exchange into a less polar solvent than water, or 
more accurately a solvent which competes less with the interfibril hydrogen 
bonds, strengthens the CNF gel in a manner comparable to the reinforcement 
of inorganic gels as discussed above. In other words, the stiffness and strength 
of the physically crosslinked network can be tuned by solvent exchange. 

In Publication 4, this logic was examined by filtering wet gel-cakes from a CNF 
dispersion, and exchanging the solvent in the CNF gel through 2-propanol to 
octane, prior to ambient drying. As in Publication 1, optical transparency was 
considered desirable, and hence for suppression of optical scattering aggregates 
and poorly fibrillated material were removed by centrifugation prior to filtering. 
The CNF was mechanically disintegrated with a microfluidizer (12 passes) from 
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chemically unmodified never dried birch pulp which had approximately 24 % 
hemicellulose. Figure 24a shows a transparent aerogel membrane (left in Figure 
24a) with an approximate density of 0.6 g cm-3, specific surface area of 208 m2 
g-1, and a typical pore size of 10 – 30 nm in diameter. When the membrane is
rewetted with water and dried, it is compacted into a dense film (right in Figure
24a). The top surface of the CNF aerogel membrane is shown in Figure 24b
where it can be seen that no larger pores were formed in the structure, and the
fibrils were largely oriented along the plane of the membrane. The tensile me-
chanical properties of the aerogel membranes were excellent (stiffness 6 GPa,
strength 97 MPa), and the specific stiffness was actually slightly higher than
those of the dense CNF films were. Furthermore, even with the high tensile stiff-
ness, the membranes remained flexible similar to dense CNF films.

Figure 24. Transparent CNF aerogel membranes prepared by ambient drying and their use for 
preparing transparent, flexible conductors. (a) Photograph of a CNF aerogel membrane (left) 
and a dense CNF film (right) resulting from compaction of a CNF aerogel membrane upon 
wetting and drying from water. (b) SEM micrograph of the top surface of a CNF aerogel 
membrane showing the presence of only small pores, which, however, allow gas-flow through 
thus enabling gas filtration and aerosol collection. (c) SEM micrograph of fracture surface of 
a thin CNF film with a thin SWNT network on top (magnified in the inset). The SWNTs were
collected directly onto the CNF aerogel membrane from a gas-phase synthesis process, and 
the membrane was subsequently compacted. (d) The CNF/SWNT films were flexible and the 
conductivity of the SWNT network was very stable upon bending of the film down to a radius 
of curvature of 0.6 mm. Notice that the vertical axis is adjusted to a short span of 0.6 Ω/□.
The inset photographs show the side view of the film in bending. Adapted with permission 
from Publication 4. © 2015 Wiley.

Due to the interconnected pores, and the flat macroscopic morphology, the aer-
ogel membranes allowed driving a gas-flow through by applying a pressure dif-
ference over the membrane. The gas-flow rate vs. pressure difference was line-
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arly dependent on the membrane thickness, which allowed extrapolation of de-
sign curves for needed pressure difference for a given gas flow rate as a function 
of membrane thickness. These design curves suggest that such membranes 
could have applications in gas filtration applications if combined with appropri-
ate supporting media. The gas-permeability and filtration potential of the aero-
gel membranes can allow their functionalization with aerosols. This was demon-
strated by collecting a thin network of single-walled carbon nanotubes (SWNTs, 
see Figure 24c) from a gas-phase synthesis stream, and afterwards compacting 
the membrane to a dense film by wetting with water and drying. This resulted 
in transparent and conductive films, which could be bent to a small (0.6 mm) 
radius of curvature with negligible reduction in conductivity (see Figure 24d). 
For example, in touch screens, the mechanical robustness of these transparent 
conductors is an advantage over the current industry standard indium-tin oxide 
(ITO), which is brittle. 

Several possible directions for further development of the presented ambient 
drying of CNF aerogels can be recognized, but perhaps the most intriguing ob-
jective is the fabrication of 3D bulk aerogels of low density with ambient drying, 
as this could bring these materials much closer to real-life applications. Unfor-
tunately, preliminary investigations showed that from low concentrations (ap-
prox. 2 wt. %) the ambient drying of bulk CNF aerogels from octane led to sig-
nificant shrinkage. The shrinkage was interpreted to result from insufficient 
compressive stiffness and/or yield strength of the CNF-in-octane gel.  

It seems likely that transparent CNF aerogels of lower density should be fea-
sible through ambient drying if the concepts familiar from ambient dried inor-
ganic aerogels are properly applied. An indication in this direction was shown 
with the freeze-dried and TiO2-coated CNF aerogels, as they could be repeatedly 
dried in ambient conditions from organic solvents without loss in absorption 
capacity.113 Covalent or physical crosslinking of the CNF gel prior to drying 
would be a seemingly logical first attempt in this direction with, for example, 
the BTCA crosslinking applied by Hamedi et al.141, or the hydrazone crosslinking 
demonstrated by Yang et al.193 for cellulose nanocrystal aerogels. In the related 
trail of thought the preparation of carbonized CNF aerogels by ambient drying 
should also be considered.180,181,194,195 If successful, ambient drying of low density 
CNF-based aerogels could enable inexpensive and scalable fabrication of, for 
example, 3D-printed CNF aerogel objects and transparent thermal insulators 
for windows.69,71,196,197 

3.5 Porous CNF Structures as Agents for Optical Brightness 
(Publication 5)

The often pursued and celebrated property of CNF-based materials is transpar-
ency, which is desirable for many applications.14,38,198,199 Its origin lies in the fact 
that cellulose does not absorb light in the visible range, and when the dimen-
sions of the cellulose-based structures are sufficiently small, they do not scatter 
light to a significant degree.  
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The other direction to refine the optical properties of CNF towards is not to 
suppress scattering, but rather to enhance it. The potential of CNF films that 
scatter light while allowing high transmittance (Figure 25) have already been 
recognized, for example, as diffusers for solar cells and outdoor electronic dis-
plays.200–204 However, research focused on strongly scattering CNF films or 
membranes, i.e. that appear bright white and fully opaque, has not been pro-
moted. 

 

 

Figure 25. Tunable scattering properties of highly transparent CNF films. Mixing of disintegrated 
TOCN and non-disintegrated TEMPO-oxidized cellulose fibers produces (a) highly transpar-
ent films with (b) tunable haze. The percentage value in the inset refers to the portion of 
TOCN of the films. Qualitative scattering of a green laser from (c) a reference PET film, a
transparent film of (d) 100 % TOCN, (e) 50 % TOCN, and (f) 0 % TOCN and only non-disin-
tegrated TEMPO-oxidized cellulose fibers. The diameter of the laser point is 0.4 mm and the 
distance between the paper and the target is 30 cm. The maximum diameter of the concentric 
circles on the target is 14.5 cm. Reproduced from Ref. 202 with permission of RSC.

Materials that allow tuning of their scattering properties are of interest in many 
fields. A generic example is the potential to enhance absorption and/or 
backscattering of light as depicted in Figure 26. If absorbing dyes are present in 
the propagation medium, the probability of absorption of light increases with 
the effective optical path length, which in turn can be increased by introducing 
an appropriate amount of scattering inside the material.205 This simple concept 
has applications in solar cells, colorations by dyes (e.g. printing), and UV-filters 
(e.g. sunscreen).205,206 More generally, disordered photonics are of fundamental 
scientific interest.207 For example, random lasing media have drawn significant 
interest in recent years.208 



Results and Discussion

36 

 

 

Figure 26. Schematic representation of propagation paths of light in a (a) transparent, non-scat-
tering medium, and (b) and opaque or translucent, scattering medium. (a) In a transparent 
medium, no scattering centers (i.e. inhomogenities in refractive index) are present and the 
direction of propagation of light does not change inside the material. Hence, the directions of 
transmitted light rays will be similarly distributed as for the incident light. If absorbing materials 
are embedded in a non-scattering medium at low density, probability of absorption is also 
low. (b) In a translucent or opaque material scattering centers are present and the direction 
of propagation of light changes within the material. If the scattering efficiency and the sample 
thickness are sufficient, light can be backscattered to a significant degree. The directions of 
the transmitted rays of light will be dispersed more broadly than for the incident light. If ab-
sorbing materials are present, the absorption will be enhanced in comparison to that exhib-
ited by a non-scattering medium.

3.5.1 The Transport Process of Light in a Scattering Medium 

Modelling of the propagation of light, with for example a random walk model, 
allows recognition of relevant structure-property relationships between the ma-
terial microstructure and its light transport properties.209,210 For example, in a 
transparent medium with uniformly and randomly distributed scattering cen-
ters, the step sizes (i.e. distances between scattering events) follow a distribution 
that has a well-defined mean value, i.e. mean free path, and light propagation 
proceeds by normal diffusion.211 In normal diffusion (Figure 27a), the average 
squared displacement of a random walker, , increases linearly with time, . 
If the time-dependence is not linear, the transport process is called anomalous 
diffusion.211,212 This can occur, for example, if the scatterers are inhomogenously 
distributed and the step size distribution broadens, leading to superdiffu-
sion,211,212 in which the average squared displacement increases superlinearly 
with time , where .209,210 Normal diffusion is the limiting case 
when .  

One important relation of observable quantities that can be derived from the 
diffusion model is the dependence of the total transmission, , on the thickness 
of a flat sample, , according to the formula:209,213  

 
  (1) 

 
where  and  are constants. Fitting this formula to a data series enables esti-

mation of the constant , which allows recognition of the active transport pro-
cess. When , transport occurs by normal diffusion. However, when  
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light transport occurs by superdiffusion (Figure 27c).209,212 An interesting impli-
cation of superdiffusion is that the total transmittance may decrease faster with 
increasing material thickness, when the material is very thin, than in normal 
diffusion (Figure 27c). This can be interpreted in a reduced needed thickness for 
opacity of an superdiffusive coating, in comparison to a normally diffusive one, 
which may be of interest in applications where lowered transmittance is desired, 
such as sun blocks or paints. 

Superdiffusive transport processes, often termed Lévy flights, are of interest 
across many fields of science, as they have been recognized to describe transport 
in a multitude of unrelated systems, such as the transport of compounds inside 
the cell,214 human travel and the consequent spread of diseases,215 migration of 
foraging animals,216 and the behaviour of economic indices.217 A material where 
light undergoes Lévy flight was demonstrated for the first time less than ten 
years ago.209 In the described system, TiO2 particles were embedded in a glass 
matrix with glass spheres of varying sizes. The TiO2 particles acted as scattering 
centers and the glass spheres as non-scattering media where longer jumps could 
occur (Figure 27d). 

Figure 27. Interpretation and observation of Lévy flight of light. Simulated 2D random walks for 
(a) normal diffusive transport and (b) a Lévy flight. The essential difference between these
two forms of transport is that the distribution of step lengths is significantly broader for Lévy
flight and large jumps become finitely probable. (c) Fitting equation 1 (also as inset) to the
values of total transmittance of light against the thickness of the sample enable estimation of
the exponent in the equation. For normally diffusive transport α = 2, and for superdiffusion α
< 2. (d) Schematic illustration of how long jumps (in red) can occur in the model material
prepared by embedding glass spheres of various sizes and TiO2 particles into a continuous
glass matrix. In such a system, light can find very long transport steps from one edge of a
large glass sphere to another. Adapted by permission from Macmillan Publishers Ltd: Nature
Ref. 209, © 2008.
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3.5.2 Enhancing Scattering Efficiency 

The origin of scattering is the varying refractive index experienced by a propa-
gating wave. In order to maximize scattering efficiency, three main parameters 
are to be considered: the sizes of the scatterers, the contrast in refractive index 
between the constituent phases, and the filling fraction of scatterers. For achiev-
ing efficient scattering, i.e. multiple scattering events within a small volume, the 
filling fraction should be as high as possible, while avoiding suppression of scat-
tering by optical crowding.218 In optical crowding, the propagating light does 
not experience the full contrast in refractive index between the constituent 
phases in between scattering events as the scattering centers are too densely 
packed. The optimal filling fraction for a porous structure composed of fibrils is 
in the range of 40 to 70 %.218 The preparation route for porous CNF membranes 
explored in Publication 4 conveniently results in filling fractions in this range. 
Furthermore, scattering is enhanced when the diameters of the fibrils are in the 
range from 200 to 300 nm.218 

In Publication 5, the original aim was to enhance the scattering of CNF-based 
membranes by tuning the diameters of the fibrils used and achieving thin struc-
tures with high filling fractions while avoiding optical crowding. The CNF was 
mechanically disintegrated with a microfluidizer (6 passes) from chemically un-
modified never dried birch pulp (approx. 24 % hemicellulose). The fibril diam-
eter distribution was tuned by separating the thin fibrils from the thicker ones 
by repeated centrifugation, collection of the supernatant, dilution of the sedi-
ment, and homogenization. This allowed preparation of a series of dispersions 
with different diameter distributions from the same starting dispersion, and fur-
ther the assessment of the effect of fibril diameter distribution on the scattering 
properties. The mean (and respective standard deviation) of the log-normal dis-
tributions of the fibril diameters in the three fractions were 4.2 (2.7), 5.6 (3.2), 
and 19.5 (13.2) nm, going from the finest fibrils to the thickest fibrils. 

As earlier in Publication 4, drying of the CNF-in-octane gel cake in ambient 
conditions led to porous CNF membranes. However, when the membranes were 
prepared from the CNF fraction with the thick fibrils, they exhibited very strong 
optical scattering and were opaque even when they were very thin. The two sam-
ples shown in Figure 28a have approximately the same mass. The porous, bright 
white membrane on the right in Figure 28a is approximately 10 μm thick and 
the dense, translucent film of the same mass on the left is approximately 5 μm 
thick. The dense film on the left is composed of similar fibrils, but the scattering 
is suppressed due to optical crowding. The porous structure backscatters white 
light very effectively, as seen in the total reflectance spectra (Figure 28c) of the 
three types of membranes prepared at a thickness of approximately 9 μm. The 
membranes prepared from the finest, medium and thickest fibrils were termed 
as transparent, semi-transparent and white membranes, respectively. 

Comparing the normalized total transmission of light with respect to the thick-
ness of the samples showed that in the transparent membranes prepared from 
very fine fibrils light propagated by normal diffusion. However, for the semi-
transparent and white membranes the comparison revealed that in the inho-
mogenous microstructure (Figure 28b) propagation occurs by superdiffusion. 
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This was seen from reduction of α in the exponent from 2.0 for the transparent 
membranes to 1.34 for the white membranes, upon fitting the data to Formula 
1 (Figure 28d).  

Figure 28. Highly scattering porous membranes of CNF with mean diameter of approximately 20
nm. (a) Photograph of approximately 5 μm thick dense CNF films dried from water (left) and 
10 μm thick porous membranes dried from octane (right). The masses of the film and the 
membrane are nearly equal. (b) SEM micrograph of the top surface of the white membrane 
shown in (a). (c) Normalized reflectance spectra of the membranes prepared from fibrils of 
different thicknesses with the finest fibrils leading to transparent membranes and the thickest 
fibrils to white membranes. The thicknesses of the samples were all approximately 9 μm. (d)
Normalized transmittance vs. thickness for the three types of membranes. Fitting the data to 
Formula 1 yields the values for α, which show the transition from a normal diffusion process 
for the transparent membranes, composed of fine fibrils with a rather narrow diameter distri-
bution, to superdiffusion for the semi-transparent and white membranes, composed of CNF 
with more widely distributed and on-average larger diameters. Adapted with permission from 
Publication 5.

As the presence of thicker fibrils in the white membranes is the central differ-
ence in comparison to the transparent membranes, the arrangement and spatial 
distribution of these thicker fibrils within the material was interpreted to cause 
the observed transition from normal diffusion to superdiffusion. The micro-
structure of the white membranes is inhomogenous with sparsely distributed 
individual thicker fibrils embedded in a mesh of thinner fibrils, and the fibrils 
are on average oriented in the plane of the membrane (Figure 28b).  

Essentially, light propagates within this microstructure in both short and long 
jumps between scattering events that significantly alter the direction of propa-
gation (Figure 29). The most likely explanation for this is the joint distribution 
of scattering strength and number density of fibrils of different diameter. In 
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other words, the thicker the fibrils, the stronger they scatter but also the more 
sparsely they are distributed (Figure 29). Thus longer jumps, along nearly 
straight paths, where only weak scattering occurs (i.e. through the rather ho-
mogenous and weakly scattering mesh of fine fibrils), have a non-negligible 
probability. However, it should be noted that this explanation does not take into 
account the possible role the anisotropy of the structure may play, as the fibrils 
are oriented and the voids elongated in the plane of the membrane, which may 
lead to different step length distributions for the in-plane and out-of-plane 
propagation directions. Reaching a mechanistic explanation for the observed 
superdiffusion is a challenge for further work. 

 

 

Figure 29. Schematic illustration of a suggested reason behind the observed superdiffusion. In a 
simplified model, the material could be considered to consist of a few thick fibrils (strong 
scatterers) and very many thin fibrils (weak scatterers). Thick fibrils are sparsely distributed 
and embedded in a mesh of thin fibrils. Scattering events at the thick fibrils are less frequent 
than at the thin fibrils, but change the direction of propagation more dramatically.

For refining these materials further, two attractive goals seem within reach. 
Firstly, a CNF preparation route that would directly lead to a composition rich 
in fibrils with diameters in the range of 100 to 500 nm should be developed. 
This can be expected to enhance the scattering efficiency further and hence re-
duce the thickness needed to produce a fully opaque coating. Secondly, a prep-
aration route for producing a CNF powder with a similarly porous microstruc-
ture capable of strongly scattering light should be developed. The powder form 
is desirable for practical applicability of a white coating onto arbitrary sub-
strates, such as edible products.  

Attaining these two goals would allow facile application of thin and bright 
opaque coatings and brightening agents that would be edible, non-toxic, and 
environmentally friendly. Such materials could enable replacement of TiO2-par-
ticles in foods, cosmetics, and paper. This would be desirable considering both 
health and environmental concerns related to TiO2-particles.219,220 
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4. Summary and Outlook

The results presented in this thesis demonstrated novel processing routes for 
CNF-based materials. The fibril morphology and the surface characteristics of 
cellulose as a chemo-physical substrate were analysed in terms of their im-
portance for possible functionalities and microstructures, as well as the feasibil-
ity of various material processing routes. Understanding the connection be-
tween the fundamental properties of the CNF and the effect of a given pro-
cessing route on the final material properties can guide in the recognition of true 
application potential of CNF, as well as how to proceed towards them. Many of 
the presented findings have clear application potential and prospective direc-
tions for further research as highlighted in the publications, as well as through-
out section 3.  

In Publication 1, we showed the possibility of dramatically improving the wet 
mechanical properties of CNF-based materials by simple mixing with a pH-re-
sponsive polysaccharide, chitosan, in aqueous conditions, followed by desolu-
bilization of the polysaccharide, thus leading to physical crosslinking. In addi-
tion to high wet mechanical properties, the demonstrated processing pathway 
leads to retention of the attractive dry mechanical properties of CNF-based ma-
terials and high transparency.  

In Publication 2, we showed how the added surface charge of chemically mod-
ified CNF enables a novel route for spinning of long and strong CNF-based fi-
bers by interfacial polyelectrolyte complexation. This route enabled preparation 
of strictly compartmentalized bicomponent fibers, which exhibited reversible 
shape change in response to changes in environmental humidity. An attractive 
direction of development for such fibers would be smart textiles, which for ex-
ample could change their air permeability in response to humidity or tempera-
ture. 

In Publication 3, we showed how the extrusion conditions had dramatic effects 
on the mechanical properties of wet-spun CNF-fibers. The explored processing 
route enabled enhancement of mechanical properties by increased alignment of 
fibrils, but in contrast to the previous literature, this was achieved without a re-
duction in the extensibility of the fibers. As a result, the fabricated fibers exhib-
ited very high toughness. The proposed reason for the difference to previous 
works was that fewer and smaller structural defects were formed in the CNF 
network structure when the processing was carried out in the well-dispersed 
state. The presented processing route is an attractively scalable option for fab-
rication of stiff, strong and tough CNF-based fibers, and it can be expected that 
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the alignment and mechanical properties of the fibers could be further opti-
mized by controlling the surface chemistry, morphological composition and 
rheological properties of the CNF dispersion used. 

In Publication 4, we showed the possibility of preparing transparent aerogel 
membranes with an ambient drying process. This was achieved due to the in-
herent resistance to densification of the CNF network when the solvent was ex-
changed to an alkane that does not disturb the interfibril hydrogen bonds. The 
resulting membranes were mechanically stiff, strong and tough, gas-permeable, 
and able to collect aerosols from a gas stream. This combination of properties 
was exploited to collect a thin network of SWNT on to the CNF membrane from 
a gas-phase synthesis process. This allowed fabrication of mechanically stiff, 
strong, tough, and flexible CNF-SWNT hybrid films that were highly transpar-
ent and conductive. 

In Publication 5, the processing used to prepare transparent membranes in 
Publication 4 was combined with refining of the morphological composition of 
the fibril dispersions to produce CNF membranes that were bright white and 
opaque even at a thickness of a few microns. An interesting finding was that 
upon altering the morphological composition to include fibrils with slightly 
larger diameters, the transport of light transitioned from normal diffusion to 
superdiffusion. Insight into the connection between the microstructure of the 
membranes and their light transport characteristics is a future challenge.  

For the purposes of practical applications, a valuable theme for future study is 
the modification of the bonding between fibrils at the network intersections. 
Such investigation should aim for a strategy to combine aqueous processing, re-
tention of the attractive mechanical properties of the original CNF network, and 
elastic compressibility. The currently presented strategies of covalent and/or 
physical crosslinking fail to reach these goals simultaneously. If successful, this 
could yield multiple advancements for CNF-based materials, such as facile de-
watering by mechanical compression, better stiffness and strength in the wet 
state, and ambient drying of aerogels of arbitrary shapes, perhaps even without 
solvent exchange. These advances would bring many of the promises associated 
to CNF-based materials closer to reality. 

To summarize, CNF are very different from the materials that humans histor-
ically have developed successful processing methods for, and due to the funda-
mental characteristics of individual fibrils as well as their network, many of 
these methods are suboptimal for CNF. Therefore, the successful realization of 
the full potential of CNF in practical applications demands exploration of novel 
processing routes, the recognition of which in turn can come from an under-
standing of the fundamental properties of CNF.  
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