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Abstract
Cellulose is an abundant, renewable, and biodegradable biopolymer that is present in plants as a
structural part of the cell wall and is produced as a metabolite by certain bacterial species. The
smallest units, or building blocks, in the hierarchical structure of cellulose fibers are collectively
called nanocellulose and can be accessed via mechanical processing either with or without an
enzymatic and/or a chemical pretreatment. The use of nanocellulose as a raw material for various
network structures, such as nanopaper, has attracted a significant amount of research interest
during the last decades. In particular, the controlled assembly of nanocellulose into applicationspecific three-dimensional architectures is the aim of many researchers. One promising
application area is cellulose nanocomposites, in which the nanocellulose structure acts as a
reinforcement phase, improving the mechanical properties of a polymer.
Ice-templating is a processing method in which nano- or micrometer-scale particles suspended
in water are unidirectionally organized by ice crystals. After sublimating the ice, a dried filament
or foam structure is formed. When applied to a nanocellulose water suspension, the process results
in either oriented filaments or a honeycomb structure, depending on the concentration of the
suspension. These kinds of oriented fiber networks are promising for composite applications
because of their unique structure.
In this thesis, ice-templated nanocellulose structures were prepared, and their properties and
application in cellulose nanocomposites and as a thermal insulation material in combination with
alginate were studied. In Publications I-III, cellulose nanocomposites were prepared via vacuum
infusion, a process in which the dried fiber structures were filled with an epoxy resin with the aid
of vacuum pressure. It was shown that the mechanical properties of the epoxy polymer could be
improved and that the properties were anisotropic, i.e., dependent on the measurement direction
because of the oriented nature of the fiber structure. In Publication IV, thermal insulation material
was prepared from alginate-containing nanocellulose raw material obtained from seaweed. The
porous nature of the structures resulted in low thermal conductivity, and the structural integrity
provided by the nanocellulose network made the material mechanically robust.

Keywords: aerogels, cellulose nanocomposites, cellulose nanofibers, filaments, icetemplating, mechanical properties, orientation

Nissilä, Tuukka, Jäädytysvaletut selluloosananokuiturakenteet komposiittien
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Tiivistelmä
Selluloosa on runsaasti saatavilla oleva, uusiutuva ja biohajoava biopolymeeri, jota esiintyy kasvien soluseinämän rakenteellisena osana ja joidenkin bakteerilajikkeiden aineenvaihduntatuotteena. Selluloosakuitujen hierarkkisen rakenteen pienimpiä osasia kutsutaan yhteisesti nanoselluloosaksi, ja niitä saadaan valmistettua mekaanisilla prosesseilla, jotka voidaan yhdistää entsymaattisiin ja/tai kemiallisiin esikäsittelyihin. Nanoselluloosan käyttämistä raaka-aineena erilaisille verkostorakenteille, kuten nanopaperille, on tutkittu huomattavan paljon viimeisten vuosikymmenten aikana. Erityisesti nanoselluloosan hallittu järjestäminen sovelluskohtaiset vaatimukset täyttäviksi kolmiulotteisiksi rakenteiksi on useiden tutkijoiden tavoitteena. Yksi lupaava
sovelluskohde ovat selluloosananokomposiitit, joissa nanoselluloosarakenne toimii lujitteena
parantaen polymeerin mekaanisia ominaisuuksia.
Jäädytysvalu on valmistusmenetelmä, jossa veteen suspendoituneet nano- tai mikrometrimittakaavan partikkelit järjestyvät yhdensuuntaisesti jääkiteiden vaikutuksesta. Jään sublimoinnin
jälkeen muodostuu kuivattuja filamentti- tai vaahtorakenteita. Veteen suspendoitua nanoselluloosaa käytettäessä saadaan aikaiseksi joko orientoituja säikeitä tai hunajakennorakenne riippuen
suspension konsentraatiosta. Tällaiset orientoidut kuituverkostot ovat ainutlaatuisen rakenteensa
ansiosta lupaavia materiaaleja komposiittisovelluksia ajatellen.
Tässä väitöskirjatutkimuksessa valmistettiin nanoselluloosarakenteita jäädytysvalun avulla,
ja rakenteiden ominaisuuksia ja sovellettavuutta selluloosananokomposiiteissa ja lämpöeristeenä yhdessä alginaatin kanssa tutkittiin. Artikkeleissa I-III valmistettiin selluloosananokomposiitteja käyttäen alipaineinfuusiota, jossa kuivatut kuiturakenteet täytettiin epoksihartsilla alipaineen avulla. Tutkimuksessa pystyttiin osoittamaan, että epoksin mekaaniset ominaisuudet paranivat, ja että ominaisuudet olivat anisotrooppisia eli riippuvaisia mittaussuunnasta kuiturakenteen orientaation ansiosta. Artikkelissa IV valmistettiin lämpöeristävää materiaalia merileväpohjaisesta alginaattipitoisesta nanoselluloosaraaka-aineesta. Rakenteiden huokoisuus johti matalaan lämmönjohtavuuteen, ja nanoselluloosaverkoston rakenteellinen kestävyys teki materiaalista mekaanisilta ominaisuuksiltaan hyvän.

Asiasanat: aerogeelit, filamentit, jäädytysvalu, mekaaniset
selluloosananokomposiitit, selluloosananokuidut, suuntautuminen
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1

Introduction

1.1

Background

The need for finding renewable alternatives to petroleum-based materials is
growing [1]. Cellulose is a promising candidate as it is an abundant and renewable
natural resource and has already long been used as a versatile raw material [1].
However, many modern applications require the ability to utilize the nanometerscale building blocks of cellulose, namely nanocellulose [1].
Nanocellulose can be produced via either a top-down approach using plants or
a bottom-up approach utilizing bacteria capable of synthesizing cellulose [2]. The
use of nanocellulose in commercial applications may help reduce the dependency
on oil and have a positive effect on agriculture and forestry [3]. It is also possible
to combine the production of nanocellulose from plant biomass with the production
of other products, such as chemicals and biofuels, as part of a broader biorefinery
concept [4].
Some of the suggested or already utilized applications of nanocellulosic
materials include biodegradable packaging materials [3], medicines, gardening
products, rheological modifiers [5], speaker diaphragms [6], and replacements for
conventional paper [7]. One of the most significant potential application areas is
cellulose nanocomposites. The use of nanocellulose as a reinforcement material in
composites has been studied for almost 25 years and the number of related research
publications has increased exponentially [8].
The tendency of nanocellulose to form strong hydrogen-bonded networks
similar to paper has long been known [7], [9]–[14]. The so-called nanopaper is
similar to conventional paper in many ways. It can be prepared by drying a water
suspension containing nanocellulose, and the resulting material is a sheet in which
the nanometer-scale fibers form an interconnected network. The mechanical
properties of nanopaper are better than those of conventional paper because of the
more defect-free nature and high specific surface area of the nanoscale fibers.
Aerogels are another manifestation of the network-forming tendency of
nanocellulose [15]–[17]. These porous and foam-like structures can be prepared by
freeze-drying a nanocellulose water suspension instead of drying at ambient
conditions. The process consists of first freezing the sample and then sublimating
the ice to obtain a dry fiber network in which the fibers are separated from each
other by a greater distance than in nanopaper. A special class of aerogels are
17

unidirectionally frozen, or ice-templated, materials [18]–[21]. They have an
oriented honeycomb structure created by growing ice crystals during the freezing
of a nanocellulose water suspension. Oriented micrometer-scale filaments can also
be formed using the same approach when a low enough fiber concentration is used
[22], [23].
Nanopaper sheets have long been used as preforms or scaffolds in the further
processing of composites, i.e., materials that are composed of two or more
constituents. For example, impregnating, or filling, nanopaper with thermosetting
resins is a potential way to prepare strong and stiff composites [24], [25]. The
principle is the same as when preparing glass or carbon fiber composites. The
nanocellulose network forms a reinforcement phase that improves the mechanical
properties of the material. However, nanocellulose networks are dense and the pore
size is small, making impregnation demanding. The process may take several days
and often organic solvents have to be used to decrease the resin viscosity. Solvents
can also be used to increase the porosity of the networks prior to impregnation [26],
[27], but the methods are typically complicated and the networks can still be
difficult to fill. In addition, the nanofibers are usually randomly oriented in the
network. The properties of cellulose nanocomposites have been found to rely
heavily on the properties of the network, making it important to be able to control
its structure to achieve a desired end result [28].
Despite successful laboratory-scale examples, nanocellulose-based products
comparable to glass and carbon fiber mats have not been developed. Commercial
woven fabrics based on natural fibers and dissolved cellulose are already being
produced, but the properties of these products cannot compete with those of their
non-renewable counterparts. However, nanocellulose is a very promising
reinforcement material, especially if structures applicable in existing composite
manufacturing processes can be developed. If the mechanical properties of the
resulting cellulose nanocomposites were also able to compete with those of, for
example, glass fiber composites, the utilization potential would be almost limitless.
Using aerogels instead of nanopaper might offer a solution. The ice-templated
nanocellulose networks are more porous than nanopaper and have a bigger pore
size, making them potentially more suitable to be used in composite processing.
Reports of successful attempts at utilizing ice-templated aerogels as preforms for
composites exist, but the mechanical properties of the materials have been
relatively poor because of their low fiber content or the poor properties of the
polymer matrix [29], [30]. However, it is possible to increase the fiber content by
18

compressing the aerogel either before or after impregnation, which can be expected
to result in a significant improvement in the mechanical properties.
1.2

Aim and scope

The aim of the thesis work was to prepare nanocellulose networks with a
unidirectional structure and to utilize them as preforms or scaffolds in composite
materials. It was hypothesized that utilizing ice-templating would result in higher
porosity networks that would be more suitable to liquid composite molding
processes than nanopaper. Vacuum infusion was used as the composite processing
method as it was expected to increase the fiber content and thus to result in a
material with mechanical properties comparable to those of conventional
composite materials.
Ice-templating was used to obtain both foam-like honeycomb structures, called
aerogels, and networks of oriented filaments consisting of nanocellulose. In
Publications I–III, pure nanocellulose structures were prepared and used in a
fashion comparable to glass and carbon fiber mats or laminate papers to prepare
sheets of composite material, and in Publication IV, a combination of nanocellulose
and alginate was used to obtain composite aerogels.
The main focus was on the preparation of the nanocellulose structures and
using them as preforms in composite processing. These kinds of network structures
could be impregnated via a conventional liquid composite molding process called
vacuum infusion in which reduced pressure is used to get a polymeric resin inside
the preformed fiber structure. Vacuum infusion is widely used, for example, in the
boat and airplane industries in which it is mostly used for preparing glass and
carbon fiber composites.
As mentioned in the previous section, the impregnation approach has already
been successfully utilized for preparing cellulose nanocomposites from aerogels,
but in this study the aim was to increase the fiber content of the resulting material.
It was possible to increase the fiber content by specifically using the vacuum
infusion method, which subjects the fiber network to a pressure that compacts it
and increases the relative volume of the fibers in the prepared material. Combining
high fiber content with a strong polymer, such as epoxy, can be expected to result
in good mechanical properties in the composites. In addition, producing mats
consisting of thin filaments instead of aerogels with the same ice-templating
process and using the filament material in composites is a novel approach.
19

1.3

Outline of the thesis

The thesis is divided into five chapters. The first chapter is an introduction to the
topic of the thesis and states the aim and scope of the study. A more in-depth survey
of the relevant literature is given in the second chapter. The third chapter introduces
the most important materials and methods used in the study, and the obtained results
are reported in the fourth chapter. Finally, the conclusions are given in the fifth
chapter.
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2

State of the art

2.1

Nanocellulose

Nanocellulose is an umbrella term covering a wide range of nanometer-scale
cellulosic fibers. However, the thesis is mostly concerned with mechanically
processed plant-based nanocellulose. The structure of plant cell walls used as a raw
material is introduced in this section along with the processing methods used to
obtain nanocellulose. The mechanical and physical properties of different types of
nanocellulose are also discussed.
2.1.1 Plant raw material
Cellulose is an organic polymer found in plants as a structural component that is
present in varying amounts [31]. The lignocellulosic cell walls of plants usually
contain 35–50% cellulose, 20–35% hemicelluloses, and 15–20% lignin, the rest
being other compounds such as ash [32], waxes, and extractives [33]. The cellulose
polymer itself is composed of β-D-glucopyranose units arranged into chains of up
to 10 000 units [31], and the chains are assembled into bundles via intra- and
intermolecular forces [4], i.e., van der Waals forces and hydrogen bonds between
the hydroxyl groups and oxygen atoms of adjacent polymer chains [1].
A hierarchical structure is formed by the assembled cellulose molecules. The
smallest bundles of cellulose polymer chains are typically called nanofibrils or
elementary fibrils. They have a diameter of approximately 2 to 4 nm [33] and it has
been suggested that they are composed of 24 [34] or 36 [35] cellulose chains. It has
been posited that the fibrils are formed of alternating crystalline and amorphous
regions according to the so-called fringed micelle model [31], [33]. The elementary
fibrils are further aggregated into microfibrils with a 10 to 30 nm diameter, and the
microfibrils in turn form larger units of varying diameter [33]. Hemicelluloses and
lignin are present between the fibrils, creating a composite structure [31]. Fig. 1
illustrates the structure of wood and shows how the cellulose molecules form the
backbone of the cell walls.

21

Fig. 1. Structure of wood. (Reprinted, with permission, from [36] © 2016 University of
Oulu)

2.1.2 Processing
When the various levels of aggregated cellulose chains are accessed by enzymatic,
chemical, and physical processing, or delamination, of the plant raw materials, a
special type of fibrous material called cellulose nanofibers (CNFs) is obtained [2].
It is usually produced in the form of a water-based gel-like suspension with a
concentration of approximately 2 wt% [37]. The individual CNFs have a diameter
of approximately 3–100 nm and length of more than 1 µm.
Various pretreatment methods such as enzymatic pretreatment [38],
carboxymethylation [39], and 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) –
mediated oxidation [40], [41], have been utilized to decrease the energy
consumption of the delamination process. These pretreatment methods also have
an effect on the morphology and surface chemistry of the resulting CNFs, which
has to be considered when selecting the most suitable processing route. In particular,
the surface functionality of the fibers changes the behavior of the material during
post-processing and affects its applicability.

22

Another type of nanocellulose are the so-called cellulose nanocrystals (CNCs)
that are prepared via acid hydrolysis of cellulosic materials [37]. Various acids can
access the amorphous regions of the cellulose chains, and rod-like crystalline
particles can be released via mechanical agitation after a period of mild hydrolysis
at an elevated temperature. The dimensions of the resulting crystals depend on the
properties of the raw material, especially the crystallinity, but in general, CNCs are
shorter and thinner than CNFs [2]. Sulfuric acid is the most commonly used catalyst
for the hydrolysis process [42]–[45], but other acids, such as hydrochloric acid, can
also be used [42]. The use of sulfuric acid results in CNCs with sulfate groups on
the surface of the fibers that improve the dispersibility of the material and are absent
in HCl-catalyzed crystals [42].
In addition to the top-down methods, a bottom-up approach can be used, in
which nanocellulose is synthesized by acetic acid bacteria from saccharides [46].
This type of nanocellulose is commonly called bacterial cellulose (BC), and it is
almost pure cellulose produced by vinegar bacteria in the form of a gelatinous skin
on top of a fermentation medium. The gel is often called a pellicle [47], and it is
composed of ribbons of approximately 50 nanofibers that have an average width
and thickness of 35–140 nm and 4.1 nm, respectively [14], [48].
All of the three aforementioned types of nanocellulose are referred to in the
thesis, but most of the discussion is directed towards plant-based CNFs, as they
were used exclusively during the experimental part of the work. CNCs and BC
cannot be omitted, as a significant amount of research work closely related to the
topic has been conducted using CNCs and BC instead of CNFs. The applicability
of all types of nanocellulose is in many cases, if not identical, at least very similar.
CNFs were chosen to be used in the study over CNCs and BC because of their high
network-forming tendency, the good availability of wood-based pulp as raw
material, and the need to produce relatively large quantities of nanocellulose for the
aerogels. Even though CNCs might have served as more uniformly distributed and
ideally shaped nanoparticles, the more time-consuming and complicated
preparation process would have hindered the development of the composite
processing method.
2.1.3 Structure and properties
The structure of nanocellulose depends on the source and the extraction method.
CNFs, CNCs, and BC all have their own characteristics, but especially in the case
of CNFs and CNCs these also depend a lot on how and from which material they
23

are prepared. The dimensions of different types of nanocellulose are shown in Table
1 along with the crystallinity values. Crystallinity is defined as the ratio of the
crystalline portion to the whole fiber length [49]. It is an important factor affecting
the physical and mechanical properties of the fibers, and the value can be
unintentionally decreased by excessive treatment of the fibers during
nanofibrillation [10].
Table 1. Physical properties of nanocellulosic materials.
Fiber type
CNF

Fiber width (nm)

Fiber length (nm)

Crystallinity (%)

References

5–120

-

-

[10], [11], [39], [49]–

-

> 1000

-

[10], [48]

[52]

CNC
BC

-

-

43.0–88.6

[10], [49], [51], [52]

3.5–20

100 to > 1000

-

[42]–[45], [53]–[55]

-

-

75.1–90.8

[45], [54], [55]

35–140

-

-

[14], [48]

-

-

60–89

[13], [48], [56]

In addition to crystallinity, the degree of polymerization of nanocellulose is an
often-used measure. It is defined as the number of glucose units present in the
cellulose polymer chain, and the value can be up to over 10000 in the case of natural
fibers such as cotton [31]. Even though it is not directly related to fiber length, the
degree of polymerization can be used to evaluate the breakage of the fibers and has
also been linked to their mechanical properties [10]. It has been suggested that the
value decreases by 50–80% during the processing of pulp fibers into CNFs [5].
CNFs are more homogenous and have better properties than the microscale
fibers they are produced from, and an average Young’s modulus of approximately
100 GPa has been estimated based on several theoretical and experimental methods
[37]. The value is comparable to that of aramid fibers [57]. The theoretical
maximum modulus of CNCs is the same as that of cellulose crystal. It has on
average been estimated to be 130 GPa [37], and the strength has been predicted to
be 0.3–22 gigapascals [28]. These properties make nanocellulose an interesting
reinforcement material for composites and a promising building block for structural
materials in general. Some of the results obtained for the mechanical properties of
different types of nanocellulose are shown and compared with other common
reinforcement fibers in Table 2.
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Table 2. Mechanical properties of nanocellulosic materials.
Fiber type

Elastic modulus

Tensile strength (MPa)

References

(GPa)
BC

78–114

-

[48], [58]

CNF

81–151

-

[59]–[62]

CNF

-

1600–7500

[60], [63]

CNC

124–155

-

[64]

Flax

27.6

345–1500

[65]

Hemp

70

690

[65]

Cotton

5.5–12.6

287–800

[65]

E-glass

73

3400

[65]

Kevlar

60–141

3000

[57], [65]

Carbon

240–425

3400–4800

[65]

2.2

Nanocellulose network structures

The ability of nanocellulose to form hydrogen bonds between individual fibers
makes it possible to form network structures comparable to paper. Depending on
the drying method and the concentration of the fiber suspension, the resulting
material can be either a sheet of nanopaper, an aerogel, or an assembly of filaments.
These types of materials are of interest because of their mechanical integrity and
applicability as structural components. The various network structures and their
processing routes are discussed in this section.
2.2.1 Nanopaper
The discussion of nanocellulose network structures would be incomplete without
mentioning nanopaper. It is the simplest and most studied structure, prepared by
drying a nanocellulose water suspension. The result of the drying process is a paperlike network of nanofibers that has better mechanical properties and a smaller pore
size than conventional paper. In the earliest study by Dufresne et al., a CNF
suspension prepared from sugar beet pulp was cast in molds and left to dry at 37 °C
for 48 h to form nanofiber networks [9]. The elastic modulus of the networks was
found to increase with increased intensity of mechanical treatment, suggested to be
caused by stronger fiber-fiber interactions due to fibrillation of the fibers towards
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smaller diameters. Nanopaper was also prepared using a similar approach by
another group [50]. Bleached kraft pulp was used as a raw material for the CNFs,
and strong hydrogen bonding was again observed as the tensile strength of the
nanopaper was more than double that of conventional paper. In addition to CNFs,
BC has been studied as a raw material for nanocellulose sheets [13], [14]. The
pellicle formed by the bacteria can be dried either as it is or by first disintegrating
and then casting it in a mold to obtain a nanofiber network. More recently, vacuum
filtration has been used to speed up the drying process [7], [10]–[12]. A wet “cake”
is formed on a membrane via filtration and further dried, for example in an oven.
Nanopaper is a dense structure with low porosity and small pore size,
irrespective of the preparation route (Fig. 2). Considering the application of
nanopaper as a preform structure in composite materials processing, the porosity
of the network is an important parameter. The porosity and the specific surface area
are commonly as low as 20% and 10−2 m2/g, respectively, because of the capillary
forces exerted by the evaporating water, but both values can be improved by
replacing the water in the structure with an organic solvent before drying [66].
Porosities of 19–40% have been achieved by immersing the wet filter cakes in
ethanol, methanol, and acetone and drying them under pressure at an elevated
temperature [67]. Even higher porosities, namely 40–86%, have been reported for
nanopaper prepared via solvent exchange and a subsequent CO2-drying or freezedrying step [66]. The specific surface area could be as high as 482 m2/g, indicating
well-individualized nanofibers.

Fig. 2. Nanopaper. Cross sections of nanopaper sheets with different porosities
(Reprinted, with permission, from [68] © 2016 Elsevier Ltd.).
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2.2.2 Aerogels
Aerogels, as discussed in this thesis, are foamlike network structures that can be
formed by rapidly freezing and freeze-drying a nanocellulose water suspension
[15]–[17]. The freezing is achieved either by immersing the mold containing the
suspension in liquid nitrogen or some other cooling medium such as a dry
ice/acetone mixture, or by placing it inside a freezer. A dry material is obtained after
sublimating the solidified water under reduced pressure and low temperature. The
resulting network structure is mostly isotropic because of the presence of several
thermal gradients during the rapid freezing. This kind of foam with a random
structure – even though widely studied and suitable for many applications – is not
of great interest within the scope of the thesis. Of more importance are the
structures prepared via ice-templating.
Ice-templating, also often called freeze-casting or unidirectional freeze-drying,
is a method used to prepare oriented porous structures from micro- and nanometersize solid particles of organic or inorganic origin [69], [70]. The process consists of
unidirectionally freezing the particle suspension so that the liquid solidifies along
a thermal gradient and rejects the particles into the spaces between the crystals,
forming a cellular or lamellar solid material after sublimating the liquid under
reduced pressure (Fig. 3). The material differs from other foamlike materials in
having anisotropic structure and properties as opposed to being isotropic [70].
Orientation is induced to the pore structure by placing only the bottom of the mold
containing the suspension in contact with the freezing source [69]. Although other
liquids such as camphene and tert-butyl alcohol can be used, water is the most
common medium [69]. With water, hexagonal ice crystals are formed with a
thickness that depends on the freezing rate [69].
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Fig. 3. Ice-templating of cellulose nanofibers. The particles can also be other nano- or
micrometer-scale particles, and the liquid can be for example camphene or tert-butyl
alcohol instead of water. Alternative freezing sources such as dry ice (solid CO2) can
also be used.

A common ice-templating procedure consists of degassing the particle suspension
to remove air, pouring it inside a mold, and placing the bottom of the mold in
contact with a freezing source, such as cooled ethanol or liquid nitrogen [70]. A
heating element can be used to control the freezing temperature and thus the
freezing rate and the resulting architecture [70]. The most commonly used approach
is to gradually decrease the temperature, starting from room temperature or close
to the solidification temperature of the liquid [70]. When a low enough temperature
is achieved, a freezing front is formed that proceeds through the sample length until
complete freezing is achieved [70]. Because of the anisotropic freezing conditions,
the solid crystals form lamellar or porous structures that are aligned parallel to the
freezing direction [70]. A porous solid structure can then be formed by sublimating
the liquid into gas either in a freeze-dryer, as is the case when water is used, or at
room temperature and atmospheric pressure, as is the case for camphene [69]. The
sublimation time depends on the sample dimensions [69]. A typical drying time for
water suspensions is 24–48 h [70].
The first reported studies on ice-templating were conducted with inorganic
particles and, despite the fact that the focus of this thesis is on nanocellulose
structures, this deserves to be mentioned as an important theoretical background.
In an early study, alumina powder dispersed in water was frozen by placing the
bottom of the cylindrical container in contact with a cooled (−50°C) ethanol bath
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[71]. Vertically growing ice crystals, as described above, were formed that pushed
the solid alumina particles into the in-between spaces, and a lamellar structure with
open pores was obtained after freeze-drying. The structure was consolidated by
sintering at a high temperature, and the size of the pores observed by SEM varied
from 10 to 30 µm. A lower alumina concentration in the water dispersion resulted
in slightly larger pores.
More recently, the method has been widely utilized for various inorganic
particles and further improved in terms of controlling the process variables. For
example, more control over the freezing process has been achieved by utilizing the
so-called cold finger setup, shown in Fig. 3 [72]. It consists of a copper rod
immersed in liquid nitrogen and a PID controlled heating element attached to the
top part of the rod to control the temperature. The mold containing the particle
suspension is placed on top of the rod, and a more homogenous freezing profile can
be achieved by decreasing the freezing temperature at a constant rate until the
whole sample is frozen. By using two copper rods, one at the bottom of the mold
and the other on top, even better control over the resulting microscopic architecture
can be achieved [73].
The relationship between the process variables and the architecture of the
resulting lamellar structure has been explicitly demonstrated by Fu et al. [74]. It
was shown that increasing the particle concentration from 5 to 20 vol% resulted in
an increase in the pore wall thickness from 8 to 25 µm. At the same time, the width
of the pores decreased from 50 to 15 µm and the porosity decreased from 85% to
55%. Lowering the freezing temperature and thus increasing the freezing rate
resulted in thinner pore walls and smaller pores. It was suggested that this was
caused by an increase in the number and a decrease in the size of ice nuclei.
Because of the physical nature of the phenomenon, the same phase separation
process in which inorganic particles, such as ceramics, are arranged by the solid
crystals into a honeycomb structure can be used for nanocellulose suspensions
[18]–[21]. In an early study on ice-templated nanocellulose aerogels, insulated
polyethylene tubes that allowed heat transfer only through the bottom part were
used as molds and put into contact with liquid nitrogen to achieve unidirectional
freezing [19]. The pore size of the CNF aerogels could be varied from 2.8 to 11.2
µm by changing the fiber concentration and the freezing rate. A well-formed
lamellar structure could be obtained at suspension concentrations of 2.75 wt% and
higher. Köhnke et al. used a similar approach and used either a freezer or liquid
nitrogen for cooling [18]. A mixture of xylan and CNCs was used instead of only
nanocellulose, but the resulting aerogels were comparable to those prepared from
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CNFs. The structure was composed of lamellae that were a few micrometers thick
separated by 20 to 50 micrometer-wide channels oriented along the freezing
direction.
The cold finger freezing setup developed earlier for preparing ceramic aerogels
with a homogenous pore structure has later also been used for nanocellulose [20].
Both TEMPO-CNFs and CNCs were used as a raw material, and dried aerogels
were obtained after two days of freeze-drying at 0.8 mbar pressure. The pores had
a polygonal cross section in both aerogel types, but the shape was more circular in
the CNF aerogels compared to the CNC aerogels which had an elongated lamellar
shape. The pore wall thickness was approximately 100 nm. Orientation index
values – indicating the degree of orientation of the cellulose crystals as calculated
from wide-angle X-ray scattering studies – of 0.75 ± 0.03 and 0.79 ± 0.01 were
reported for CNF and CNC aerogels, respectively. At higher concentrations and
cooling rates some of the fibers were found to have ended up in the spaces between
the pore walls instead of in the wall structures. Specific surface area values ranging
from 38 m2/g for a 0.2 wt% suspension to 10 m2/g for a 1.2 wt% suspension were
obtained. This suggests that at lower concentrations the fibers remain less
aggregated, making the structure more suitable for composite applications, which
is discussed in section 2.3.
It should be noted that the term aerogel is an ambiguous one and was chosen
to be used throughout the thesis based on its wide usage in literature reporting
similar materials. Broadly defined, aerogels can be any highly porous solid
materials which are obtained by removing a liquid component from a gel while
preserving the structure of the solid component. Some definitions also include a
limitation of the pore size to nanometer scale and would thus exclude the aerogels
described in the thesis, as the largest pores of the materials reported here are in the
micrometer scale. Based on the micrometer scale unidirectional pores obtained via
ice-templating, the samples could also be called honeycombs. Other closely related
terms are cryogel and xerogel. A discussion on the different terms and their
definitions is given by Vareda et al [75].
2.2.3 Filaments
The same ice-templating approach used to prepare honeycomb-like aerogels from
nanocellulose can be used to form thin filaments when the suspension
concentration is decreased [22], [23] (Fig. 6). The filaments are oriented along the
freezing direction similarly to the pores in aerogels. Han et al. reported filaments
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with diameters ranging from 0.57 to 1.5 µm when using a 0.05 wt% fiber
suspension in water [23]. The diameter was found to depend on the type of
nanocellulose used. The charge present on the surface of CNCs was suggested to
result in greater repulsion between the individual fibers, and thus thinner filaments
were formed. The diameter of the CNF-based filaments was twice that of the CNCbased filaments owing to the higher tendency of the mechanically processed fibers
to aggregate. Filaments with diameters ranging from 50 to 900 nm were obtained
by Chen et al. using CNFs at concentrations of 0.1 and 0.2 wt% [22]. The use of
TEMPO-CNFs resulted in thinner filaments, presumably caused by the electrostatic
repulsion due to the surface carboxyl groups.
The ice-templating approach allows for the preparation of significantly thinner
filaments than the more conventional cellulose filament processing methods such
as dry spinning and wet spinning. The reported 50 nm to 1.5 μm diameters are
significantly smaller than the 6.8 to 300 μm [76]–[87] obtained via spinning
methods. The best results for spun filaments have been achieved with a special
flow-focusing approach with which approximately 6.8-μm-wide filaments with
highly oriented TEMPO-CNFs could be prepared [84]. The highest Young’s
modulus and strength achieved were 86 GPa and 1.57 GPa, respectively, suggesting
that the structure was highly crystalline and almost defect-free. The mechanical
properties are far superior to those of cotton and Lyocell fibers for which Young’s
modulus and strength values of 5.5–12.6 GPa and 287–597 MPa [88], and 16 GPa
and 660 MPa [89] have been reported, respectively, revealing the remarkable
potential of the bottom-up approach of assembling nanocellulose into macroscale
objects.
Fig. 7 shows the Young’s moduli of CNF-based filaments found in the literature
plotted against the diameter. The modulus appears to increase dramatically and
approaches that of single CNFs when the diameter approaches the nanometer scale.
Thus, producing ultrathin filaments via ice-templating is an intriguing concept.
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Fig. 4. Young’s modulus vs. diameter of filaments [37], [76]–[82], [84]–[86].

2.3

Cellulose nanocomposites

Nanocellulose can be used as a reinforcement material in polymer composites.
Several different processing routes have been utilized, but the impregnation method
is one of the most promising in terms of the mechanical performance of the
composites. It consists of first preparing a nanocellulose network structure, or a
preform, that is then filled with a polymeric resin. The use of nanopaper and
nanocellulose aerogels as preforms is discussed in this section.
2.3.1 Nanopaper-based composites
The same network-forming tendency used in nanopaper preparation has been
utilized in the preparation of both wet and dried nanocellulose networks that have
been filled with a polymer to obtain composites. The first study in which the filling,
or impregnation, approach was used was conducted by Nakagaito and Yano [25].
Sheets of nanopaper were prepared via vacuum filtration and oven drying, and
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impregnated with phenol-formaldehyde that was diluted with methanol. The
solvent was used to facilitate the filling of the nanopaper when it was immersed in
the solution. The total processing time was several days, making the process
impractical, but the resulting composites had good mechanical properties, and the
strength was significantly higher than that of a corresponding pulp fiber composite.
The same research group also clearly showed the increasing positive effect of
gradually raising the degree of mechanical fibrillation of the pulp fibers on the
mechanical properties of the composites [90]. BC sheets have also been used with
the same approach with even better results in terms of the mechanical performance
of the composites [91]. Nanocellulose networks have since been impregnated with,
for example, epoxy, acrylic, phenol-formaldehyde [92], and melamineformaldehyde resins [24]. The optical transparency and the improved thermal
expansion properties of the materials have been specifically addressed in some
studies [10], [11], [92].
Vacuum infusion has been used as an alternative means to impregnate cellulose
nanopaper sheets with epoxy [12]. The mechanical properties of the composites
followed the rule of mixtures for a combination of the epoxy matrix and the
nanopaper used as a reinforcement. This indicates that no nanoscale reinforcement
effects were present, and the composite behaved as a laminate of epoxy and CNF
nanopaper layers. Another approach of utilizing dried nanocellulose networks in
composite processing is via compression molding [93]. Sheets of nanopaper were
stacked with polyurethane films and molded into composites at increased
temperature and pressure. However, the low-porosity sheets with a small pore size
are challenging to fill and a successful impregnation is difficult to achieve. An
increase in porosity is necessary so that the dried nanocellulose networks can be
impregnated with a polymeric resin.
Increasing the porosity – solvent exchange
The impregnation of CNF nanopaper and BC sheets is a time-consuming process,
and often an organic solvent is used to decrease the viscosity of the resin and to
facilitate impregnation. Another method of improving the filling process is solvent
exchange. As discussed earlier, this consists of exchanging the water in the wet
nanofiber network for an organic solvent. When used for improving network
impregnability, it can be performed either with or without subsequent drying.
When conducted without drying, the solvent exchange process consists of
placing the solvent-containing wet fiber network in a polymer solution to gradually
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fill it with the polymer before drying and/or curing. For example, BC networks
have been swollen with chloroform prior to immersion in chloroform-dissolved
poly(3-hydroxybutyrate) [94]. The exchange of water for chloroform was
conducted in three steps by first soaking the water-containing network in ethanol,
then in acetone, and finally in chloroform. Composite materials with 25, 50, 70,
and 90 wt% polymer content were obtained after drying at room temperature for
12 h. The mechanical properties were significantly improved when compared to
neat poly(3-hydroxybutyrate).
A combination of micro- and nanoscale cellulose fibers has also been used [95].
Dissolving pulp fibers were TEMPO-oxidized, and sheets were formed with a
Rapid Köthen sheet former. The water in the partially dewatered nanopaper sheets
was replaced with methanol, and the sheets were impregnated with an epoxy
prepolymer. The TEMPO oxidation procedure was said to open the cellulose fibers
and to result in a hierarchical structure combining micro- and nanofibers. The
finding that a stronger oxidation treatment resulted in better mechanical properties
in the composites supports this claim. The properties of all composites were poorer
than those of CNF/epoxy composites, suggesting that the use of an exclusively
nanoscale raw material might still be beneficial if mechanical properties are the
main concern. The main benefits of the approach are the reduced energy
consumption and shorter processing time.
Another approach is to dry the nanofiber networks before impregnation.
Juntaro et al. prepared BC/polyurethane composites by exchanging the water in the
BC suspension with ethanol before filtration [96]. Drying the nanofibers from
ethanol instead of water allowed a decrease in the resulting network density, and
the dried sheets were filled with polyurethane resin to obtain composites. The
impregnation process took only one minute and the UV curing was finished in three
minutes. CNF networks dried from acetone have also been used [27]. Exchanging
the water in the networks with acetone increased the porosity of the networks to
67% and facilitated impregnation with a cellulose acetate butyrate polymer that was
mixed with triethyl citrate in an acetone solution. Compression molding was used
to consolidate the sample after impregnation. Ansari et al. impregnated acetonedried nanopaper with an epoxy resin [97]. Composites with 15, 30, and 50 vol%
CNF content were prepared, and the mechanical properties of all the prepared
materials were significantly better than those of the epoxy polymer. The relative
reinforcement effect was strongest in the 15 vol% composite, suggested to be
caused by better fiber dispersion. This explanation was further confirmed by the
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fact that the mechanical properties of the lowest fiber content composites were the
least sensitive to moisture.
The effect of porosity on the permeability of CNF networks has been studied
by Aitomäki et al. [68]. Nanopaper sheets with porosities of 24–80% were prepared
via solvent exchange and freeze-drying, and the permeability was measured with
water, ethanol, and paraffin. The highest permeability value was obtained for the
freeze-dried network with a porosity of 80%, but the value was still orders of
magnitude lower than that of a commercial lamination paper used as reference.
Composites were prepared by impregnating the networks with an epoxy resin via
vacuum infusion. However, the properties of the composites were not compared to
those of neat epoxy, making the evaluation of the mechanical performance
impossible.
Water swelling has also been used as a means to increase the porosity of
nanopaper by one research group [98]. Freeze-dried CNF networks were swollen
with water and impregnated with an aqueous phenol formaldehyde solution to
prepare composites. A CNF content as high as 92 wt% was reported, but the
properties of all the composites were only modest at best.
2.3.2 Aerogel-based composites
In addition to using solvent exchange to prepare nanocellulose networks with a
high porosity, aerogels obtained via ice-templating have potential to be used as
preforms for composites. The porosity is higher than in nanopaper and the pore size
is bigger. Zhai et al. prepared anisotropic CNF/poly(vinyl alcohol) aerogels that
were filled with polydimethylsiloxane to obtain composites [30]. The aerogel
surface was covered with a silane chemical via chemical vapor deposition to render
it hydrophobic and to facilitate filling with the hydrophobic polymer. The
micrometer-scale pores running through the sample acted as channels that the
polymer filled with the aid of vacuum. Significant improvements in the mechanical
properties were reported even at a very low fiber content. This indicates good
interfacial adhesion between the silane-treated aerogel and polydimethylsiloxane,
but the increase in mechanical performance may also be partly explained by the
soft and rubber-like nature of the polymer to which adding even a small quantity of
CNFs has a significant effect. Barari et al. used TEMPO-CNF aerogels as preforms
that were filled with a bio-epoxy resin using a modified vacuum infusion setup [29],
[99], [100]. They obtained composites with 1.0 and 1.3 vol% CNFs, but the
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mechanical properties were less than ideal even when a silane coupling agent was
applied to the aerogel.
In Publications I and II, CNF aerogels were prepared via ice-templating and
filled with a bio-epoxy resin to obtain composites. The idea was to utilize the high
porosity and large pore size of aerogels to be able to prepare composite materials
using vacuum infusion. In Publication III, the CNF content of the suspension was
decreased enough to obtain oriented CNF filaments instead of an aerogel with a
honeycomb structure. The filaments were also surface-treated with a silane
chemical to improve the interfacial adhesion between the filaments and the bioepoxy resin. In Publication IV, a CNF/alginate raw material was used to obtain
mechanically robust composite aerogels for thermal insulation applications.
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3

Materials and methods

3.1

Materials

3.1.1 Chemicals
3-aminopropyltriethoxysilane (APTES, 98%, Sigma Aldrich) was used in
Publication III to improve the compatibility of the CNF filaments with the bioepoxy resin. In Publication IV, sodium chlorite (NaClO2), sodium hydroxide
(NaOH), and acetic acid (CH3COOH) were purchased from Merck KGaA
(Darmstad, Germany), and calcium chloride (CaCl2 • 2H2O) was purchased from
Sigma-Aldrich AB (Stockholm, Sweden). All chemicals were used as received.
3.1.2 Cellulose nanofibers
Bleached softwood kraft pulp (Stora Enso, Oulu, Finland) was used as a CNF
source in Publications I, II, and III. A 1.6 wt% (Paper I) or a 2.0 wt% (Publications
II and III) cellulose fiber water suspension was mechanically fibrillated by passing
it several times through an ultrafine grinder (Supermasscolloider MKCA 6-2J CE,
Masuko Sangyo Co, Ltd., Kawaguchi, Japan). The gap between the grinding stones
was gradually decreased to −90 µm relative to the initial contact point. In
Publication III, the material was further fibrillated with a microfluidizer
(Microfluidics M-110EH-30, USA) by passing it twice through 200 µm and 200
µm chambers at 1000 bar, twice through 200 µm and 100 µm chambers at 1500 bar,
and finally twice through 200 µm and 87 µm chambers at 1500 bar.
In Publication IV, brown seaweed blades from the species Laminaria digitata
(provided by The Northern Company Co., Træna, Norway) were used as a
nanofiber source. The frozen seaweed raw material was defrosted, bleached with
NaClO2 (1.7%) in an acetate buffer (pH 4.5) at 80 °C for two hours, and finally
washed until a neutral pH was achieved. The resulting material contained 46 ± 11
wt% alginate and 23 ± 3 wt% cellulose. It was fibrillated via a grinding process
similar to the one used in Publications I–III to obtain an alginate/CNF (ACNF) gel
of approximately 2 wt% concentration [101].
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3.1.3 Resin
An optically brightened bio-epoxy resin (SUPER SAP® BRT, Entropy resins,
Hayward, USA) was used to form the polymer matrix of the cellulose
nanocomposites described in Publications I and II. For Publication I, SUPER SAP®
CLX and INH hardeners were mixed with the resin using a 100:3:29
(BRT:CLX:INH) ratio by weight. The initial room temperature viscosity and the
pot life of the mixture were approximately 200 mPas and 180 min according to the
manufacturer’s data sheet. For Publication II, BRT resin and INH hardener were
mixed using a weight ratio of 100:30.3. The initial viscosity was approximately 600,
160, 60, and 30 mPas at 20, 40, 60, and 80 °C, respectively, based on rheology
measurements. The pot life of the mixture was more than 180 min at room
temperature according to the data sheet, but decreased to tens of minutes when the
temperature was increased to 80 °C. A SUPER SAP® CLR resin with CLX and INH
hardeners was used in a 100:19:19 ratio in Publication III. The initial room
temperature viscosity and pot life for the mixture were 360 mPas and 75 min,
respectively, according to the manufacturer’s data sheet.
3.2

Methods

3.2.1 Ice-templating
Ice-templating was used to prepare oriented CNF structures in all of the studies. In
Publication I, the setup consisted of a dry ice-acetone cooling bath into which a
polytetrafluoroethylene mold containing a 1, 3, or 5 wt% CNF suspension was
partially immersed. The copper bottom plate was kept in contact with the −78 °C
freezing medium until the sample was completely frozen. A dried CNF aerogel was
obtained by keeping the mold and the sample inside a freeze-dryer for 24–96 h,
depending on the sample dimensions.
An upgraded version of the freezing setup was used in Publications II–IV (Fig.
5). Liquid nitrogen was used as a freezing medium instead of the dry-ice acetone
mixture, and the mold was kept in contact with the medium via a copper rod
partially immersed in it. The temperature of the copper bottom plate attached to the
mold was controlled with a PID-controlled heating element. The temperature was
decreased at a rate of 40 °C/h starting from either 0 °C or room temperature. 1.0
and 1.5 wt% CNF suspensions were used in Publication II, and in Publication III
the concentration was decreased to 0.05 and 0.1 wt%. The freeze-drying step was
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continued for four to five days in both of the studies, and dried CNF structures were
obtained similarly to Publication I. In Publication IV, a 1.0 wt% CNF-alginate
suspension was used, and freeze-drying took approximately four days.

Fig. 5. Cold finger setup used in ice-templating (Reprinted, under the CC BY-NC-ND 4.0
license, from Publication II © 2019 The Authors).

3.2.2 Silylation
In Publication III, the ice-templated CNF structures were surface-treated with a
silane chemical to improve the interface between the epoxy resin and CNFs. To
achieve this, the CNF structure and a beaker containing 1 ml of APTES were placed
inside a desiccator. An approximate vacuum pressure of 0.95 bar was applied to the
desiccator, which was kept inside an oven at 150 °C for 1 h. CNF structures with
the surface covered by APTES were obtained after re-pressurizing and cooling the
setup.
3.2.3 Vacuum infusion
Vacuum infusion was used to prepare cellulose nanocomposites from the CNF
structures in Publications I, II, and III (Fig. 6). The structures were placed on a
metal mold with a smooth surface and covered with a plastic film that was sealed
with tacky tape. Two tubes were attached to the system, an inlet for the resin, and
an outlet for the vacuum, and breather cloth was used to form flow channels into
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and out of the CNF structure. In Publication III, the structure was also covered with
breather cloth to allow through-plane filling. The resin/hardener mixture was
degassed under vacuum pressure until no significant number of bubbles was visible.
In Publication II the resin was also pre-heated by conducting the degassing in a
vacuum oven set at 60 °C. The infusion was carried out at room temperature in
Publications I and III, and in Publication II the temperature of the mold was
increased to 60 °C with a hot plate to decrease the resin viscosity. The outlet and
inlet tubes were clamped after the infusion system had been completely filled with
the resin. In Publications I and III, the samples were first cured at room temperature
for 24 hours, then demolded and cured at an elevated temperature. In Publication
II, the mold was kept at 60 °C for 1 h and then at 80 °C for 1 h for complete curing,
and the samples were demolded after they had cooled down.

Fig. 6. The vacuum infusion setup (Reprinted, under the CC BY-NC-ND 4.0 license, from
Publication II © 2019 The Authors).

3.2.4 Post-crosslinking
The ACNF aerogels in Publication IV were crosslinked using a method introduced
by Shang et al. [102]. The crosslinking was carried out by immersing the aerogels
in an ethanol/CaCl2 solution at 23 ± 1.5 °C for 5 h. Different crosslinking degrees
were achieved by using 1, 5, and 10 wt% solutions. Excess CaCl2 was removed by
rinsing the samples with ethanol, and the ethanol was evaporated by keeping the
samples in a vacuum oven at 24 °C overnight. The crosslinked ACNF aerogels are
abbreviated as ACNF-X.
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3.3

Characterization

3.3.1 Microscopy
Optical microscopy (Leica MZ FL III, Leica Camera AG, Wetzlar, Germany) was
used to study the CNF morphology in Publication I, the aerogel structures in
Publication II, and the CNF filament mats in Publication III. The CNFs were
studied in a dilute suspension between two glass slides. For the aerogels, both
longitudinal and transverse specimens were cut with a razor blade. The filament
mats were placed between two glass slides for the imaging.
The CNF morphology was studied by atomic force (MultiMode scanning probe,
Veeco, Santa Barbara, USA) microscopy in Publication I. A drop of a dilute CNF
suspension was applied on a mica substrate and dried in a vacuum oven.
A field emission scanning electron microscope operated at a 5 kV acceleration
voltage was used to study the CNF aerogels described in Publication I (ZEISS
Sigma HD VP FE-SEM, Carl Zeiss AG, Oberkochen, Germany), CNFs in
Publications II and III, CNF filaments in Publication III, and cellulose
nanocomposites in Publications I, II, and III (ZEISS ULTRA plus FE-SEM, Carl
Zeiss AG, Oberkochen, Germany). The aerogel and composite samples were
prepared for imaging by fracturing, and the CNFs were collected on a filter
membrane from a dilute water suspension, frozen with liquid nitrogen, and freezedried. The CNF filaments were gently attached to a sample holder with carbon tape.
The average diameters of the filaments were measured from the images. All
samples were sputter coated with platinum to avoid charging.
Transmission electron microscopy (JEOL JEM-2200FS, JEOL Ltd., Tokyo,
Japan) was used to study the CNF morphology, as described in Publications II and
III. The samples were prepared by applying a drop of a dilute suspension on a
carbon-coated grid and subsequently drying the fibers and staining them with
uranyl acetate. The average diameters of the CNFs were measured from the images.
3.3.2 Microcomputed tomography
Three-dimensional reconstructions of the aerogel and composite samples were
obtained via micro-computed tomography (micro-CT) in Publication I (Skyscan
1272 micro-CT, Bruker microCT, Kontich, Belgium), and the composite aerogels
were studied in Publication IV (Zeiss Xradia 510 Versa, Carl Zeiss, Pleasanton, CA,
USA). In Publication I, the parameters used were as follows: 40 kV tube voltage,
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250 µA tube current, 3600 projections, 1000 ms exposure time, averaging four
frames/projection, and 0.8 µm isotropic voxel size. The reconstructions were
created with NRecon software (v.1.6.9.8, Bruker microCT, Kontich, Belgium). 3D
volumes of aerogels were rendered with CTVox (v.3.3.0 r1403, Bruker microCT,
Kontich, Belgium), and a 3D model of the composite was generated with a CT
Analyzer (v.1.16.4.1, Bruker microCT, Kontich, Belgium). In Publication IV, the
parameters used were as follows: 50 kV tube voltage, 4 W output power, 2401
projections, 6 s exposure time, 0.56 µm voxel size. The reconstructions were
created with Zeiss Scout-and-Scan Reconstructor software (version 11.1), and the
3D visualizations were rendered with Dragonfly Pro Software (ORS).
3.3.3 Viscosity
CNF suspension viscosities were measured with a rheometer (Discovery HR-1, TA
Instruments, New Castle, USA). A shear rate ramp at 25 °C was conducted from
0.1 to 1000 1/s using a cone-plate geometry (40 mm diameter, 1.999° angle, 52 µm
truncation). A temperature sweep from 20 °C to 120 °C and isothermal cure tests at
20, 40, 60, and 80 °C were conducted for the epoxy resin using cone-plate (40 mm
diameter, 1.999° angle, 52 µm truncation) and plate-plate (25 mm diameter, 500 or
1000 µm gap) geometries, respectively. Frequencies of 1 and 10 rad/s and torques
of 10 and 50 µNm were used in stress-controlled oscillation mode. A constant 100
1/s shear rate was used for the test at 80 °C to obtain a strong enough torque
response.
3.3.4 Specific surface area
The Brunauer-Emmett-Teller (BET) specific surface areas of the CNF structures
were measured by N2 physisorption in Publications I, III, (ASAP 2020,
Micromeritics Instrument Corp., Norcross, GA, USA), and IV (Gemini VII 2390a,
Micromeritics Instrument Corp., Norcross, GA, USA). In Publications I and III, the
specimens were kept inside an oven at 105 °C for 18 h before analysis to remove
adsorbed moisture.
3.3.5 Aerogel porosity and composite fiber content
In Publications I and II, the aerogel porosities were calculated from
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𝜑

1

∗ 100%,

(1)

where ρaerogel is the apparent density of the aerogel based on weighing and manual
measurements of the sample dimensions with a digital caliper. ρf is the density of
cellulose nanofibers and was assumed to be 1.5 g/cm3. The aerogel density in
Publication IV was measured similarly based on the mass and dimensions of the
samples.
The CNF and epoxy weight fractions were calculated in Publications I–III
using the weights of the aerogels before and after vacuum infusion. The CNF
volume fraction was calculated in Publication I as
⁄

𝑉

,

(2)

where Vf in the fiber volume fraction, vf is the volume of the fibers, vc is the volume
of the composite sample, mf is the mass of the fibers (mass of the aerogel), and ρf
is the density of the fibers. The composite volume was measured with a digital
caliper and a precision gage. The polymer matrix density was calculated with a gas
pycnometer (AccuPyc II 1340, Micromeritics, Norcross, USA).
In Publication II, the volume fractions of the CNF and epoxy phases were
calculated from [103]
𝑉

,

(3)

where ρc and ρf are the densities of the composite and the fibers, respectively, and
Wf is the fiber weight fraction. The void content was calculated as ϕ = 1 – ρm/ρt,
where ρm and ρt are the measured and theoretical densities of the composite,
respectively.
3.3.6 Fourier transform infrared spectroscopy
Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) (Bruker
Vertex 80V, Bruker, USA) was used to study the chemical composition of the CNF
filament structures, as described in Publication III. The material was pressed into
pellets and 40 scans with 4 cm–1 resolution were performed from 400 to 4400 cm−1
for each sample.
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3.3.7 X-ray photoelectron spectroscopy
The filament surfaces were characterized by XPS (ESCALAB 250Xi, Thermo
Fisher Scientific, UK) in Publication III. A monochromatic Al Kα X-ray source was
used at 300 W, and the pass energy was 150 eV and 20 eV for the survey and highresolution scans, respectively.
3.3.8 Permeability
In Publication II, the unsaturated one-dimensional in-plane permeability of the
aerogels was calculated from Darcy’s law as [104], [105]
𝐾

∆

,

(4)

where L is the filling distance, μ is the resin viscosity, Vf is the fiber volume fraction,
t is the filling time, and ΔP is the pressure difference from the inlet to the outlet.
3.3.9 Mechanical properties of aerogels
Aerogel compressive strength was measured with a dynamic mechanical analyzer
(Q800 DMA, TA Instruments, New Castle, DE, USA) as described in Publications
I and IV. In Publication I, 5 × 5 × 5 mm3 specimens were cut from the samples and
tested at room temperature with a 2 N/min compression rate, a maximum load of
18 N, and a preload of 0.05 N. Both longitudinal and transverse tests were
conducted, and the average of at least six measurements was calculated. In
Publication IV, samples were tested to maximum strain at a strain rate of 10%/min
with a preload of 0.05 N. Modulus was calculated below 5% strain. Ten specimens
were tested for each material, and the average results are reported.
3.3.10

Mechanical properties of composites

The tensile and flexural properties of the composites were characterized with a
universal testing machine (Zwick/Roell Z2.5, Zwick GmbH & Co.KG, Ulm,
Germany) using a 1 kN load cell, as described in Publication II. Specimens of 50 ×
4–5 × 1 mm3 were cut from the samples and conditioned at 23 °C and 50% relative
humidity for a minimum of eight hours before testing. A gage length of 20 mm and
a span of 30 mm were used for the tensile and flexural tests, respectively. A 5
mm/min testing speed was used for both tests, with the exception of the modulus
44

determination between 0.05% and 0.25% strain, for which 1%/min was used. The
testing was conducted in both longitudinal and transverse directions, and five
specimens were tested for each material and direction.
3.3.11

Viscoelastic properties of composites

The viscoelastic properties of the composites were characterized by dynamic
mechanical analysis (Q800 DMA, TA Instruments, New Castle, USA), as described
in Publications I–III. Rectangular 25–30 × 3 × 1.0–1.4 mm3 specimens were cut
from the composite samples and tested either in three-point bending mode using a
20 mm gage length (Publications I and II) or tensile mode with a 15 mm span length
(Publication III). A constant frequency of 1 Hz was used in all tests, and the
temperature was increased from 30 °C to 200 °C at a constant rate of 3 °C/min in
Publication I, from 30–80 °C at 2 °C/min in Publication II, and from 30–150 °C at
2 °C/min in Publication III. At least two specimens were tested for all samples for
both longitudinal and transverse directions.
3.3.12

Wide-angle X-ray scattering

The cellulose crystal alignment in the filament mats was studied by WAXS (Anton
Paar SAXSpoint 2.0, Anton Paar, Graz, Austria). A Microsource X-ray source (Cu
Kα radiation, wavelength 0.15418 nm) and a Dectris 2D CMOS Eiger R 1M
detector with 75 × 75 µm2 pixel size were used. The beam size and the beam path
pressure were 500 µm and 1–2 mbar, respectively, and the sample to detector
distance was 111 mm.
The orientation of cellulose crystals in the composites was also studied by
WAXS (NanoMAX beamline, MAX IV synchrotron laboratory, Lund, Sweden). A
10 keV photon energy was used, and the beam size and the sample area were 250
× 250 nm2 and 80 × 40 µm2, respectively.
The orientation index (fc) of cellulose crystals in both the filament mats and the
composites was calculated from [83]
𝑓

°
°

,

(5)

where FWHM is the full width at the half-maximum of the azimuthal angle
distribution.
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4

Results and discussion

4.1

Ice-templated cellulose nanofiber structures

The ice-templating process results in lightweight foam-like materials composed of
CNFs that have been unidirectionally organized by the growing ice crystals (Fig.
7). Using a higher fiber content (Publications I, II, and III) produces a monolithic
and self-standing material that retains its shape after moderate compression and
bending (Fig. 7a,b,d). These kinds of structures are commonly called aerogels. The
material becomes filamentous when the fiber content is decreased (Publication III,
Fig. 7c). This so-called filament mat does not retain its shape after demolding and
is subject to morphological changes when handled. The structure of these two types
of materials is very different, as discussed in the next subsection.

Fig. 7. Cellulose nanofiber structures. The CNF structures prepared in (a) Publication I,
(b) II, (c) III, and (d) IV.

In Publication IV, the raw material differed from the ones used in the other
publications as it was extracted from seaweed and contained alginate in addition to
CNFs. However, the appearance of the CNF-alginate aerogels is similar to that of
the pure CNF aerogels (Fig. 7d). The structure is also similar as discussed later.
However, the post-processing steps and the targeted application were completely
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different. The structures described in Publications I–III were used as preforms in
vacuum infusion to prepare composites, but the alginate-containing aerogels were
crosslinked with CaCl2 and studied for their thermal insulation properties. This
structure can also be considered a composite in itself as it is a combination of CNFs
and a crosslinked alginate polymer. Seaweed-based CNFs were chosen to be used
in the study because of the inherent fire-retardancy of alginate.
The properties of the CNF structures prepared via ice-templating are discussed
in the following subsections. The morphology was observed via optical and
electron microscopy and microcomputed tomography, both of which are typical
methods of obtaining qualitative information on the architecture of threedimensional structures such as aerogels. Physical properties are presented in the
form of density, porosity, and specific surface area. In addition, compressive
properties were studied in Publications I and IV, and permeability was measured in
Publication II.
4.1.1 Morphology
Aerogels were prepared from 1, 3, and 5 wt% CNF suspensions, as described in
Publication I. FESEM images of the fracture surfaces of a 1 wt% aerogel show
cellular and lamellar structures that are to some extent oriented along the freezing
direction (Fig. 8a–d). The higher fiber content samples have a less well-defined
structure that is not as clearly oriented (Fig. 8e–f).

48

Fig. 8. Aerogel FESEM. Vertical cross sections of the (a) bottom, (b) middle, and (c) top
parts of an ~65 mm high 1 wt% sample, and of the middle parts of ~9 mm high (d) 1 wt%,
(e) 3 wt%, and (f) 5 wt% samples (Reprinted, with permission, from Publication I © 2017
Elsevier Ltd.).

The difference is even more clearly visible in the micro-CT images (Fig. 9). The
vertical orientation of the lamellae is obvious in the 1 wt% sample (Fig. 9a) but less
so in the 3 wt% one (Fig. 9b). In the 5 wt% aerogel the vertical orientation is
practically non-existent (Fig. 9c). The same phenomenon can be seen in the
horizontal cross sections in Fig. 9d–f. The 1 wt% sample has a tubular pore
structure with polygonal pore cross sections. In the 3 wt% sample the pore structure
is still visible, whereas the 5 wt% sample appears to have a more random
organization. This may be explained by the higher suspension viscosity and the
more entangled state of the CNFs in the higher fiber content suspensions, which
hinder the organization of the fibers into an aligned structure.
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Fig. 9. Aerogel micro-CT. (a–c) Vertical and (d–f) horizontal cross section of (a, d) 1 wt%,
(b, e) 3 wt%, (c, f) 5 wt% aerogels (Reprinted, with permission, from Publication I © 2017
Elsevier Ltd.).

The change in the structure from the bottom (Fig. 8a) to the top (Fig. 8c) part of the
aerogel is a result of the simple ice-templating procedure that allows no control of
the freezing temperature. The increasing thermal resistance caused by the already
frozen part of the suspension decreases the freezing rate, which in turn causes a
larger pore size to be formed in the top part of the sample – a phenomenon discussed
in subsection 2.2.2 and in the literature [73], [106].
The freezing temperature has to be constantly lowered to counteract the
decreasing freezing rate. This was addressed in Publication II by improving the icetemplating setup. The system shown in Fig. 5 was used instead of the dry
ice/acetone mixture. By using a PID controller and a heating element, the
temperature of the bottom plate of the mold could be controlled and the decrease
in the freezing rate could be minimized. Aerogels with a more homogenous
structure were thus obtained (Fig. 10). The pore size does not vary significantly
along the sample; however, the 1.5 wt% aerogels show some inhomogeneity in
their structure, as seen in Fig. 10d. The finding is similar, if not to the same extent,
as what was observed in Publication I. A higher concentration of fibers seems to
result in a more random orientation, most likely caused by the fiber-fiber
interactions between the closely packed and partially entangled CNFs.
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Fig. 10. Aerogel optical microscopy. (a, b) Transverse and (c, d) longitudinal cross
sections of the aerogels prepared in Publication II (Reprinted, under the CC BY-NC-ND
4.0 license, from Publication II © 2019 The Authors).

The structure of the aerogels prepared from ACNFs in Publication IV is similar to
those of the CNF aerogels in Publications I and II (Fig. 11). The longitudinal cross
sections (Fig 11a) show vertically aligned structures formed by the growing ice
crystals, and slightly elongated polygonal pores can be seen in the transverse cross
sections (Fig. 11b). The diameters of the pores range from tens to hundreds of
micrometers and are smaller for the crosslinked ACNF-X samples. The
crosslinking has led to compaction of the pore structures, most probably caused by
the evaporating solvent during the drying step.
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Fig. 11. Seaweed nanofiber aerogel morphology. FESEM images of (a) longitudinal and
(b) transverse cross sections of the aerogels prepared in Publication IV. (c) A 3D
reconstruction of the aerogels based on micro-CT (Reprinted, under the CC BY 4.0
license, from Publication IV © 2021 The Authors).

The same ice-templating setup as that used in Publications II and IV was also used
in Publication III, but the fiber content of the CNF suspensions was decreased to
0.05 and 0.1 wt%. This approach resulted in a material composed of thin filaments
instead of the honeycomb-like materials obtained in Publications I, II, and IV (Fig.
12). The filaments are at least partially oriented along the freezing direction
similarly to the pore structures of the aerogels. As the fiber content was not high
enough, the CNFs have aggregated into filaments instead of forming
interconnected pore walls.
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Fig. 12. CNF filaments. (a) A photograph and (b) an optical microscope image of a CNF
filament mat. FESEM images of non-silylated (c) 1.1 µm and (d) 0.56 µm and silylated (e)
1.1 µm and (f) 0.56 µm filaments. The white arrow indicates the freezing direction
(Reprinted, under the CC BY 4.0 license, from Publication III © 2021 The Authors).

The average diameters of the filaments prepared from 0.05 and 0.1 wt%
suspensions were 0.56 and 1.1 µm, respectively. The values are similar to those
obtained for ice-templated filaments by other groups but significantly lower than
those reported for filaments prepared via spinning methods. Han et al. [23] and
Chen et al. [22] obtained filaments with diameters ranging from 0.57 to 1.5 µm and
from 0.050 to 0.900 µm via ice-templating, while the diameters of spun filaments
found in the literature have varied from 6.8 to 300 µm [76]–[87].
Considering the use of nanocellulose with a diameter as little as a few
nanometers as raw material, the ice-templating approach enables more successful
utilization of the nanoscale dimensions by forming less aggregated filaments than
the spinning methods do. At least in theory, the smaller the filament diameter and
the more defect-free the material, the closer the mechanical properties of the
filament will be to those of the nanocellulose used. For example, in the case of
CNCs, the highest achievable Young’s modulus would be that of cellulose crystal,
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i.e., approximately 130 GPa [37]. For CNFs, a lower value of 100 GPa has been
estimated [37].
The possibility of obtaining filaments with a less than 1 µm diameter and
utilizing them in composites was the main motivation behind preparing the icetemplated filament mats in Publication III. This unique approach was seen as a
potential way of narrowing the gap between the theoretical and practical limits of
the mechanical properties of cellulose nanocomposites. However, as discussed in
section 4.2, the properties of the resulting composites were less than ideal, and the
reason behind this could not be unambiguously elucidated as the mechanical
properties of the single filaments could not be measured.
4.1.2 Physical properties
The physical properties of the CNF structures are shown in Table 3. For the aerogels,
the density and porosity are directly related to the fiber content of the CNF
suspension, with higher concentration resulting in a higher density and lower
porosity aerogel. The BET specific surface area is not significantly affected by the
concentration.
The density and porosity of the filament mats are not a measurable quantity, as
the structures are not fixed and cannot be treated as single monoliths like aerogels.
Rather, the filament mats are assemblies of single filaments forming a loosely
connected network. The specific surface area is the only meaningful physical
quantity to report in this context. The value seems to depend on the fiber content in
that the lower fiber content suspension forms thinner filaments with a higher
specific surface area.
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Table 3. Physical properties of freeze-dried CNF structures.
Reference

CNF concentration (wt%)

Density (kg/m3)

Porosity (%)

BET specific
surface area (m2/g)

Publication I

Publication II
Publication III
Publication IV

1

9

99.4

3

29

98.0

10.4 ± 4.0
9.9 ± 1.2

5

43

97.1

9.0 ± 0.1

1.0

11.6

99.2

-

1.5

16.4

98.9

10.68

0.05

-

-

0.1

-

-

6.89

1.0 (uncrosslinked)

12

-

19.5 ± 3.2

1.0 (crosslinked)

15

-

25.9 ± 4.1

[15]

2.0

20

98

66

[15]

2.0

30

95–98

20

[17]

0.7–10.0

7–103

93.1–99.5

~13–43

[19]

2.0

-

98.7

-

[19]

8.0

-

94.7

-

The porosities of the aerogels prepared in Publications I and II are very similar to
the values found in the literature. This is not surprising as the sublimated ice creates
a similar volume of hollow space inside the aerogel if the solid content of the
suspension is the same and if there are no significant differences in the level of
shrinkage during drying. On the other hand, notable variation appears to exist in
the specific surface areas reported by different research groups. This might be a
result of deviations in the measurement procedures but also in the dispersion state
of the CNFs in the initial suspension. However, it is not easy to draw conclusions
on the connection between the dispersion state and the specific surface area as there
are also differences in the freezing methods used. Pääkkö et al. [15] and Sehaqui et
al. [17] used a rapid isotropic freezing approach with which no controlled
organization of the CNFs occurred and the fibers remained more separated. The
aerogels described in Publications I, II, and IV were slowly unidirectionally frozen
so that the fibers aggregated to form dense pore walls creating a honeycomb
structure, and the surface area decreased during this assembly process.
4.1.3 Compressive strength
The compressive strength of the 1, 3, and 5 wt% aerogels was studied in Publication
I (Table 4). The results show anisotropy, as the longitudinal strength is higher than
the transverse strength for all samples. This further confirms the presence of the
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unidirectional alignment of CNF structures in the aerogels observed in the
morphological study. The difference is higher for the lower fiber content samples,
which again confirms the findings of the imaging study. CNFs in the lower
concentration suspension appear to have more freedom to be aligned by the ice
crystals during ice-templating, and the higher concentration samples have a more
isotropic structure because of the fiber-fiber interactions that inhibit alignment.
Table 4. Aerogel compressive strength (Publications I and IV).
Aerogel sample

Stress at 20% strain (kPa)

Stress at 40% strain (kPa)

1 wt% (║)

16.5 (± 1.1)

20.9 (± 1.2)

1 wt% (┴)

3.9 (± 0.5)

7.5 (± 0.6)

3 wt% (║)

78.3 (± 9.8)

124 (± 13)

3 wt% (┴)

55.4 (± 5.4)

82.4 (± 6.7)

5 wt% (║)

116 (± 15)

222 (± 27)

5 wt% (┴)

164 (± 32)

261 (± 43)
24.3 (± 1.3)

Publication I

Publication IV
1 wt% (║)

21.1 (± 1.0)

1 wt% (┴)

5.1 (± 0.7)

8.3 (± 0.9)

1 wt% (║) crosslinked

20.8 (± 1.3)

23.9 (± 1.4)

1 wt% (┴) crosslinked

6.3 (± 0.5)

12.5 (± 1.1)

The compression properties of the seaweed nanofiber aerogels were tested in
Publication IV and are shown in Table 4, in comparison with the aerogels from
Publication I. Both the uncrosslinked and crosslinked 1 wt% ACNF aerogel
samples have strength values close to those obtained for the 1 wt% CNF samples
in Publication I. The fact that the material is composed of a mixture of alginate and
CNFs does not seem to affect the mechanical performance significantly. The
composite aerogels are only slightly stronger than the neat CNF aerogels. Quite
surprisingly, crosslinking does not affect the compressive strength either. The
values for the uncrosslinked and crosslinked samples are practically identical. The
major difference is in the ratio of the transverse and longitudinal strengths, which
is higher for the ACNF-X aerogels than for both the neat CNF and ACNF aerogels.
This may be an indication of stiffening of the honeycomb cell walls inside the
aerogels caused by crosslinking, which increases the transverse strength.
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4.1.4 Chemical composition
The chemical composition of the CNF filaments prepared and described in
Publication III was studied using DRIFTS (Fig. 13a) and XPS (Fig. 13b). Typical
cellulose peaks at 3380 and 1640 cm−1, 2900 and 1250–1460 cm−1, and 1050–1170
cm−1 can be seen in the DRIFTS spectra of all samples and are attributed to
hydroxyl (OH), alkyl (CH2), and C–O–C groups, respectively [107], [108]. An
additional peak at 1570 cm−1 is present in the curves for the silylated samples and
is related to N–H bending of the amine group of APTES [107], [109]–[111],
indicating successful surface coverage of the filaments. Even though APTES is
capable of forming covalent bonds with cellulose [112], it is not possible to draw
conclusions on the bonding between APTES and the cellulose chains on the
filament surfaces as the potential Si–O bridges are concealed by the C–O–C
vibrations [75], [113].

Fig. 13. Chemical composition of the CNF filaments (Reprinted, under the CC BY 4.0
license, from Publication III © 2021 The Authors).

All the XPS spectra show typical oxygen and carbon peaks of cellulose at 533 and
286 eV, respectively, but the silylated sample spectra have additional nitrogen and
silicon peaks related to the aminosilane surface treatment [114]. The C 1s peak
consists of several components. The O–C–O or C=O and C–O peaks at 288.1 and
286.6 eV are typical of cellulosic materials [76], [115]. The peak at 284.8 eV that
can be assigned to both C–C and C–Si bonds is bigger for the silylated samples,
indicating the presence of silane.
4.1.5 Permeability
The unsaturated one-dimensional in-plane permeability of the 1.0 and 1.5 wt%
aerogels was measured and described in Publication II. Permeability is the measure
of a material’s ability to let a fluid flow through it and is an important factor in
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determining whether the specific structure is suitable for a certain composite
processing route. It is typically used in respect of liquid composite molding
processes, in which a liquid polymer or prepolymer has to flow through and
completely fill a fiber preform so that a composite material is formed after
solidification. In the case of unsaturated one-dimensional in-plane permeability,
only one component of the flow of a liquid through a dry fiber preform is observed.
In this study, the direction of interest was the direction of the fiber structures, i.e.,
the direction of ice crystal growth during the ice-templating process. The direction
is also the same as that in which the vacuum infusion was conducted during
composite sample preparation.
The measurements were performed during the vacuum infusion process by
recording the experiments and using the infusion distance versus time curves thus
obtained to calculate the permeability values (Fig. 14). The permeability values
obtained for the 1.0 and 1.5 wt% aerogels were 1.78 × 10−12 and 4.15 × 10−12 m2,
respectively, and are comparable to those reported for recycled paper [116] and
wood fiber mats [117]. However, the permeability is still in the same range as that
of some high-porosity nanopaper sheets, for which values ranging from 3.7 to 5.3
× 10−12 m2 have been reported [68].
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Fig. 14. Permeability measurements. Results of (a) a temperature ramp and (b)
isothermal cure tests for the bio-epoxy resin. A photograph of a 1.0 wt% aerogel (c)
before and (d) after applying vacuum pressure. (e) Infusion distance/time curves and (f)
the curve fitting procedure used for calculating the unsaturated one-dimensional inplane permeabilities of the aerogels. Only the values for the initial 10 minutes of the
experiments were used in the calculations because after that the resin started to flow
through the sides of the samples in addition to flowing through them (Reprinted, under
the CC BY-NC-ND 4.0 license, from Publication II © 2019 The Authors).

The higher fiber content aerogel has a higher permeability because of its more rigid
structure that does not become compacted as much during vacuum infusion. The
fiber network remains more open and is thus easier to fill with the resin. This
phenomenon also causes the resulting composites to have different fiber contents.
Lower fiber content in the aerogel leads to higher content in the composite because
the fibers end up in a smaller volume. It is common in liquid composite molding
processes to have this kind of relationship between the permeability and the fiber
fraction [104], [116]–[118]. The higher the targeted fiber content, the more difficult
and time-consuming the filling process can be expected to be.
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To put the permeability values into a more practical context, they can be
compared to those reported for commercial fiber mats designed for use in industrial
settings. For example, values several orders of magnitude higher, ranging from 10−8
to 10−6 m2, have been obtained for glass, sisal, and jute fiber mats [119]. This
indicates that, to be able to scale up the size of the CNF/epoxy composites, a
significant improvement would have to be made in the permeability. As such, the
process is still not applicable for industrial-scale production.
4.1.6 Cellulose nanofiber orientation
The nanofiber orientation in the CNF filament mats was studied by WAXS in
Publication III (Fig. 15). The reflections from the (200), (110), and (110) crystalline
planes can be used to determine the orientation of cellulose crystals, and the
obtained value can be assumed to be the same as that of the CNFs. Orientation
index fc can be calculated using Eq. 5. If fc = 1, the CNFs are perfectly aligned, and
fc = 0 indicates a completely random structure. The value obtained for the filament
mats was 0.6, indicating partial alignment. In this case, the orientation index is
related to the orientation of the CNFs, or cellulose crystals, in the filament mat as
a whole, not to the orientation of the filaments or the CNFs in single filaments.

Fig. 15. Cellulose crystal orientation in the filament mats. (a) A representative WAXS
diffractogram of a CNF filament mat. The scale bar represents q = 5 nm−1. Sample
direction is set in the equatorial direction. Sample and nanofiber directions coincide. (b)
Radial integration of the diffractogram after background subtraction. (c) Azimuthal
integration of the (110) and (110) scattering planes, q = 11 ± 0.5 nm−1. The zero degree
of azimuthal angle is set on the meridian (Reprinted, under the CC BY 4.0 license, from
Publication III © 2021 The Authors).

The orientation index value falls in the lower end of the spectrum reported for icetemplated nanocellulose networks. Values ranging from 0.56 to 0.82 have been
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obtained, depending on the type and concentration of the fibers [20], [120].
Extremely low concentrations like those used in Publication III are associated with
lower orientation indices because the softness of the low fiber content CNF
networks makes them more susceptible to changing their shape and structure after
processing. An orientation index as high as 0.82 has been reported for cellulose
nanopaper [121], but the structure and processability of the material are not
comparable to those of the ice-templated CNF networks, as nanopaper is a dense
structure that is difficult to use in liquid composite molding processes such as
vacuum infusion.
4.2

Composites

The ice-templated CNF networks were used as preforms to prepare composite
materials in Publications I, II, and III. The networks were impregnated, or filled,
with an epoxy resin via vacuum infusion, after which a sheet of nanocomposite
material was obtained (Fig. 16). The CNF/epoxy composites were translucent and
had a fiber content ranging from 11.7 to 18 wt%.

Fig. 16. CNF/epoxy composite. A sheet of the cellulose nanocomposite material
prepared in Publication II (Reprinted [adapted], with permission, from Publication II ©
2019 The Authors).

The morphological and mechanical properties of the composites are discussed
along with the CNF orientation in this section. Fracture surfaces were obtained and
studied by electron microscopy to reveal the structure. The fiber-matrix interface
and the organization of the pore walls within the epoxy polymer matrix were of
special interest. Both the dynamic and static mechanical properties were studied
with a focus on the difference between the values obtained for the transverse and
longitudinal directions of the ice-templating process. CNF orientation in the
composites was studied via WAXS.
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4.2.1 Morphology
The FESEM images of the fracture surfaces of the composites prepared and
described in Publication I reveal an alternating epoxy/CNF structure (Fig. 17). The
pores formed during the ice-templating process have been filled with the epoxy
polymer, and the CNF network acts as a continuous reinforcement phase within the
polymer matrix. The compaction caused by vacuum infusion has compressed the
structure, so that most of the pores appear in the cross-sectional image (Fig. 17b)
as collapsed versions of those seen in the intact aerogel (Fig. 9d).

Fig. 17. CNF/epoxy composite FESEM. (a) Longitudinal and (b) transverse fracture
surfaces of the cellulose nanocomposite material prepared in Publication I (Reprinted
[adapted], with permission, from Publication I © 2017 Elsevier Ltd.).

The structure of the composites prepared in Publication II is similar to that seen in
Publication I (Fig. 18). The same alternating CNF/epoxy structure consisting of
collapsed aerogel pore walls and the epoxy polymer occupying the space confined
by the pores is also present in these samples. The biggest difference when compared
to the earlier study is the significantly poorer wetting of the CNF pore walls with
epoxy. The polymer matrix appears to be separated from the reinforcement material
with an observable gap; in other words, the interfacial adhesion is clearly non-ideal.
The same difference can be seen in the viscoelastic properties, as discussed in the
next subsection. This may be caused by the elevated temperature of 60 °C used in
Publication II to decrease the resin viscosity and to facilitate the infusion process.
The high temperature may have affected the formation of the interface during
impregnation, or it may have increased the shrinkage of the matrix phase during
curing and caused the two phases to separate from each other.
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Fig. 18. CNF/epoxy composite FESEM. (a, b) Transverse and (c, d) longitudinal fracture
surfaces of the cellulose nanocomposite materials prepared in Publication II (Reprinted
[adapted], with permission, from Publication II © 2019 The Authors).

The different approach used in Publication III resulted in composites with a
structure that deviates significantly from those of the earlier studies (Fig. 19). The
low fiber content of 0.05 and 0.1 wt% has caused the CNFs to form thin filaments
instead of a honeycomb structure during the ice-templating process. The fibers have
been assembled into threads that are oriented along the freezing direction, which
can be seen in the FESEM images embedded inside the epoxy matrix. This kind of
composition is similar to that of conventional fiber-reinforced plastics like glass
fiber/polyester and carbon fiber/epoxy composites.
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Fig. 19. CNF/epoxy composite FESEM. (a) Longitudinal and (b) transverse fracture
surfaces of the cellulose nanocomposite materials prepared in Publication III. The scale
bar is 5 μm in all images (Reprinted, under the CC BY 4.0 license, from Publication III ©
2021 The Authors).

The effect of treating the filament surfaces with silane is clearly observable in the
images. The fiber-matrix interface appears to be poor in the non-silylated samples,
and a significant number of fiber pull-outs can be seen. There is also a visible gap
between the fibers and the matrix, similarly to what was seen in Publication II. On
the other hand, the fibers appear to be well integrated in the epoxy polymer in the
silylated samples. No clear gaps can be seen in the interfacial areas and only a few
fiber pull-outs have occurred.
4.2.2 Viscoelastic properties
The storage modulus of the CNF/epoxy composites prepared in Publication I is
higher than that of neat epoxy in both testing directions (Fig. 20). The value is also
higher in the longitudinal than in the transverse direction, indicating an anisotropic
structure. This agrees well with the orientation observed in the aerogel FESEM
images and shows that ice-templating can be used as a means to control the
organization of CNFs into an anisotropic three-dimensional structure, and in effect,
to obtain composites with anisotropic mechanical properties. The tan delta peak
temperature, related to the increasing molecular motions inside the material during
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heating and as the material undergoes glass transition, is also higher for the
composites than for the epoxy sample, indicating good interfacial adhesion.

Fig. 20. Composite viscoelastic properties. (a) Storage modulus and (b) tan delta of the
cellulose nanocomposites prepared in Publication I plotted as a function of temperature.
The test was conducted in both longitudinal and transverse directions (Reprinted, with
permission, from Publication I © 2017 Elsevier Ltd.).

Similar improvements in the storage moduli can be observed for the composites
prepared in Publication II (Fig. 21). Aerogels with two different fiber contents were
used as preforms, and the composite properties are, as expected, different for the
resulting composites: the composites with a higher fiber fraction have higher
storage moduli. The values for the two testing directions also deviate significantly,
similarly to the results described in Publication I. However, the shift in the tan delta
peak temperatures differs from that observed in Publication I, the shift being
towards lower temperatures instead of higher. This finding suggests that the
interfacial adhesion between the CNFs and the epoxy matrix is poorer than in the
previously prepared composites. As the only major difference in the processing
approach was the infusion temperature, it can be speculated that the higher
temperature caused more shrinkage in the epoxy matrix during curing and disturbed
the formation of a proper interface.
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Fig. 21. Composite viscoelastic properties. (a) Storage modulus and (b) tan delta of the
cellulose nanocomposites prepared in Publication II plotted as a function of
temperature. The test was conducted in both longitudinal (║) and transverse (┴)
directions (Reprinted, under the CC BY-NC-ND 4.0 license, from Publication II © 2019
The Authors).

Although the CNF structures used as preforms in Publication III were completely
different to those used in Publications I and II, the effect they have on the epoxy
storage modulus is similar (Fig. 22). The storage moduli were improved for all
composites, and are higher in the longitudinal than in the transverse direction. The
fiber content is a little higher than in earlier studies, so the improvement is also
more significant. Even though two different CNF suspension concentrations were
used for ice-templating and filament mats with two different average filament
diameters were obtained, namely 0.56 and 1.1 µm, the composites have the same
18 wt% fiber content, and their properties do not differ significantly from each other.
The major improvement when compared to previous studies is the remarkable
effect the silane surface treatment has on the fiber-matrix interface. The tan delta
peak temperature is shifted, at most, from 72.1 °C to 80.2 °C. This is a clear
indication of a successful coupling of the two components via the link formed by
the silane entities, but no conclusions can be drawn about the nature of the link, i.e.,
whether there exists covalent bonding or if the improvement is caused by an
increase in electrostatic attraction or mechanical interlocking mechanisms. The
silane chemical (APTES) used in Publication III has been shown to form covalent
bonds with both cellulose [112] and epoxy [122], making covalent links between
the CNF filaments and the bio-epoxy matrix likely. However, this was not
analytically studied in Publication III.
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Fig. 22. Composite viscoelastic properties. Storage modulus and tan delta of the
cellulose nanocomposites prepared in Publication III plotted as a function of
temperature. The test was conducted in both longitudinal (║) and transverse (┴)
directions (Reprinted, under the CC BY 4.0 license, from Publication III © 2021 The
Authors).

Cellulose nanofiber networks impregnated with an epoxy polymer have been
reported by other research groups. For example, Ansari et al. prepared cellulose
nanopaper sheets and exchanged the water in the sheets for acetone before
impregnating the structure with an epoxy prepolymer [97]. A significant
improvement in the storage modulus was achieved with 15, 30, and 50 vol% CNFs
when compared to the epoxy polymer, and the value increased with an increasing
fiber content. The effect of the addition of CNFs was more pronounced than the
improvements achieved in Publications I−III. The differences might be explained
by differences in the processing methods. The solvent exchange method utilized by
Ansari et al. may have resulted in less aggregated CNFs because of the absence of
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a drying step. The in-situ polymerization may also have contributed to the
formation of an optimal fiber-matrix interface.
Barari et al. reported much poorer properties for their CNF-epoxy composites
prepared from aerogels impregnated via a modified vacuum infusion process [29].
The storage moduli and the tan delta peak temperatures of the 1.0 and 1.3 vol%
composites were lower than those of the epoxy polymer, indicating a non-ideal
structure possibly caused by a poor interface. However, silylation improved the
performance by increasing the storage modulus and slightly shifting the tan delta
peak towards higher temperatures. Lu et al. utilized a different processing route for
their composites, which were prepared by directly mixing a CNF-acetone
suspension and epoxy resin before evaporating the solvent [109]. All composites
with a fiber content of 5 wt% showed improved storage moduli, but the CNFs
modified with APTES resulted in the highest tan delta peak temperature and in the
biggest improvement in the storage modulus in rubbery state. A similar approach
was used by Tang and Weder, with the exception that they used dimethyl formamide
instead of acetone and CNCs instead of CNFs [123]. The storage modulus increased
with increasing fiber content, and the 4 to 24 vol% composites showed
improvements similar in scale to those achieved in Publication III.
4.2.3 Mechanical properties
Static mechanical tests were conducted for the composites in addition to dynamic
tests in Publication II (Fig. 23). As shown in the figure, Young’s modulus is
significantly improved for all composites in both testing directions, but only the 13
vol% samples tested in the longitudinal direction have a higher ultimate strength
than the epoxy polymer. This is most likely caused by less-than-ideal interfacial
adhesion, observed in both the FESEM images and the DMA results. The strength
is sensitive to interfacial adhesion, with poor compatibility resulting in early
breakage. Indeed, the specimens appear to have broken prematurely. This is the
case especially for the transverse specimens. The transverse strength of the
composites is significantly lower than that of the bio-epoxy, approximately 50%.
The modulus is less affected by the interface and more related to the fraction of the
reinforcement material. A 30 % increase in Young’s modulus was achieved with 13
vol% CNFs when measured in the longitudinal direction.
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Fig. 23. Mechanical properties of the composites. Representative (a) tensile and (b)
flexural stress-strain curves for the cellulose nanocomposites prepared in Publication
II. The tests were conducted in both longitudinal (║) and transverse (┴) directions
(Reprinted, under the CC BY-NC-ND 4.0 license, from Publication II © 2019 The Authors).

The anisotropic mechanical properties further confirm the presence of anisotropy
in the structure of the aerogels and the composites prepared from them. The icetemplating has formed a honeycomb-like material with a significant level of
orientation that is also observable in the compressive properties of the aerogels
tested and described in Publication I and in the viscoelastic properties of the
composites prepared in Publications I−III. The fact that the properties of resinimpregnated CNF networks are more related to the properties of the network as a
whole rather than those of the single CNFs [28] explains the effect that the aerogel
has as a reinforcement phase. The anisotropic properties of the aerogels are
transferred to the composites.
The tensile properties of the cellulose nanocomposites prepared in Publication
II are comparable to those reported by Barari et al., who prepared CNF-epoxy
composites via modified vacuum infusion [29]. However, they are significantly
poorer than those reported by Ansari et al., who achieved an approximate threefold
improvement in the modulus and strength with 15 vol% CNFs [97]. A fivefold
increase was achieved by increasing the fiber content to 50 vol%. As discussed in
subsection 4.2.2, the less-than-ideal mechanical properties of the composites
prepared in Publication II may have been caused by the aggregated arrangement of
the CNFs in the aerogels. On the other hand, the solvent exchange method utilized
by Ansari et al. did not require a drying step and may thus have resulted in more
individualized CNFs and a higher interfacial area between the fibers and the matrix.
The presence of moisture in the dried structures used in Publication II should also
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be considered as a potential cause of poor interfacial adhesion and consequent nonideal mechanical performance.
4.2.4 Cellulose nanofiber orientation
The orientation of CNFs, or cellulose crystals, in the composites prepared by
impregnating the CNF filament mats was studied and described in Publication III
(Fig. 24). The reflections from the (200), (110), and (110) planes of the cellulose
crystal can be used to quantify the CNF orientation in the mats if the orientation is
assumed to be same as that of the crystals. In this case, the main peak from the
cellulose (200) planes at 22.5° is concealed by the epoxy peak at 18.8°, making it
impossible to calculate the orientation index [124]. However, the peak from the
(004) planes is not affected and can be used in the calculations [125]. The
orientation index thus obtained is 0.53, a value close to that obtained for the
filament mats. This indicates that the partial orientation of the CNFs is retained
after the vacuum infusion process.

Fig. 24. CNF filament/epoxy composite WAXS (Reprinted, under the CC BY 4.0 license,
from Publication III © 2021 The Authors).

Few references could be found for the orientation index value but it is significantly
lower than that reported for cellulose nanocomposites prepared from CNCs and a
water-based carboxymethyl cellulose polymer in which orientation was induced by
mechanical drawing [126]. However, the same approach is not directly applicable
to thermoset composites, and the values are not comparable.
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5

Conclusions

Renewable raw materials such as cellulose are attracting a lot of research attention
as we become more aware of the environmental sustainability of the materials used
in our everyday life and as the interest in replacing the traditional non-renewable
resources increases. Nanocellulose, a material composed of the smallest units of
cellulose, is an especially interesting and promising building block. It has good
mechanical properties and is easy to functionalize and combine with other materials
to fulfill the needs of various applications. An especially important aspect of
nanocellulose is its strong network-forming tendency. The same hydrogen-bonding
phenomenon behind the formation of conventional paper also affects nanocellulose,
and the tendency is even higher because of the high specific surface area of the
nanometer-scale fibers. It is possible to create three-dimensional, structurally stable
networks that can be used as such or utilized as preforms or scaffolds for further
processing. However, the control of the organization of nanocellulose into
macroscopic objects with a desirable architecture is not easy to accomplish. The
most traditional methods aiming to achieve this are paper-making and filament
spinning, both of which come with limitations regarding the end product.
Nanopaper is very simple to form but the procedure only allows for a small amount
of control over the resulting structure. On the other hand, in filament spinning, as
the name suggests, only single threadlike filaments can be produced that do not
form three-dimensional objects as such.
Ice-templating is a fascinating and versatile method for preparing lamellar,
honeycomb-like, and filamentous network structures from nano- and micrometerscale particles. When applied to a nanocellulose water suspension, the approach
results in either an oriented honeycomb with micrometer-scale pores running
through the material or in an assembly of oriented filaments each having a diameter
of approximately one micrometer. The end result depends on the concentration of
the suspension, with higher concentrations resulting in a monolithic aerogel and
lower concentrations resulting in filament mats. The method allows for a controlled
formation of macroscopic objects and differs significantly from the preparation of
nanopaper or spinning-based filaments.
The aim of this thesis work was to utilize ice-templating as a means to prepare
cellulose nanofiber networks that could be used as structural components in
specific applications. In the work described in Publications I and II, honeycomblike wood nanocellulose aerogels were prepared and successfully filled with a bioepoxy resin via vacuum infusion to form composite materials. In Publication III, a
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lower fiber concentration was used to obtain a filament mat instead of an aerogel,
and the mat was filled with a resin similarly to Publications I and II. In Publication
IV, an aerogel was prepared from a seaweed-based nanocellulose-alginate
suspension and was crosslinked with Ca2+ ions and used as such.
It was shown that ice-templating is a suitable method for creating threedimensional nanocellulose networks and that the networks can be used as preforms
or scaffolds in applications where structural integrity is required. The mechanically
processed plant-based nanocellulose used as a raw material was found to form
strong networks, but the inhomogeneity and the entangled nature of the fibers in
water suspension affected the ice-templating process, resulting in inhomogeneities
in the prepared aerogels. A more homogeneous raw material with better
dispersibility might be more suitable in terms of the physical phenomena that lead
to the formation of the honeycomb and filament structures during ice-templating.
In addition, the hydrophilic nature of nanocellulose poses a challenge when
composite materials are produced with non-hydrophilic polymers such as epoxy.
This was addressed in Publication III by treating the surface of the nanocellulose
structures with a coupling agent capable of bonding with both cellulose and the
polymer matrix material, but the solution was less-than-ideal and the challenge
continues to hinder the progress of cellulose nanocomposites development.
The thesis work was an attempt to close the gap between laboratory-scale
processing of nanocellulose materials and larger-scale production, both by
developing a method to prepare macroscopic nanocellulose structures and by using
them in existing industrial processes in a fashion similar to glass and carbon fiber
structures. This can be seen as an important step towards the utilization of
nanocellulose as a reinforcement material in composites. A slightly different
approach was used in Publication IV, as the ice-templated structure itself was a
composite of nanocellulose and alginate and was used as such as an insulation
material. However, the ability to control the resulting architecture was
demonstrated similarly to Publications I−III, and the structural integrity provided
by the nanocellulose network was shown to result in a mechanically robust material.
The cellulose nanocomposite processing concept developed in the thesis is not
applicable to any practical larger-scale solutions as such. The method has
limitations in regard to the physical dimensions of the prepared samples, and the
mechanical properties are not competitive with the industrial standard materials. In
addition, both the processing of CNFs and freeze-drying are relatively energyintensive steps, and an analysis of the economic and environmental sustainability
of the whole process is needed to estimate the feasibility and to further develop the
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method. However, with some key improvements, such as less energy-intensive
CNF processing, better fiber-matrix interaction, improved control over the CNF
network macrostructure, and an increased sample size, the concept could be seen
as a potential alternative to the existing composite solutions.
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