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Abstract
Foams are applied in many areas including thermal insulation of buildings, flotation devices, packaging, filters for water
purification, CO2 sorbents and for biomedical devices. Today, the market is dominated by foams produced from synthetic,
non-renewable polymers, which raises serious concerns for the sustainable and ecological development of our society. This
thesis will demonstrate how lightweight foams based on nanocellulose can be processed and how the properties in both
the wet and dry state can be optimized.

Lightweight and highly porous foams were successfully prepared using a commercially available surface-active
polyoxamer, Pluronic P123TM, cellulose nanofibers (CNFs), and soluble CaCO3 nanoparticles. The stability of wet and
dry composite foams was significantly improved by delayed aggregation of the CNF matrix by gluconic acid-triggered
dissolution of the CaCO3 nanoparticles, which generated a strong and dense CNF network in the foam walls. Drying the
Ca2+-reinforced foam at 60 °C resulted in moderate shrinkage but the overall microstructure and pore/foam bubble size
distribution were preserved after drying. The elastic modulus of Ca2+-reinforced composite foams with a density of 9 – 15
kg/m3 was significantly higher than fossil-based polyurethane foams.

Lightweight hybrid foams have been prepared from aqueous dispersions of a surface-active aminosilane (AS) and CNF
for a pH range of 10.4 – 10.8. Evaporative drying at a mild temperature (60 °C) resulted in dry foams with low densities
(25 – 50 kg/m3) and high porosities (96 – 99%). The evaporation of water catalyzed the condensation of the AS to form
low-molecular linear polymers, which contributed to the increase in the stiffness and strength of the CNF-containing foam
lamella.

Strong wet foams suitable for 3D printing were produced using methylcellulose (MC), CNFs and montmorillonite clay
(MMT) as a filler and tannic acid and glyoxal as cross-linkers. The air-water interface of the foams was stabilized by the co-
adsorption of MC, CNF and MMT. Complexation of the polysaccharides with tannic acid improved the foam stability and
the viscoelastic properties of the wet foam for direct ink writing of robust cellular architectures. Glyoxal improved the water
resistance and stiffened the lightweight material that had been dried at ambient pressure and elevated temperatures with
minimum shrinkage. The highly porous foams displayed a specific Young’s modulus and yield strength that outperformed
other bio-based foams and commercially available expanded polystyrene.

Unidirectional freezing, freeze-casting, of nanocellulose dispersions produced cellular foams with high alignment of
the rod-like nanoparticles in the freezing direction. Quantification of the alignment with X-ray diffraction showed high
orientation of CNF and short and stiff cellulose nanocrystals (CNC).
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Abstract 

Foams are applied in many areas including thermal insulation of buildings, 
flotation devices, packaging, filters for water purification, CO2 sorbents and 
for biomedical devices. Today, the market is dominated by foams produced 
from synthetic, non-renewable polymers, which raises serious concerns for 
the sustainable and ecological development of our society. This thesis will 
demonstrate how lightweight foams based on nanocellulose can be processed 
and how the properties in both the wet and dry state can be optimized.  

Lightweight and highly porous foams were successfully prepared using a 
commercially available surface-active polyoxamer, Pluronic P123TM, cellu-
lose nanofibers (CNFs), and soluble CaCO3 nanoparticles. The stability of 
wet and dry composite foams was significantly improved by delayed aggre-
gation of the CNF matrix by gluconic acid-triggered dissolution of the Ca-
CO3 nanoparticles, which generated a strong and dense CNF network in the 
foam walls. Drying the Ca2+-reinforced foam at 60 °C resulted in moderate 
shrinkage but the overall microstructure and pore/foam bubble size distribu-
tion were preserved after drying. The elastic modulus of Ca2+-reinforced 
composite foams with a density of 9 – 15 kg/m3 was significantly higher 
than fossil-based polyurethane foams. 

Lightweight hybrid foams have been prepared from aqueous dispersions 
of a surface-active aminosilane (AS) and CNF for a pH range of 10.4 – 10.8. 
Evaporative drying at a mild temperature (60 °C) resulted in dry foams with 
low densities (25 – 50 kg/m3) and high porosities (96 – 99%). The evapora-
tion of water catalyzed the condensation of the AS to form low-molecular 
linear polymers, which contributed to the increase in the stiffness and 
strength of the CNF-containing foam lamella.  

Strong wet foams suitable for 3D printing were produced using methyl-
cellulose (MC), CNFs and montmorillonite clay (MMT) as a filler and tannic 
acid and glyoxal as cross-linkers. The air-water interface of the foams was 
stabilized by the co-adsorption of MC, CNF and MMT. Complexation of the 
polysaccharides with tannic acid improved the foam stability and the viscoe-
lastic properties of the wet foam for direct ink writing of robust cellular ar-
chitectures. Glyoxal improved the water resistance and stiffened the light-
weight material that had been dried at ambient pressure and elevated temper-
atures with minimum shrinkage. The highly porous foams displayed a spe-



cific Young’s modulus and yield strength that outperformed other bio-based 
foams and commercially available expanded polystyrene.  

Unidirectional freezing, freeze-casting, of nanocellulose dispersions pro-
duced cellular foams with high alignment of the rod-like nanoparticles in the 
freezing direction. Quantification of the alignment with X-ray diffraction 
showed high orientation of CNF and short and stiff cellulose nanocrystals 
(CNC).  
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Abbreviations 

AC        Aminocarbohydrate 
AFM        Atomic Force Microscopy 
AS        Aminosilane 
ATR FTIR      Attenuated Total Reflection Fourier-Transform  
         Infrared Spectroscopy 
CMF        Cellulose Microfibers 
CNC        Cellulose Nanocrystals 
CNF        Cellulose Nanofibers 
CP NMR      Cross Polarization Nuclear Magnetic Resonance 
CPR        Constant Rate Period 
Cryo-SEM      Cryo Scanning Electron Microscopy 
CTAB       Cetyl Trimethylammonium Bromide 
DLS        Dynamic Light Scattering 
EC        Ethylcellulose 
FRP1        First Falling Rate Period 
FRP2        Second Falling Rate Period 
GDL        D-(+)-Gluconic Acid δ-Lactone 
GLy        Glyoxal 
IFT        Average Interfacial Tension 
MC        Methylcellulose 
MMT       Montmorillonite clay 
NMR        Nuclear Magnetic Resonance 
OI         Orientation Index 
OS        Organosilane 
P123        Triblock Copolymer Pluronic P123TM 
SAXS        Small Angle X-ray Scattering 
SDS        Sodium Dodecyl Sulfate 
SEM        Scanning Electron Microscopy 
TA        Tannic Acid 
TCNF       TEMPO-mediated Oxidized Cellulose Nanofibers 
TEMPO       2,2,6,6-Tetramethyl-1-Piperidinyloxy Free Radical 
TGA        Thermogravimetric Analysis 
UV light      Ultraviolet Light 
XRD        X-ray Diffraction 



2 
 

1. Introduction 

1.1. Definition and stabilization mechanisms of foams 

Foam is a material which is characterized by the presence of air or gas 
bubbles dispersed in liquid, gel or solid media (IUPAC). Foams are widely 
used in various applications and are essential for everyday life. Solid foams 
(i.e. gas bubbles dispersed in a solid material) are highly utilized in the con-
struction industry, for example, for thermal insulation of buildings,1,2 as flo-
tation devices1 and in sandwich panels.3 Solid foams can also preserve high 
damping factors and low weight and, therefore, are often used for packag-
ing.1,4 Solid foams with specific chemical functionalities such as hydropho-
bic groups or amine-rich compounds broaden the application area to selec-
tive gas filters,4 CO2

5,6 and oil7 sorbents and filters for water purification.8 
Wet foams (i.e. gas bubbles dispersed in a liquid or gel matrix) are used in 
textiles for colouring clothes, in the food industry, for medical purposes and 
for resident use as detergents.9 They also play a major role in fire extin-
guishment.10 Considering the importance of foams in industry and domestic 
use, there is a need to develop different processing routes for the production 
of wet and solid foams with controlled stability, morphologies and properties.  

1.1.1. Stabilization by surfactants 

Air bubbles dispersed in pure water are thermodynamically unstable and 
will immediately coalesce due to the high energy of the obtained air-liquid 
interface. The air-water interface can be stabilized by the addition of stabiliz-
ing agents such as surfactants, polymers or particles that will accumulate at 
the interface (Fig. 1).11 Surfactant molecules are typically built of a hydro-
phobic tail (hydrocarbon chain) and hydrophilic head, which can be anionic 
(e.g. sodium dodecyl sulfate (SDS) with -OSO3

- group), cationic (e.g. cetyl 
trimethylammonium bromide (CTAB) with -N(CH3)+ group) or non-ionic 
(e.g. triblock copolymer Pluronic P123TM with –(C2H5O)xH). Due to the 
selective adhesion of the tail to hydrophobic air and the head to hydrophilic 
water molecules, surfactants are easily adsorbed at the air-water interface. 
Adsorption of surfactants results in a reduction of the interfacial tension and 
may also infer a repulsive interaction between two approaching bubbles.12 
Sorption of surfactant species at the interface quickly results in rapid foam 
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formation (Fig. 1.a). However, surfactant adsorption is reversible which will 
result in limited foam stabilization. Processes such as solvent drainage, usu-
ally induced by gravity or capillary suction at the Plateau borders, bubble 
coalescence, coarsening and Ostwald ripening will destabilize the foam la-
mellas and induce foam collapse.9,12 The drainage and other time-dependent 
processes that influence the foam stability can be decelerated by an increase 
in the surface and bulk viscosities and elasticity (Fig. 1.b). At low separation 
distances between neighbour walls in the foam lamella (<100 nm), further 
film thinning and foam lamella stabilization is strongly influenced by the van 
der Waals, electrostatic and structural interaction forces (disjoining pressure) 
between the two air-water interfaces. Having co-charged molecules or ag-
gregates such as micelles adsorbed to two approaching interfaces will result 
in electrostatic or steric repulsion and, consequently, in strong stabilization 
of the foam lamella. Keeping the concentration of electrolytes low is also 
beneficial for the enhancement of the electrostatic component of the disjoin-
ing pressure. If the distance between two interfaces has reached a critical 
value or so-called critical distance, lowering it more will result in film rup-
ture and thus bubble coalescence. The presence of strong repulsive forces 
between two interfaces might require thermal or mechanical fluctuations to 
achieve the film rupture. 

 
Fig.1. Structure of the wet foam demonstrated by (left) optical microsco-

py and (right) schematic with the demonstration of the key processes hap-
pening after foam formation. Surfactant molecule is represented by blue ball 
(hydrophilic head) and black line (hydrophobic tail). 

1.1.2. Stabilization by polymer-surfactant mixtures 

A common approach to extend the stability of surfactant foams is to use a 
mixture of a surfactant and a polymer (Fig. 2).13 Depending on the type of 
polymer and surfactant such as chemical structure, presence of charges or 
hydrophobic groups, different effects can be generated.14–16 For weak poly-
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mer-surfactant interactions (i.e. neutral polymer and ionic surfactant) both 
the foaming capacity, or foamability, and foam stability are usually en-
hanced.15 As the interactions between a surfactant and polymer are weak, at 
low polymer concentrations the surfactant molecules can freely diffuse to the 
air-water interface (Fig. 2.a). Some polymers have amphiphilic properties 
and can thus adsorb at the interface16,17 contributing to the foamability and 
foam stability. At higher polymer content, hydrophobic interaction between 
a polymer and surfactant can result in the formation of surfactant/polymer 
complexes (Fig. 2.b) which provide electrostatic and steric repulsion.13 Re-
pulsive forces will decelerate the drainage by film stratification in thick la-
mella or by direct repulsion between monolayers of the surfactant/polymer 
mixes assembled at the interfaces in thin lamellas.18 Gelation induced at high 
surfactant/polymer content will significantly reduce the drainage speed and 
may result in foams that are stable for weeks (Fig. 2.c). However, it should 
be noted that very viscous dispersions will require more energy to introduce 
the same amount of air compared to dispersions with lower viscosities. 
Cross-linking between e.g. non-ionic surfactants and neutral polymers can 
increase the bulk viscosity of the foam films and provide additional foam 
stability.14  

 
Fig.2. Schematic representation of the air-water interface in surfac-
tant/polymer dispersion at equilibrium state with (top) weak surfac-
tant/polymer interaction and (bottom) strong surfactant/polymer interaction. 
From left to right the concentration of the polymer is increasing and is indi-
cated by the arrow. Uncharged polymer is represented by the green line and 
charged polymers - by the pink line. Cationic surfactant is represented as a 
blue ball (hydrophilic head) with black zigzag tail (hydrophobic). Adapted 
from Petkova et al.15 © 2012, ACS Langmuir. 

For strong polymer-surfactant interactions (i.e. electrostatic attraction), a 
strong association between a surfactant and a polymer may result in a signif-
icant reduction of foaming capacity and the formation of a dense layer of 
surfactant/polymer aggregates at the air-water interface (Fig. 2.d and e).15 
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Such a dense layer will decrease the gas permeability decelerating coarsen-
ing and Ostwald ripening and at the same time may increase the surface elas-
ticity and viscosity providing viscoelastic reinforcement of the air-water 
interface.12 

1.1.3. Stabilization by particles 

The mechanism of stabilization of the air-water interface by particles is 
based on their wettability and is characterized by the contact angle formed 
between the particle and the interface.11 The hydrophilicity or hydrophobi-
city of the particles can be tailored by chemical sorption of different mole-
cules on the surface of the particles19,20 or by producing thin coatings by e.g. 
vapour deposition.11 Theoretically, the best stability of the interface (i.e. the 
highest adsorption energy) can be achieved when the contact angle is around 
90°, but practically it varies depending on the particle nature and the meas-
urement technique used (120˚ or 60˚ for hydrophobized silica9 or alumina,20 
respectively). The adsorption energy of particles is usually three orders of 
magnitude higher than the adsorption energy of surfactants, which means 
that particles are irreversibly adsorbed and the obtained foam displays very 
good long-term stability. One evident disadvantage of particle stabilized or 
so-called Pickering foams is their low foaming capacity compared to surfac-
tant stabilized foams. As particles are much larger than a single molecule of 
surfactant it takes more time for them to arrange at the interface. Another 
disadvantage can be the uncontrolled aggregation of the particles induced by 
increased particle hydrophobicity which can negatively affect the foam for-
mation and stabilization processes (i.e. induce sedimentation). Careful bal-
ancing between particle aggregation and repulsion is needed to control the 
formation of assembled particle layers at the interface which may conversely 
enhance the foam stability drastically.21 

1.2. Foam preparation methods 
1.2.1. Preparation of wet foams 

There are five main methods for the formation of wet foams: (i) the shak-
ing method of Bartsch,22 (ii) the pouring method of Ross-Miles,23 (iii) the 
gas sparging method of Bikerman,24 (iv) mechanical blending25 and (v) 
chemical foaming.26 The shaking method of Bartsch proceeds by vigorous 
shaking of the solution in a closed vessel.22 It could be assigned to mechani-
cal blending too, but with the absence of evaporation. In the case of the 
Ross-Miles method, a solution with a set volume is allowed to fall into the 
same solution through an orifice with specific dimensions. The foaming is 
performed in a glass cylinder with restricted evaporation. The gas sparging 
method is more frequently used and involves blowing a gas through a filter 
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with defined porosity located beneath the solution.24 Instead of a filter, an 
orifice with controlled diameter and hydrophobicity/hydrophilicity can also 
be implemented.12 The size of the orifice and the adhesion of the air to the 
material from which the orifice is made (or the contact angle) will define the 
spreading character of the bubble, the strength of the attachment of the bub-
ble to the surface and the way the bubble will close and detach from the sur-
face. Controlling all of these processes will make it possible to obtain bub-
bles with defined diameters. When one uses the mechanical blending or 
whipping method, the mechanism of the bubble introduction into the solu-
tion will depend on the equipment used: a low shear device such as a kitchen 
mixer, or a high shear device such as Ultra Turrax.25 In the case of low shear 
devices, the bubbles are introduced by mechanical entrapment of the air 
from the gas above the liquid. First, big bubbles are formed and then broken 
into smaller bubbles by continuous whipping. For high shear devices it is 
typical to form bubbles at the high velocity zones appearing next to the nar-
row gaps of the blending device.12 The hydrodynamic pressure will drop 
next to such gaps and will result in hydrodynamic cavitation (bubble nuclea-
tion). Independently of the type of mixing device the foam growth and bub-
ble size will depend on the whipping time, the surfactant/particle concentra-
tion, the whipping energy, the depth at which the device is immersed into the 
solution and the volume and shape of the bowl in which the foaming is per-
formed. Typically, high shear devices form much smaller bubbles compared 
to low shear devices (diameters change from 10s to 100s - 1000 of μm). 
Chemical foaming implies the use of chemical compounds (i.e. carbonates or 
hydrazine) which would usually decompose under external heating or in the 
presence of a catalyst on a solid and release a gas or a mixture of gases (i.e. 
CO2 and N2).26  

1.2.2. Preparation of solid foams 

Solid foams are typically produced from wet foams or gels by ambient 
pressure drying, supercritical drying or freeze-drying.27 The last two are the 
most commonly used techniques as they usually result in solid foams with 
well-preserved bulk homogeneity and well-controlled microstructure and 
densities.28,29 Techniques that avoid the formation of wet foams, such as the 
replica of polymeric sponges with ceramic particles, and sacrificial templat-
ing with polymeric beads or oil emulsions have been described in previous 
publications and will not be discussed in this thesis.30 

1.2.2.1. Supercritical drying 

Supercritical drying utilizes the fact that the surface tension of supercriti-
cal matter is essentially zero, which means that drying can be performed 



7 
 

without the influence of the high surface tension of the liquid-vapour inter-
face.27,31 High surface tension may induce the formation of capillary forces 
and facilitate particle aggregation, foam densification and the formation of 
stresses and cracks in the foam. The use of supercritical fluids minimizes 
their impact and makes it possible to preserve the internal nanostructure27 
and the foam microstructure (shrinkage below 1%).32 The pressure and tem-
perature needed to reach supercritical conditions (green arrows on Fig. 3.a) 
are specific for each fluid and are always high. Among the supercritical flu-
ids CO2 requires the smallest pressure and temperature (critical values 72.9 
atm and 31.3˚C, respectively).27 This helps to reduce the costs of drying and 
makes carbon dioxide one of the most common fluids used for supercritical 
drying. Typically foams or gels are produced in water. Prior to CO2 super-
critical drying it is important to replace the solvent with carbon dioxide us-
ing an intermediate solvent such as ethanol which is miscible with both wa-
ter and CO2. The solvent exchange must be performed above the critical 
conditions of solvent mixture and result in water content below 2 wt% to 
ensure the absence of liquid-vapour interfaces.32 Even though supercritical 
drying has proven to be the best drying approach in terms of preserving the 
foam microstructure, it requires complex equipment and sufficient time and 
costs to prepare a material with limited dimensions.33  

1.2.2.2. Freeze-drying 

Preparation of foams using freeze-drying (lyophilisation or cryodesicca-
tion) is classified as a sacrificial templating technique where a solvent, typi-
cally water, is first frozen in the dispersion of particles and then removed by 
sublimation (blue arrows on Fig. 3).30 This method as well as supercritical 
drying avoids the formation of a liquid-gas interface which can generate 
capillary stresses upon evaporation and results in a straightforward way of 
preparing foams or aerogels with the desired densities and 
microstructure.27,28 

Freezing can be performed homogeneously over the dispersion without 
preferential orientation of the ice crystals by immersion of the dispersion in a 
bath with liquid nitrogen and is called crash-freezing or homogeneous ice-
templating (Fig. 3.b). Directional freezing of the ice crystals is usually per-
formed by placing one side of the dispersion in contact with a cold surface 
and is often called freeze-casting (Fig. 3.c).34,35 In this case, the temperature 
gradient which appears between the side in contact with the cold surface and 
the rest of the dispersion has a specific direction. The anisotropic tempera-
ture gradient then defines the solidification direction which results in the 
production of cells with anisotropic geometry. Directional freezing from the 
outside towards the center can also be observed for dispersions positioned in 
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a freezer or a cooling bath with a set temperature if the freezing rates are low 
or moderate.36 

The freezing rate is an important parameter which controls the foam mor-
phology, such as the shape and size of the pores.34,36–38 At a high average 
freezing rate, the ice crystals have a higher nucleation rate than the rate of 
the ice crystal growth. As a result, numerous small pores will be obtained 
after sublimation (Fig. 3.d). The formed foam walls will be thin and of high-
er porosity as particles have little time to diffuse and form local concentrated 
regions and many of them can even get trapped within the ice crystals. On 
the other hand, at slower freezing rates, the ice crystal growth is more kinet-
ically favored than ice nucleation and results in the formation of large 
macropores with thick cell walls (Fig. 3.d and e). It should be noted that e.g. 
particle colloidal stability, morphology and concentration will also signifi-
cantly influence the final porous structure of the foams.28,39 

 
Fig.3. (a) Phase diagram of water which represents with blue arrows the 
processing path for the freeze-drying technique and with green arrows – for 
supercritical drying. Schematic representation of (b) crush-freezing and (c) 
freeze-casting techniques. Adapted from Lavoine et al.40 © 2017, Journal of 
Materials Chemistry A. SEM images of cellular microstructure for foams 
prepared from the dispersion of cellulose nanocrystals and polyvinyl alcohol 
frozen in (d) liquid nitrogen and at (e) 13 °C/min. Adapted from Dash et al.38 
© 2012, Elsevier Carbohydrate Polymers. 

1.2.2.3. Evaporative drying 

Even though supercritical drying and freeze-drying can result in a cellular 
material with low shrinkage,32 both techniques require: (i) complex and even 
dangerous equipment using high (super critical drying) or low pressure 
(freeze-drying) and (ii) are only suitable for relatively small samples (a few 
cm3).33 Hence, there is interest in developing drying routes based on a tradi-
tional evaporation technique at ambient pressure that is more energy effi-
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cient and less time consuming. However, it is a challenge to obtain a dry 
foam with low or controlled shrinkage by evaporative drying.41,42 

The drying process of a wet granular material (i.e. a two-phase material 
such as gel, or a particle-containing foam) can be divided into three main 
steps: a constant rate period (CRP) and first and second falling rate periods 
(FRP1 and FRP2).42,43 As the name states, during CRP the evaporation rate 
per unit area is constant. During this period the surface of the material is 
always saturated with liquid (funicular condition) so that liquid can flow 
without restrictions from the interior to the exterior of the material and the 
surface tension of the liquid can cause compliant materials (e.g. low-density 
foams) to shrink (Fig. 4.a and b). The solid particles will be compressed and 
the increasing density will increase the stiffness and strength of the matrix 
until the surface tension cannot consolidate the structure further.  

 
Fig.4. A schematic representation of the evaporation in the wet foam. (a) In 
a beginning of the evaporation a liquid-vapor meniscus is formed with radius 
Rm. (b) During the CRP the foam shrinks keeping constant Rm and compress-
ing the particles. (c) At FRP1 the meniscus reaches the maximum curvature 
and enters the gaps between the compressed particles. (d) Magnification of a 
gap between compressed particles with demonstration of a flow in a funicu-
lar liquid film and vapor diffusion. (e) At FRP2 the meniscus moves deeper 
into the gap forming regions with funicular liquid film in the interior and 
pendular liquid pockets at the exterior of the foam. Adapted from Scherer42 
© 1990, Journal of American Ceramic Society. 

The transition from the CRP to FRP1 is characterized by the moment 
when the drying front (i.e. the air-liquid interface) enters into the pores of the 
granular materials (diameter of liquid meniscus reaches the gap diameter) 
that leads to a capillary pressure buildup. At this stage a continuous liquid 
film is still present at the solid surface (Fig. 4.c and d). During FRP1, the 
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shrinkage does not proceed further and the evaporation rate is smaller com-
pared to the CRP. With continuous evaporation the meniscus moves deeper 
into the pores of the granular material and the flux of liquid to the drying 
front is continuously decreased. At the moment when the flux is lower than 
the evaporation rate, liquid pockets will form at the solid-vapor interface 
instead of a continuous film and the system will enter the FRP2 (Fig. 4.e). 
With such conditions the flux of the liquid will be eliminated and evapora-
tion will proceed only by vapor diffusion. The movement of the drying front 
towards the interior of the foam will result in a release of the compressive 
stresses closer to the outer surface and consequent body expansion. At the 
same time, the capillary pressure gradient will propagate deeper into the gap 
within the continuous liquid phase compressing the solid network. This often 
results in shape deformation of the foam upon drying and the generation of 
cracks. Apart from the liquid flow generated by the capillary pressure gradi-
ent, the osmotic and disjoining pressures, the mass and heat transfer may 
also arise and affect the liquid distribution in the foam and the foam shrink-
age.  

Mechanical stresses and cracking are usually enhanced in thicker samples, 
at high evaporation rates, with high inhomogeneity of the pore dimensions 
and at low permeability of the media where the liquid flow and diffusion are 
restricted.42 These trends are typical for gels but may vary for wet foams of 
different densities.43 For example, it was demonstrated that wet foams with 
high air content and small bubbles better preserved the wet foam structure at 
high evaporation rates.44 On the other hand, with a lower content of air in the 
wet foam, decelerated drying is required to reduce the bubble collapse. At 
the same time, overextended drying times (or very small evaporation rates) 
may result in excessive bonding between neighbor molecules/particles and 
enhanced foam shrinkage and densification. Thus, a careful adjustment of 
the drying conditions is necessary for each specific foam. 

Several techniques were developed to enhance the foam stability upon 
evaporative drying and to maintain the foam shape and structure homogenei-
ty.33,42 One of them involves the enhancement of the liquid flow and diffu-
sion within the wet foam by positioning the foam on a porous frit filled with 
water.41 The presence of an additional source of solvent in contact with the 
wet foam provided the funicular conditions throughout the whole foam, 
postponed the formation of liquid pockets and, consequently, prevented the 
formation of big cavities inside the foam. Increasing the foam viscosity and 
elasticity through the addition of polymers or particles is known to enhance 
the foam stability with and without9,15,16 solvent evaporation.19,45,46 The as-
sembly of isotropic or anisotropic polymers/particles at the interface and in 
the bulk reinforces the foam and thus restricts shrinkage.11,47 Anisotropic 
particles, such as fibers48 or rods,49 can also form strong entangled networks 
at low particle concentration and thus assist in foam stabilization. The use of 
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branched or co-charged species might reduce the shrinkage and densification 
due to developed steric or electrostatic repulsion.42,46  

Other ways to enhance the foam viscoelastic properties is to cross-link 
polymeric/particle networks through covalent, electrostatic or other bond-
ing.41,45,50–52 Here two approaches can be used: direct cross-linking and post-
cross-linking or time-delayed gelation.53 Sudden and excessive direct cross-
linking may result in a rapid increase of the wet foam viscosity, which may 
have a negative impact on the foam formation and stabilization, such as low-
ered foaming capacity and particle aggregation.54 Moderate post-cross-
linking may reinforce the foam structure, preventing foam densification up-
on drying. Functionalization of a hydrogel or particles, used in foam prepara-
tion (i.e. silica), by hydrophobic molecules such as methylalkoxysilane55–57 
was shown to minimize wet foam shrinkage. The hydrophobic groups locat-
ed on the neighbor particles will “spring-back” to their original position and 
prevent bonding between approaching foam walls, thus preserving the origi-
nal wet foam structure. The use of organic solvents with low interfacial ten-
sion (i.e. isopropanol/n-hexane,58 N,N-dimethylfoamamide59 and 
ethanol/heptane60) instead of water has also demonstrated a significant 
reduction of the capillary pressure in the wet foams, making it possible to 
maintain the foam structure and porosity upon drying. 

1.3. Nanocellulose as an engineering material 
1.3.1. Structure of [nano]celluloses 

Wood is a renewable and biodegradable natural material from which a va-
riety of particles, assembled from cellulose polymeric chains, can be isolated 
(Fig. 5). Depending on the dimensions of the rod-like particles (length, l, and 
diameter, d), they are usually called microfibrils (CMF, l = 0.5 – 10s of μm, 
d = 10 – 100 nm), nanofibers (CNF, l = 0.5 – 2 μm, d = 2 – 20 nm) or nano-
crystals (CNC, l = 50 – 500 nm, d = 2 – 5 nm) and together they define 
nanocellulose.40,62–64 Cellulose is a linear homopolysaccharide built of glu-
cose rings connected to each other through β(1→4) glycosidic linkages (Fig. 
5). It is believed that in wood cellulosic chains are packed parallel to each 
other into CNFs and are connected through hydrogen bonding between hy-
droxyl groups in a monoclinic (Iβ) manner.62 CNFs or elementary fibrils are 
very stiff (20 – 50 GPa)65 nanoparticles with a high aspect ratio (50 – 200) 
which are organized into longer and thicker CMFs. CMFs are building the 
walls in the wood cells of the tree (Fig. 5). 

Apart from wood cells, cellulose particles can be isolated from other 
plants such as cotton,66,67 wheat straw,68,69 flax,70 as well as from living or-
ganisms such as tunicate66,71,72 and algae73,74or be produced by bacteria.67,75–77 
Depending on the source of the material, the obtained particles will preserve 
different crystallinity, aspect ratios and structure.62 
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Fig.5. Structure of the wood from tree to single cellulose chain. Adapted 
from Postek et. al.61 © 2011, Measurement Science and Technology, and 
Moon et al.62 © 2011, Chemical Society Reviews. 

1.3.2. Production of nanocellulose 

Different techniques can be used to isolate cellulose fibers from wood. 
The most common process preserves two main steps: the purification of the 
source with the production of cellulose pulp and mechanical disintegration 
of the pulp to micro and nanoparticles.62,63 The purification step is done to 
remove other wood cell components such as hemicellulose and lignin and 
can be processed via chemical treatment with either a mixture of sodium 
sulfide and sodium hydroxide, producing so-called kraft pulp, or with the 
salts of sulfurous acid, resulting in the formation of a sulfite pulp. Kraft pulp 
has a high content of cellulose fibers, while treatment with sulfurous acid 
results in the formation of by-products as impurities in the sulfite pulp. The 
particle delamination can be done by, for example, microfluidization,78 su-
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pergrinding/refining79,80 or a combination of processes such as beating, rub-
bing and homogenization.81 The main principle of delamination consists of 
applying high shear forces along the fibrillar structure peeling off the fibers 
into thinner CMFs or CNFs which eventually results in an aqueous gel com-
posed of an entangled fibrillary network. Every disintegration process re-
quires a lot of energy and several passes of cellulose pulp through the device 
in order to result in particles with smaller and more homogeneous diameters. 
A big number of passes can also introduce a lot of defects in the cellulose 
fibrillary structure, resulting in shorter and more amorphous CMFs/CNFs. 
To reduce the costs and processing time, the addition of hydrophilic poly-
mers such as carboxymethyl cellulose or poly(acrylic acid) was successfully 
implemented and provided reduced clogging of the equipment and the possi-
bility to use higher pulp concentrations.63 Another way to decrease the num-
ber of passes and the energy consumption of the mechanical disintegration is 
to chemically pretreat the pulp to introduce surface charges.82 The co-
charged particles will tend to repulse each other which will make it more 
favorable for the delamination into single fibers. Different approaches have 
already been developed, including carboxylation by TEMPO-mediated oxi-
dation (2,2,6,6-tetramethyl-1-piperidinyloxy free radical),83,84 carboxymeth-
ylation85 and quaternization.86 Selective enzymatic hydrolysis of cellulose 
combined together with the mechanical treatment is another way to decrease 
the energetic cost for particle delamination.80 Among the mentioned chemi-
cal pretreatment techniques, TEMPO-mediated oxidation has gained special 
interest in the last decade. TEMPO-mediated oxidation consists of selective 
and mild oxidation of the hydroxyl groups at C6 in cellulose chains located 
mostly at the CNF surfaces.83,84,87 Combining TEMPO-mediated oxidation 
with mechanical treatment allowed us to obtain long individualized particles, 
TCNFs, with crystallinity as high as in the original cellulose (70 %)84, 
demonstrating the mild but efficient delamination. Using a never dried pulp 
or a pulp with enhanced swelling, i.e. which contains Na+ as a counter ion in 
chemically functionalized negatively charged celluloses, is another approach 
to simplify the mechanical treatment.63 Upon drying of the pulp, an irre-
versible aggregation between the CNFs within the wood fiber might appear, 
resulting in a material which cannot be redispersed and provides efficient 
delamination. 

It is important to note that the choice for the pulp processing route and 
particle isolation methodology is crucial as it defines the CMFs/CNFs di-
mensions, crystallinity and surface chemistry and, therefore, will affect the 
properties of the resulting material such as mechanical stiffness, transparen-
cy and thermal conductivity.62 The particle surface charge, homogeneity and 
degree of delamination will also affect the colloidal stability and particle 
assembling character which is crucial for preparing many functional materi-
als such as foams, films or photonic crystals.62,63,88 
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Shorter anisotropic particles, CNCs, are usually produced by acid hydrol-
ysis of i.e. the wood fibers or cotton.89 The type of acid, the reaction time 
and the temperature will also affect the final particle dimensions, crystallini-
ty and surface charge density.90 All these parameters will define the colloidal 
stability of the obtained dispersions and especially the possibility for the 
formation of a chiral nematic phase which is characteristic of well dispersed 
CNCs. Therefore, strict control of the conditions for hydrolysis and a careful 
choice of the acid are required. Sulfuric acid is used for producing CNCs 
with surface sulfate groups. Hydrolyses with hydrochloric,89 phosphoric,91 
hydrobromic,92 and phosphotungstic acids93 have also been reported but may 
result in the formation of a dispersion with poor stability. The low charge 
density of CNCs produced by hydrolysis with i.e. hydrochloric acid will 
result in particle flocculation and low probability of forming cholesteric liq-
uid crystals. 

With the best preparation conditions, nanocelluloses demonstrate high 
mechanical-to-weight performance and good colloidal stability, enabling the 
production of lightweight materials such as foams and aerogels, and films 
with high transparency, stiffness and elasticity.62 As cellulose has low ther-
mal conductivity (≈ 30 mW/m∙K)94 and high heat capacity (≈ 2 kJ/kg∙K),1 
nanocellulose is a suitable building block for the preparation of materials for 
thermal insulation. The presence of functional groups (carboxylate, methyl-
carboxylate, hydroxyl, sulfate) makes nanocellulose suitable for use as an 
additive in the preparation of functional hybrids and composites and espe-
cially for their mechanical reinforcement.62 As cellulose is a biodegradable 
and non-hazardous material it is often used for biomedical applications.76 

1.3.3. Cellulose in foams and aerogels 
1.3.3.1. Nanocellulose foams and aerogels prepared by freeze-

drying and supercritical drying 

Growing interest has arisen in the use of cellulose micro- and nanoparti-
cles for the production of foams and aerogels. Aerogels are highly porous 
solid foams with a high content of nanometer scaled pores prepared from a 
gel by the replacement of a liquid with a gas.40 Aerogels with a high surface 
area (500 – 600 m2/g) were produced using TEMPO-mediated oxidized 
CNFs or TCNFs by supercritical CO2 drying.95 These aerogels demonstrated 
good mechanical stiffness (~ 240 kPa for 20 kg/m3), good structure homoge-
neity (scaling of power law for elastic modulus is 1) and low thermal con-
ductivity (18 mW/m∙K).  

By freeze-casting or crash-freezing of nanocellulose, foams with high po-
rosity (≥ 94.5 %),28 low density (≤ 30 kg/m3),96–98 moderate stiffness (100 – 
400 kPa),28,98 low-to-moderate specific surface area (10 – 284 m2/g)96 and 
low thermal conductivity (24 – 38 mW/m∙K)97 are usually obtained. Depend-
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ing on the shape of the particles and particle concentration, foams with dif-
ferent pore morphology can be obtained.28 When freeze-casting CMFs at low 
concentrations (1 wt%) a network type foam was obtained with a well-
connected and branched structure (Fig. 6.a). Raising the concentration up to 
2.75 wt% resulted in a gradual transition to a lamellar channel structure with 
dense walls (Fig. 6.a). Freeze-casting of short CNCs presented similar trends 
when particle concentration was varied, but it had more elongated pores 
when looked at perpendicular to the freezing direction.38  

The possibility to control the morphology of the nanocellulose foams and 
to achieve low densities and thermal conductivity and good mechanical 
properties makes freeze-casting of nanocellulose a perspective approach for 
the manufacturing of hybrid and composite materials.  

 
Fig.6. Microstructure and properties of nanocellulose foams and aerogels 
prepared by freeze-drying or supercritical drying. (a) Morphology of freeze-
casted CMF foam with different starting concentration of CMF. Taken from 
Lee et al.28 © 2011, RSC Soft Matter. SEM images of foam cross-sections 
taken parallel to the freezing front. b) SEM image of the cross-section of 
freeze-casted composite foams (CF) containing CNFs, sepiolite nanorods, 
boric acid and graphene oxide taken perpendicular to the freeze front. Taken 
from Wicklein et al.99 © 2015, Nature Nanotechnology. (c) Demonstration of 
mechanical stiffness of CF. (d) Thermal conductivity of air, freeze-dried 
CNF foam and CF in radial (perpendicular to freezing front) and axial (par-
allel to freezing front) directions. (e) The bendable polymethylsilsesquiox-
ane/CNF aerogel. Taken from Hayase et al.100 © 2014, ACS Applied Matter 
Interfaces. 

Ultra-lightweight and super-insulating foams were produced from a mix-
ture of CNFs, graphene oxide, sepiolite nanorods and boric acid by fast di-
rectional freezing (cooling rate of 15 K/min) which resulted in anisotropic 
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long tubular pores with small diameters (~ 20 μm, Fig. 6.b).99 The low densi-
ty foam (5.6 – 7.5 kg/m3) displayed thermal conductivity in the radial direc-
tion (15 mW/m∙K, Fig. 6.d) that was half of the value for expanded polysty-
rene foams. The presence of mechanically strong CNFs together with gra-
phene oxide and their covalent cross-linking with boric acid generated a 
nanocomposite with specific mechanical stiffness (77 KNm/kg, Fig. 6.c) as 
high as expandable polystyrene and polyurethane.  

It is also a common trend to use cellulose nanoparticles as a filler for im-
proving the mechanical properties of organic and inorganic aerogels.4,101 For 
example, freeze-cast and crash-frozen xylan aerogels demonstrated a drastic 
increase in the compressive stiffness (400%) when a small portion of CNCs 
was added (25 wt%).101 These two polysaccharides also have a good affinity 
to each other which results in irreversible adsorption and formation of an 
interconnected stiff matrix. When CNF is used to prepare hybrid silica aero-
gels, no increase in compressive strength or elastic modulus could be distin-
guished, but a drastic improvement in aerogel elasticity and flexibility was 
observed (Fig. 6.e).100,102 

1.3.3.2. Nanocellulose emulsions and foams prepared by 
mechanical blending 

Attracted by cellulose biodegradability, mechanical properties and sus-
ceptibility to chemical modifications, nanocellulose has been used as a parti-
cle stabilizer for emulsions and foams48,103–107 or as a matrix in surfactant 
foams.108–110 For foams prepared using surfactants, anisotropic nanocellulose 
particles (CNC,108 fibres110) form an entangled and connected network and 
provide viscoelastic enhancement of the wet foam. In order to make hydro-
philic cellulose particles active as interface stabilizers, there is a need to 
partially hydrophobize the particle surface.46,48,104,111 For this purpose, ami-
nocarbohydrates (AC)48 or organosilanes (OS)104,111 with hydrophobic func-
tionalities were bonded to the nanocellulose surface through electrostatic 
(AC) or covalent (OS) bonds. Careful control of the charge density and con-
tent of hydrophobic/hydrophilic groups on the surface produced particles 
that could be used for foaming/emulsification and foam/emulsion stabiliza-
tion. A decrease in the surface charge by protonation of the charged groups 
of hydrophobic ethylcellulose (EC) particles resulted in a decrease in elec-
trostatic repulsion between the air-water interface and EC particles and the 
enhancement of foamability and foam stability (Fig. 7.a).112 Controlling the 
charge density of nanocellulose by preparation conditions such as reaction 
time can also provide some control over particle hydrophilicity. For example, 
it was found that HCl hydrolysis of sulphonated CNCs for an extended time 
will increase the particle hydrophobicity and adsorption capacity.107 It was 
also demonstrated that particle anisotropy is another important factor for 
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stabilization of the interface. Particles with low surface charge but high as-
pect ratios are efficient Pickering stabilizers as they can densely pack at the 
interface due to i.e. interparticle Van der Waals bonding and capillary densi-
fication (Fig. 7.b).105,107 It was found that shorter particles pack denser while 
longer particles sterically repel each other and cover the droplets less. At the 
same time, longer particles coat several bubbles simultaneously creating an 
interconnected network and providing additional emulsion stabilization. 

 
Fig.7. Cellulose based foams. (a) Cryo-SEM image of wet Pickering foam 
made of spherical EC microparticles. Taken from Huajin et al.112 © 2012, 
RSC Soft Matter. Inset represents the shaped snowman made from the same 
wet foam. (b) Cryo-SEM image of densely packed CNCs at the oil-water 
interface. Taken from Kalashnikova et al.107 © 2012, ACS Biomacromole-
cules. (c) SEM image of solid foam cross-section prepared from TCNFs 
hydrophobized by AC. Taken from Cervin et al.41 © 2016, ACS Applied Mat-
ter Interface. Inset represents the preservation of the wet foam shape after 
drying. (d) SEM image of the foam morphology prepared from amphoteric 
surfactant and cellulose fibres which represents a significant collapse of the 
foam upon drying. Taken from Madani et al.110 © 2014, Cellulose. 

The formation of solid cellulose based foams is only sparsely 
studied.41,45,48,108,110 The majority of the solid foams were prepared by in situ 
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polymerisation of an additional component using heating, exposure to UV 
light or microwaves.45,108,113 There are only very few studies that describe 
solid foams produced by a simple drying process.48,110 Cellulose based foams 
usually collapse upon ambient pressure drying and require a careful adjust-
ment of the drying conditions and foam composition prior to drying.110 Ca-
pillary forces acting on cellulose particles upon air drying will push them 
close to each other and they will closely pack and connect.114 Even for very 
stable Pickering foams, a cross-linking of the TCNF matrix was required to 
preserve the foam structure homogeneity upon drying at elevated tempera-
tures (Fig. 7.c).41 Foaming of surfactants in a matrix of cellulose particles in 
the absence of cross-linking resulted in a strong foam collapse upon drying 
(Fig. 7.d).45,110  

Cross-linkers can be divided into two main groups: direct cross-linkers 
and post-cross-linkers.53 Direct cross-linking happens almost immediately 
upon the addition of a cross-linker and usually does not require any addi-
tional treatment. Post-cross-linking can be time delayed due to the slow ki-
netics of the reaction or if it requires some initiation source such as a catalyst, 
heating, UV light, electron or X-ray beam. Such type of cross-linking is eas-
ier to control and will have a minimal effect on the foamability: the cross-
linker can be added before foaming, but the bond formation might only start 
to happen after foaming within the foamed matrix.  

1.3.4. Alignment of nanocellulose 

Ordered particle packing can be found in nature in many living organisms 
and can provide high mechanical strength (i.e. wood,62 dermal armour of 
turtles,115 claws of mantis shrimp116 and nacre of mussels or gastropod) or 
iridescence of light (wings of butterflies). By aligning nanocellulose in dis-
persions, films or foams, control of mechanical,88,117 piezoelectric118 or opti-
cal properties88 can be achieved. For this purpose different strategies were 
developed and include the alignment of CNCs and CNFs in magnetic119–124 
or electric fields125–127 and by mechanical shearing (cold drawing,118,128 con-
vective and hydrodynamic shearing,129–133or a combination of electrospin-
ning and templating134). It is also a known property of nanocellulose to self-
assemble in solvents in chiral nematic order (Fig. 8.a).133,135 This phase pre-
serves a long-range orientation order of the nanorods where CNCs are 
aligned parallel to each other within the plane and each plane is rotated par-
allel to each other following the helical direction. CNFs form interconnected 
networks at low concentrations and, therefore, will require a longer time to 
form the cholesteric phase.136  
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Fig.8. Different types of alignment of nanocellulose. (a) Representation of 
chiral nematic order of CNC (left) and a chiral nematic titania templated by 
CNC (right). Taken from Lagerwall et al.88 © 2014, NPG Asia Materials. (b) 
Crossed-polar image of CMFs aligned in magnetic field at 10 T for 50 hours. 
Taken from Kimura et al.121 © 2005, ACS Langmuir. (c) AFM height image 
of CNCs aligned in electric field at 10 V with a frequency of 2.5 Χ 105 Hz. 
Taken from Habibi et al.127 © 2008, John Wiley & Sons, Journal of Polymer 
Science: Part B Polymer Physics. (d) AFM height image of TCNF nanopaper 
after cold drawing with inset representing the TCNF wet cake. Taken from 
Sehaqui et al.128 © 2012, ACS Applied Materials and Interfaces. (e) Experi-
mental setup for CNC alignment by convective shearing with AFM height 
image representing the particle alignment alone the withdrawal direction. 
Adapted from Hoeger et al.130 © 2011, RSC Soft Matter. (f) Representation of 
CNC alignment by hydrodynamic shearing when squeezed out of the sy-
ringe. Taken from Håkansson et al.131 © 2014, Nature Communications. 
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Cellulose is a diamagnetic material and is oriented with the chain axis 
perpendicular to the magnetic field (χ = -0.95 Χ 10-6 ).122,124 Nanocellulose 
can be aligned to a great extent by a magnetic field (nearly 100%, (Fig. 
8.b))119,121,122,124 but usually requires high fields (7-20 T) or long times (a 
couple of hours to days) to achieve alignment of the particles (at low concen-
trations) or nematic domains (above critical concentrate when the cholesteric 
phase is formed). 

Cellulose is a dielectric material. Cellulose rod-like particles align parallel 
to the electric field due to the orientation of the dipole moment gained by the 
deformation of the counter-ion cloud.125–127 At relatively high electric fields a 
high orientation degree can be achieved (Fig. 8.c) but it is necessary to use 
non-polar solvents.125,127 Here, a complication may arise as nanocellulose is 
usually poorly dispersible in non-polar solvents.  

Convective shearing usually requires less energy (no high electric or 
magnetic fields) for nanocellulose alignment as particle orientation is typi-
cally introduced by slow shearing of the liquid film by a moving plate (Fig. 
8.e). Orientation of CNCs using this technique could reach a maximum of 
70%.129,130,137 Cold drawing of the “wet cake”128 (Fig. 8.d) or alignment using 
hydrodynamic flows when dispersion is squeezed out through the syringe131 
(Fig. 8.f) can also force CNFs to align, reaching a degree of orientation of 80 
– 90 and 50%, respectively. 

Another important technique to mention which involves nanocellulose 
alignment by shearing is in situ alignment by directional ice freezing or 
freeze-casting.28,133 Lee et al. proposed a model where one end of CMFs is 
trapped between two ice crystals and the free end is aligned by the growing 
and squeezing ice crystals.28 Chau et al. demonstrated by SAXS measure-
ments that hybrid complexes based on CNC are aligned parallel to the freez-
ing front in the obtained aerogel.133 

1.4. Scope of the thesis 

This thesis is motivated by the necessity of replacing foams produced 
from oil-based synthetic materials such as polyurethane or polystyrene with 
foams prepared from renewable and abundant sources such as cellulose. The 
scope primarily focuses on the development and understanding of processes 
that generate CNF-based foams which involve simple foaming methods and 
utilize evaporative drying to remove the liquid medium.  

Specific topics that will be explored include the investigation of time-
delayed gelation as a tool to produce wet homogeneous foams that can be 
dried in an oven with minimum shrinkage. The optimization and tunability 
of the rheological and mechanical properties in the wet and dry state, respec-
tively, are also important topics for investigation. One specific goal is to 
develop wet foam formulations that allow the wet foams to withstand com-
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pressive and shear forces during 3D printing and oven drying. Additionally, 
it will be demonstrated with XRD analysis that an orientation of cellulose 
nanoparticles within the foam walls can be easily controlled by using the 
freeze-casting technique and by the processing parameters (freezing rate, 
particle concentration), resulting in a solid foam with an anisotropic structure 
and properties.  
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2. Preparation of materials and their 
characterization 

2.1. Preparation of TEMPO-mediated oxidized 
cellulose nanofibers 

A sulfite softwood-dissolving pulp was provided by Domsjö Fabriken 
(Sweden) and contained 4.5 wt% of hemicellulose and 0.6 wt% of lignin. 
The never-dried pulp was dispersed by stirring at 500 rpm for 30 min and 
repetitively washed by vacuum filtration using 0.01 M HCl solution. Wash-
ing with de-ionized water proceeded afterwards until conductivity of the 
filtrate went below 5 μS. Washed pulp (40g of dry weight), 2,2,6,6-
tetramethyl-1-piperidinyloxy free radical (TEMPO, 0.64g) and sodium bro-
mide (4g) were mixed in 1.87 L of de-ionized water and the pH of the mix-
ture was adjusted to 10 by 0.5 M solution of sodium hydroxide. Oxidization 
was triggered when 60 mmol of sodium hypochlorite solution (12% availa-
ble chlorine) was added drop-wise to the mixture under constant stirring and 
the pH was adjusted to 10. Oxidation proceeded for one (medium charged 
TCNFs) or 3 hours (high charged TCNFs) and was quenched by vacuum 
filtration with de-ionized water until conductivity of the filtrate went below 5 
μS. To produce TCNFs, TEMPO-mediated oxidized pulp was disintegrated 
by a high pressure (1600 bars) Microfluidizer (M-110EH, Microfluidics). 
The oxidized pulp was passed 3 times through a 200 μm and 100 μm wide 
chamber connected in series.  

2.2. Preparation of cellulose nanocrystals 

Cellulose nanocrystals (CNCs) were obtained by hydrolysis of microcrys-
talline cellulose (Avicel, FMC Biopolymer Inc.) using 64 wt% sulfuric acid 
at 45 °C for 40 min. The obtained CNCs were washed by centrifugation, 
dialysis against de-ionized water and ultrasonicated using a finger 
sonicator.138  
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2.3. Preparation of foams 

Preparation of foams from TCNF/nonionic polyoxamer and 
TCNF/aminosilane mixes 

TCNF/nonionic polyoxamer and TCNF/aminosilane wet foams were pre-
pared by mechanical blending using a high shear device, Ultra-Turrax (IKA, 
Sweden) for 3 min at 7000 rpm. Foaming was performed in glass beakers 
with a total volume of 25 mL and a starting volume of the mixture of 10 mL. 
Prior to foaming, TCNF dispersion was homogenized with Ultra-Turrax 
under the same conditions and agitated using a magnetic stirrer for 15 min 
with a nonionic polyoxamer, Pluronic P123TM (PEG20-PPG70-PEG20, 0.006 
M), and calcium carbonate particles (62.5 g/L) if needed. In the case of 
TCNF/aminosilane foams, the addition of aminosilane (AS) was performed 
in the first seconds of foaming. 0.5 M solution of D-(+)-gluconic acid δ-
lactone (GDL) was added 90 seconds after starting foaming and was used 
either to dissolve calcium carbonate particles (TCNF/P123 foams) or to ad-
just the pH to a specific value (TCNF/AS). The final composition of 
TCNF/P123 wet foam consisted of 0.5 wt% TCNF, 0.35 wt% P123, 0.05 wt% 
CaCO3 and 0.28 wt% GDL. For TCNF/AS wet foam the final concentration 
of TCNF was kept constant at 0.5 wt%, while the concentrations of AS and 
GDL varied between 0.05 and 5 wt% and 0.09 and 4.3 wt%, respectively. 
The detailed description of wet foam compositions is demonstrated in Table 
1. Dry foams were prepared by ambient pressure drying at 60 °C using a 
convection oven. The evaporation rate was decreased by covering the glass 
beakers with perforated aluminum film. 

Table 1. Dispersion and foam compositions 

Abbreviation Description 

TCNF/P123 Wet foams or dispersions prepared from 0.5 wt% 
TCNF and 0.35 wt% P123.  

CNF/P123/GDL Wet foams or dispersions prepared from 0.5 wt% 
TCNF, 0.35 wt% P123 and 0.28 wt% GDL. 

ASxd(pH) 
ASxwf(pH) 
ASxf(pH) 

Wet dispersion (d), wet foam (wf) or dry foam (f) 
prepared from x wt% aqueous aminosilane (AS) 
solution at adjusted pH. 

TCNFd 
TCNFfd 

Wet dispersion (d) or freeze-dried (fd) TCNF dis-
persion at 0.5 wt% and neutral pH. 

TCNF/ASxd 
TCNF/ASxwf 
TCNF/ASxf 

Dispersion (d), wet foam (wf) or dry foam (f) pre-
pared from a mixture of 0.5 wt% TCNF dispersion 
and x wt% aqueous AS solution.  
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TCNF/ASxd(pH) 
TCNF/ASxwf(pH) 
TCNF/ASxf(pH) 

Dispersion (d), wet foam (wf), or dry foam (f) pre-
pared from a mixture of 0.5 wt% TCNF dispersion, 
x wt% aqueous AS solution, at a controlled pH.  

Preparation of polysaccharide based foams 

TCNF and montmorillonite clay (MMT) dispersions were mixed under 
magnetic stirring prior to foaming and heated to 60 °C. When the mixture 
reached the set temperature methylcellulose (MC) was added under stirring 
and left to cool down under constant magnetic stirring. Cross-linkers such as 
glyoxal (GLy) and tannic acid (TA) were added during foaming. 

The introduction of air was performed by combining hydrodynamic cavi-
tation and physical bubble entrapment in several steps. First, a low shear 
device, flat-bottomed whisk (Triangular 10.5-in Flat Bottom Whisk; Rattle-
ware) was used, followed by a high shear device, ICA stirrer at 400, 500, 
750, 1000, 1500 and 2000 rpm. At the last step a physical blowing of air was 
combined with shearing at 2000 rpm. Shearing was continued for 3 min at 
each step. The obtained wet foams were used as inks or used to prepare solid 
foams by evaporative drying in a convection oven at 80 °C for 12 hours.  

Preparation of foams by ice templating 

TCNF and CNC dispersions of different concentrations were freeze-cast 
or crash frozen and freeze-dried to obtain solid foams by ice templating. 
Crash freezing was performed by rapid immersion of 0.5 wt% TCNF disper-
sion into liquid nitrogen and was kept inside the bath for 10 min. A cold 
finger setup was used for preparing the foams by freeze-casting of nanocel-
lulose dispersions as described elsewhere.99 Ice was sublimated from frozen 
samples at 0.8 mbar and room temperature for 2 - 3 days. 

2.4. Characterization of cellulose nanoparticles and 
dispersions 

Conductometric titration 

The TNF charge density was estimated by conductometric titration fol-
lowing the procedure described elsewhere and repeated 3 – 6 times.139 
TCNFs oxidized for one hour preserved a medium charge: 649 ± 34 μmol/g, 
while oxidation for 3 hours resulted in TCNFs with a high total charge densi-
ty of 1600 ± 10 μmol/g.  

Atomic force microscopy 
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The dimensions of TCNFs and CNCs (lengths and diameters) were esti-
mated using Atomic Force Microscopy (AFM) in tapping mode (Dimension 
3100 SPM, Veeco, USA). A 10 μL droplet of dispersion was kept for 30 sec 
on freshly cleaved mica substrate pretreated with (3-aminopropyl) triethox-
ysilane and blown away with compressed air until nearly completely dry. 
The particle concentration varied between 0.005 and 0.1 wt% depending on 
the particle type. The minimum 300 heights and lengths were measured to 
determine the average size distributions. The medium charged TCNFs pre-
served 2.4 ± 0.8 nm diameter and lengths between 0.1 and 1.5 μm. High 
charged TCNFs were 2.9 ± 0.9 nm in diameter and up to 1 μm in length. The 
average diameter of CNCs consisted of 4.6 ± 2.3 nm and average particle 
length of 160 ± 78 nm. 

Rheology 

Rheological analysis of all dispersions was performed at 25 °C using an 
Anton Paar Physica MCR 301 (USA) rheometer. Prior to the measurement 
the dispersion was degassed using a vacuum pump and the linear viscoelastic 
region was identified by a strain sweep test at 1 Hz and exponentially in-
creasing the strain from 0.05 to 20%.  

In the case of TCNF/CaCO3/GDL dispersion the cone-on-plate geometry 
(CP25-2-SN7617) was used with a 1 mm gap and storage, G’, and loss mod-
uli, G”, were identified through frequency sweeps (0.05–1000 Hz). The 
shear strain was chosen from a linear viscoelastic region and set at 2%. Prior 
to the measurement TCNF/CaCO3/GDL dispersion was kept sealed in the 
oven at 60 °C for a specific time.  

TCNF/AS dispersions with different AS content and pH were studied by 
an oscillatory strain sweep test at 25 °C using parallel-plate geometry (PP25-
SN45236) with a 1 mm gap. The strain was varied between 0.01% and 100 % 
and the frequency was kept constant at 1 Hz. Prior to the test, the change of 
G’ and G” with time and temperature was detected while keeping the oscil-
lation frequency and strain constant at 1 Hz and 0.1%, respectively. The 
measurements were performed following the procedure below: 15 min at 25 
˚C, heating at 2 °C/min to 60 ˚C, 3.6 h at 60 ˚C, cooling down at 2 °C/min to 
25 °C and 15 min at 25 ˚C. For each composition 3 measurements were per-
formed and the storage modulus was estimated as an average value at 2.15% 
of the strain (elastic region).  

Dynamic light scattering 

A Zetasizer Nano series spectrometer (Malvern Instruments Ltd., England) 
was used for dynamic light scattering (DLS) measurements equipped with a 
530 nm laser and back scatter detector (173°). The corresponding dispersions 



26 
 

were poured in disposable cuvettes and 62 scans were collected at 22 °C. 
Each measurement was averaged over the scans. 

Pendant drop tension profilometry 

The estimation of the average interfacial tension (IFT) of 3 wt% AS 
aqueous solution and a mixture of 0.5 wt% TCNF and 3 wt% AS was per-
formed by pendant drop testing using a Dataphysics Instruments OCA-40 
micro dilatometer (Germany) and the software SCA20. All experiments 
were carried out at 21 °C, 50% RH and at an oscillation frequency of 0.3 Hz 
using a needle with a diameter of 1.83 mm. 

Liquid state {1H}29Si NMR 

AS condensation under various conditions was studied by liquid state 
{1H}29Si NMR using a Bruker Advance spectrometer with a BBO probe 
head attached to a 9.4 T narrow bore magnet. A refocused INEPT pulse pro-
gram was used to collect the spectra by composite pulse decoupling (waltz64) 
of the 1H contributions during the acquisition. A 29Si frequency was at 79.5 
MHz and the chemical shifts were calibrated on the chemical shifts of 3-
aminopropyl(methyl)diethoxysilane dimer.140 To calibrate the thermometer 
the shifts for methanol with temperature were compared.141 

2.5. Characterization of wet foams 

Foaming capacity 

The capacity of the dispersion or solution to foam was estimated from the 
volume of the wet foam, Vwet, or the ratio of Vwet and the initial volume of the 
dispersion (10 cm3). The wet foam volume was measured 10 sec after foam-
ing. 

Foam bubble size 

Wet foams prepared in rectangular plastic containers (20x39x64 mm in 
width, length, and height) were imaged by a USB digital microscope 
(1.3M/2M pixels, magnification up to 200X/500X). The bubble size was 
measured as at least 400 bubbles by an ImageJ program and the average 
bubble size was estimated from the bubble diameter histograms using Gauss-
ian fitting with the software Origin. 

Confocal microscopy 
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The TCNF adsorption to the air-water interface in TCNF/AS3 wet foam 
was observed with a Zeiss LSM 780 inverted confocal microscope system 
(Germany) using a Plan-Apochromat 10x/0.45 objective, fluorescent excita-
tion and emissions of 405 and 415-505 nm and a pinhole size of 30 µm. 
TCNFs (1 wt%) were labeled with a fluorescent dye by the addition of a 
mixture of 1 g/L Calcofluor White Stain M2R and 0.5 g/L Evans blue solu-
tion under homogenization at 6000 rpm and left to react for 15 min. To re-
move the unreacted dye the dispersion was dialyzed against de-ionized water 
for 2 weeks. The obtained wet foam was placed between a glass slide and a 
coverslip and sealed with silicon oil to prevent evaporation. 

Rheology 

The viscoelastic properties (G’ and G”) of TCNF/AS wet foams were 
characterized by an Anton Paar Physica MCR 301 (USA) rheometer using 
vane-in-cylinder geometry (C-CC27/T200/SS cylinder and ST14-4V-35/125 
vane) at constant strain (0.1%) and oscillation frequency (5 Hz). 30 mL of 
wet foam were positioned in a vane and the measurement started one minute 
after foaming following a temperature ramp experiment: 5 min at 25 ˚C, 
heating from 25 °C to 60 °C at 2 °C/min and 12 h at 60 °C. A solvent trap 
and an oil cover were used to prevent the impact of evaporation. 

2.6. Characterization of solid foams 

Foam density, porosity and shrinkage during drying 

The volume of dry foam was measured using a caliper with precision of 
±0.01 mm. The foam porosity φ (%) was estimated from dry foam density 
ρfoam (kg/cm3) at an ambient temperature according to equation (1):  % =  1 − ∗ 100      (1) 

ρsk represents the skeletal density of the dry foam determined as a super-
position of the densities of the components in the dry foam and their weight 
fractions. The shrinkage, S, after drying was estimated according to equation 
(2):  % = 1 −   ∗ 100      (2) 

Vdry foam and Vwet foam represent volumes of dry and wet foams, respectively. 

Scanning Electron Microscopy 
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The morphology of solid foams was studied by Scanning Electron Micro-
scope (SEM) TM-3000 (Hitachi, Japan). To record the image an accelerating 
voltage of 15 kV was used and back-scattered electrons were detected with a 
solid state semiconductor detector built of 4 segments (TOPO mode). Prior 
to imaging, each sample was sliced and coated with a thin layer of gold (35 
sec, 10 mA, 10 mbar of Ar gas). The average pore diameter was estimated 
from ca. 500 pores using Image and Origin software by fitting Gaussian 
function to the pore size histograms.  

X-ray tomography 

X-ray tomography was performed on a Zeiss XRadia XRM520 x-ray 
tomograph using x-ray tube voltages and power of 40 kV at 3 W and 80 kV 
at 7 W. The sample-to-source and sample-to-detector distances were 9.87 
and 12.29 (40 kV) or 52.29 mm (80 kV), respectively. The exposure time 
was set to 5 s (40 kV) and 1.5 s (80 kV) and the collection of 2001 radio-
grams was performed over 360°. The reconstruction of the images was per-
formed by Zeiss reconstructor software and demonstrated the inner part of 
the foam with a cylindrical shape. The diameter and height were set to 1000 
voxels and each voxel is defined as a cube of 3 (40 kV) or 1.072 μm (80 kV).  

Adsorption of liquid nitrogen 

The surface area and pore volume were estimated by adsorption of nitro-
gen at 77 K using ASAP 2020 (Micromeritics Instrument Corporation, No-
cross, USA). The pore volume was defined by the method of Barret-Joyner-
Halenda (BJH) and surface area that of Brunauer-Emmet-Teller (BET). To 
remove the moisture from the solid foam degassing at 70 °C for 10 hours 
was performed prior to the measurement. 

Mechanical compression 

To determine the mechanical properties of solid foams they were com-
pressed at a load rate of 10%/min at 50% of relative humidity using an In-
stron 5944. All foams had a cylindrical shape and were preconditioned at 50 % 
of relative humidity and 23 °C for 3 days. The Young’s modulus was esti-
mated from the linear part of the compressive curve at low compressive 
stresses. The plastic yield stress (or plateau stress) was determined as a 
cross-section of the linear elastic region and plastic plateau. The absorption 
energy was calculated as an integral area below the compression curve in the 
range of 0 – 70% of strain. To understand the dependence of the foam stiff-
ness on foam density an equation of Gibson and Ashby was applied:1 
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≈             (3) 

where Es and ρs is the elastic modulus and density of the cell wall, and E 
and ρ is the modulus and density of the obtained foam. 

ATR FTIR Spectroscopy 

ATR FTIR spectroscopy (Varian 600-IR, Varian Medical Systems, Inc., 
USA) was used to define the composition of the solid foams obtained after 
oven-drying or freeze-drying. For each spectrum 64 scans were recorded 
with 4 cm–1 resolution.  

Thermogravimetric analysis 

Thermogravimetric analysis (TGA) was performed using a TG-TA In-
struments Discovery device (USA). To remove all organics dry foams were 
heated to 900˚C (heating rate of 2 ˚C/min) and kept at a constant temperature 
for 30 min. Experiments were performed in an air flow of 20 ml/min. 

Solid state {1H}29Si NMR 

Solid state {1H}29Si NMR was performed on dry foam TCNF/AS3(10.8) 
to estimate the degree of AS condensation using a Bruker Advance III spec-
trometer under a magic angle spinning (MAS) of 5 kHz. A probe head of 7 
mm and a bore magnet of 9.4 T were attached to the spectrometer and a fre-
quency of 29Si was 79.5 MHz. 2560 transients were acquired to record the 
spectra with cross polarization (CP) contact times of 1, 2, 4 and 6 ms. The 
calibration of 29Si chemical shifts was performed on spectra of 
tetrakis(trimethylsilyl)silane (Sigma Aldrich). Matlab and matNMR were 
used to deconvolute the spectra. 

X-ray diffraction 

The degree of orientation for TCNFs and CNCs in freeze-casted and crash 
frozen foams was estimated using X-ray diffraction (Oxford Diffraction 
Xcalibur 3, Agilent Technologies, USA). The data was collected twice each 
300 sec using a Molybdenum Mo-Kα1 (λ = 0.71 nm) X-ray gun with the 
sample-to-detector distance of 100 mm. Prior to the measurement, each cy-
lindrical foam was cut on 4 quarters and mounted on the sample holder with 
pores oriented vertically and perpendicular to the beam. To get an average 
value for the orientation index, each measurement was performed 3 times on 
different pieces and sample heights. A (200) Debye-Scherrer ring was azi-
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muthally integrated and a full width at half maximum (fwhm) was estimated 
from the obtained intensity profiles using Gaussian function. The orientation 
index f was calculated using equation (4): =           (4) 
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3. Preparation of composite foams from 
cellulose nanofibers and non-ionic 
surfactant by Ca2+ delayed gelation 
(Paper I)  

Attracted by a unique combination of properties of nanocellulose (biodeg-
radability, renewability, surface susceptibility to chemical modifications, 
high mechanical stiffness and particle anisotropy),62 we have explored the 
preparation of foams from mixtures of negatively charged TCNFs and a 
nonionic polyoxamer surfactant. It will be demonstrated that by the for-
mation of an interlocked fibrillar matrix and time-delayed gelation of TCNFs, 
solid foams with relatively homogeneous macropores and high stiffness can 
be obtained.  

3.1. Formation and stability of wet foams 

A commercially available non-ionic surfactant, pluronic P123TM, was 
foamed by blending of the surfactant solution (0.35 wt%) and resulted in 
rapid formation of the wet foam. The obtained foam was unstable and 
demonstrated a gradual decrease of the foam height over time until it com-
pletely collapsed after 3 hours.  

Foaming of the TCNF aqueous dispersion (0.5 wt%) did not result in any 
foam formation as hydrophilic TCNFs (total charge density 649 ± 34 μmol/g) 
are not surface active. Blending of 10 mL of 0.35 wt% of P123 and 0.5 wt% 
TCNF dispersion resulted in the formation of the foam with a foam volume 
of 18.7 ± 0.3 cm3 and in a drastic improvement of the foam stability. If 
evaporation was restricted, TCNF/P123 wet foam could preserve its height 
for months. The gained stability could be explained by the formation of an 
entangled matrix of TCNFs which strongly encapsulated the air bubbles and 
decelerated the bubble growth and liquid drainage. However, the achieved 
stability was not enough to withstand the capillary forces appearing upon 
drying of the TCNF/P123 wet foam at 60 °C in a convective oven. A strong 
shrinkage and foam collapse could be observed with the formation of a large 
cavity in the middle of the foam. To enhance the foam stability upon drying, 
a time-delayed gelation of TCNFs was proposed.142 For this purpose calcium 
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carbonate particles with an average diameter of 54 nm were added to the 
dispersion prior to foaming. The addition of gluconic acid (GDL) during 
foaming decreased the pH and triggered the slow dissolution of CaCO3 na-
noparticles and, consequently, TCNF aggregation by electrostatic interaction 
with the formed Ca2+ ions and/or by van der Waals attraction between 
neighbor TCNFs upon charge screening with Ca2+ ions. The CaCO3 dissolu-
tion happened very slowly at an ambient temperature, but was significantly 
accelerated by heating of the dispersion to 60 °C.  

 
Fig. 9. (a) Storage modulus, G’, as a function of time for a mixture of 
TCNF/CaCO3/GDL at 60°C. The blue filled square represents a CNF/GDL 
mixture kept at 25°C for 2 hours. Time dependent foam bubble size distribu-
tion for foams prepared from b) TCNF/P123(0.35) and c) 
TCNF/P123/CaCO3/GDL solutions. The foam bubble distribution are Gauss 
fittings of the data obtained at 60°C at:-■- – 0 min; -●- – 30 min; -▲- – 60 
min; -♦- – 90 min; -◄- – 120 min and -▼- – 180 min. The composition of 
the Ca2+-containing foam is 0.5 wt% of TCNF, 0.35 wt% of P123, 0.05 wt% 
of CaCO3 and 0.28 wt% of GDL. Taken from Paper I143 © 2016, Journal of 
Colloid Interface and Science.
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Figure 9.a demonstrates a slight increase (~ 100 Pa) in the storage modu-
lus (G’) of TCNF/P123 dispersion 2 hours after the addition of GDL at an 
ambient temperature. Upon heating of the TCNF/P123/GDL dispersion at 
60 °C, a drastic increase of G’ was detected over time within one hour.  

With the proposed methodology (gelation after foaming), wet foam 
growth was not restricted but the wet foam matrix was arrested, providing an 
unchanged foaming capacity but improved foam stability at 60 °C. Compar-
ing the dav of the bubbles in TCNF/P123 foams with and without the addition 
of CaCO3/GDL upon heating at 60 °C also revealed a strong difference and 
improvement of the foam stability (Fig. 9.b and c). Without Ca2+-delayed 
gelation the bubbles continuously grew, while for Ca2+-treated wet foams, 
the bubble growth was much more decelerated: i.e. big bubbles with dav of ~ 
600 μm did not appear for Ca2+-treated foams within the studied times (3 
hours), while it took approximately 1.5 hours to be formed in TCNF/P123 
wet foam.  

3.2. Properties of solid foams 

Solid foams with a relatively homogeneous macrostructure were obtained 
after evaporative drying (Fig. 10.a): no big cavities and good preservation of 
the foam shape could be observed. Shrinkage was restricted to ~50% for the 
gelled foams. The obtained foams displayed a density that is 3 times smaller 
than commercially available polyurethane foams, 12.7 ± 3.1 kg/m3.144 The 
average diameter of the cells determined from SEM images was 145 ± 46 
μm. 

To visualize the individual cells and to study their shape and size X-ray 
tomography was also performed (Fig. 10.b). It revealed that the obtained 
pores are closed and have an oblate like shape with a maximum repeatable 
sphericity of 83%. The bubble shape deformation could be the result of the 
initial bubble growth in the viscous foam and of shrinkage and TCNF net-
work compression upon drying. A significant portion of bubbles in the wet 
Ca2+-treated foam was not affected by coalescence and drainage as the min-
imum pore diameter of the dry foams (Fig. 10.c) coincided with the initial 
bubble size formed right after foaming (~ 80 μm). This demonstrates the 
stability of Ca2+-treated TCNF/P123 wet foams. 

Solid Ca2+-treated TCNF/P123 foams demonstrated typical behavior of a 
cellular material under compression (Fig. 11). At small deformations foam 
deformed linearly with applied stresses (so-called elastic region, Fig. 11.a). 
Then a plateau was reached where a strong foam deformation was happening 
at low compressive loads, usually involving foam wall buckling and bending 
(Fig. 11.b and c) until it reached a region where a strong load resulted in 
little foam compression (densification region). At this state, the opposite 
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walls of a single cell are in contact and compression results in densification 
of the layered structure (Fig. 11.d).  

Elastic moduli consisted of 898 ± 17 and 1420 ± 33 kPa for foams with 
two different densities – 9.6 ± 1.0 and 15.2 ± 1.5 kg/m3. These values are 
much higher than for polyurethane foam of higher density (32 kg/m3) used 
for building insulation (170 kPa) and almost two orders of magnitude higher 
than CNF aerogel (35 kPa) and freeze-dried foam (62 kPa) of similar density 
(Table 2). We associated such stiffening of the foam with an increase of the 
connection points between TCNFs by mainly electrostatic interactions in-
duced by Ca2+ ions. According to equation (3), the scaling of the elastic 
modulus with the density follows the power of 1.8 which is a typical value 
for cellulose cellular materials.145 

 
Fig. 10. Microstructure and morphology of Ca2+-treated TCNF/P123 foams. 
(a) SEM image of the dry foam cross-section. Insets are a magnified pore of 
the foam cross-section and image of the dry foam. (b) Reconstructed 3D 
image from X-ray tomography of the dry Ca2+-treated foam. The diameter 
and height of the imaged field-of-view of the sample is about 3 mm. (c) Min-
imum and (d) maximum pore size distributions determined from X-ray to-
mography. Taken from Paper I143 © 2016, Journal of Colloid Interface and 
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Science. 

 
Fig. 11. Dependence of the stress on strain obtained during compression of 
the Ca2+-treated foam prepared from a dispersion of 0.5 wt% TCNF, 0.05 
wt% P123, 0.05 wt% CaCO3, 0.28 wt% GDL. Insets: a) enlarged part of the 
compression curve at low loads; SEM images of foams compressed until b) 
11, c) 40, and d) 90 % of foam deformation, respectively. Taken from Paper 
I143 © 2016, Journal of Colloid Interface and Science. 

Table 2. Mechanical properties of synthetic polyurethane and polystyrene 
foams and biodegradable TCNF based foams and aerogels. Taken from Pa-
per I143 © 2016, Journal of Colloid Interface and Science. 

Sample name Elastic 
modulus,

kPa 

Density, 
kg/m3 

Plateau 
stress, 
kPa 

Energy  
absorption, 

kJ/m3 
Ca2+-treated TCNF 
foam 

898 ± 17 9.6 ± 1.0 4.0 3.7 

Ca2+-treated TCNF 
foam 

1420 ± 33 15.2 ± 1.5 20.4 14.5 

Polyurethane foam in 
buildings144 

170 32 - - 
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CNF aerogels145 34.9 ± 3.0 14 - 10.8 ± 0.8 
Freeze-dried CNF 
foams146 

62 ± 17 15.8 ± 0.5 - - 

Such value represents the moderate dependence of the foam mechanical 
stiffness on the foam density and is a sign of a homogeneous distribution of 
the load over the sample upon compression, i.e. most of the sample mass 
participates in adsorption of the compressive load.  

To estimate the stiffness of a single wall in the foam cell the Gibson-
Ashby equation (3) with the defined power of 1.8 was used. For this purpose 
the density of the wall, ρwall was first calculated using equations (5) and (6): =  ∑ ∗ ,          (5) 

=   +          (6) 

where ρi is the density of the i-solid component of the foam (CNF – 1.5 
g/cm3, P123 – 1.04 g/cm3, CaCO3 – 2.71 g/cm3 and GDL – 0.6 g/cm3) and wi 
is the weight fraction of the i-component. The volume of the pores in cell 
walls, Vpore, was measured by adsorption of liquid N2 and is estimated to be 
0.0122 ± 0.0003 cm3/g. Applying this value in equations (6) and (3), we 
have calculated that the stiffness of the cell wall was 3.9 and 5.7 GPa for 
foam densities 9.6 and 15.2 kg/m3, respectively The wall porosity was de-
termined according to equation (1) and only consisted of 1.44 ± 0.04%. 

From the obtained results it could be concluded that stiff and almost non-
porous films formed the pore walls upon drying, similar to a dense TCNF 
film (1460 kg/m3, 6.9 GP).87 The observed stiffening in comparison to TCNF 
foams prepared by freeze-drying145,146 (Table 2) could be reasoned from 
aggregation and evaporation induced densification of TCNFs within the pore 
walls.  

As a conclusion, it can be said that macroscopically homogeneous light-
weight and stiff foams could be easily prepared by controlled Ca2+-gelation 
of TCNFs in the foam lamellas where the most part of the pores had the 
same diameter as the bubbles in the wet foam 2 hours after preparation. 
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4. Preparation of wet and solid foams using 
cellulose nanofibers and controlled 
condensation of aminosilane (Paper II) 

Silanes with organofunctional groups (e.g. alkyl-, aminoalkyl-, mercapto-, 
vinyl- and halogenated groups)147 are known to be reactive with organic and 
inorganic compounds by radical-involved reactions,148,149 acid/base 
interactions,150,151 and the formation of O-bridges through condensation with 
hydroxyl groups. Therefore, organosilanes (OS) are intensively used as cou-
pling agents between poorly reactive organic matrixes and inorganic fillers152 
or natural fibers153 for the preparation of hybrid materials. OS have already 
been widely studied for the preparation of functional cellulose films and 
aerogels using post-treatment of the ready product154 or as a pre-treatment of 
cellulose particles before product production104,111,155,156 using the sol-gel 
chemistry of silane. The formation of organosilica gel in the presence of 
cellulose nano- and micoparticles was also reported.7,50,100,157 

In this chapter we will demonstrate how an aminosilane (AS) can be used 
to prepare hybrid TCNF based foams combining the control of TCNF sur-
face state and the sol-gel chemistry of AS by slight pH adjustment and heat-
ing/evaporation. This is a new approach for stabilizing TCNF foams as well 
as for preparation of the AS/CNF hybrid foams, which does not involve en-
ergy-demanding supercritical drying or freeze-drying.33 

4.1. Cellulose nanofibers/aminosilane solid foams: 
composition and structure 

Wet foams were produced by mechanical blending of AS (3-
aminopropyl(methyl)diethoxysilane) and TCNF dispersion (carboxyl con-
tents of 1.6 mmol/g). Evaporative drying of the obtained wet foam in the 
oven at 60 °C resulted in a solid macroporous cellular material (Fig. 13) with 
low density (25 – 70 kg/m3), high porosity (above 96%) and with an organo-
silica content of 55 – 65 wt% (N concentration above 4.5 mmol/g, Table 3). 
Foams with nearly spherical pores but different pore sizes and homogeneity 
could be obtained by varying the pH and AS concentration in the starting 
dispersion (Fig. 12). An increase in AS content from 2 to 4 wt% resulted in a 
decrease of pore diameter from ~1 mm to ~250 μm and no big cavities were 
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formed after evaporative drying (insets on Fig. 12.a and b). A similar trend 
could be observed when pH was decreased from 11.1 to 10.5 (Table 3 and 
Fig. 13.a and c). When the pH of the dispersion reached and went below pH 
10, which is the pKa value of AS, some cavities in the middle of the foam 
started to form again (insets on Fig. 13c and d), representing the foam col-
lapse upon drying. The average pore size also increased (295 μm) in compar-
ison to the foams prepared at pH 10.5 (150 μm), but still stayed lower than 
for foams obtained at pH 11.1 (~1 mm). The demonstrated trends show that 
it is essential to carefully control either pH or AS concentration (AS ≥3 wt% 
and pH 10.4 – 10.8) to obtain homogeneous solid foams after evaporative 
drying. 

 
Fig.12. SEM images of the dry foam cross-sections: (a) 

TCNF/AS2f(11.1), (b) TCNF/AS4f(11.1), (c) TCNF/AS2f(10.8), (d) 
TCNF/AS2f(10.0). The insets represent the pictures of the corresponding dry 
foams. Taken form Paper II. 

Foam density also varied with the AS content and pH of the foam (Table 
3). With higher AS concentration, denser foams were obtained, while a pH 
decrease from 10.8 to 10.5 resulted in a decrease of the foam density from 
34 to 26 kg/m3. When the pH reached 10, the wet foam started to lose its 
stability upon drying and higher foam shrinkage resulted in higher density 
(67 kg/m3) of the solid foams. The obtained foam densities (with Si con-
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tent >13 wt%) at optimum pH were 5 times lower than the densities of silica 
aerogels prepared from microcrystalline cellulose using supercritical drying 
(~100 kg/m3, Si content ~20 wt%),158 and were close to the values obtained 
for ultra-lightweight organosilica/CNF aerogels obtained by freeze-drying 
(10 – 0 kg/m3, Si content 10 – 38 wt%).7 

Table 3. Composition, morphology and density of solid organosilica 
foams at varying AS concentration and pH. Adapted from Paper II. 

Solid foams Density,
ρ, kg/m3

*Average 
pore 
diameter, 
dav

pore, μm

Composition of dry foams 
**Concentration 
of condensed 
AS (Si), wt% 

Concentration 
of N, mmol/g 
(wt%) 

TCNF/AS2f(11.1) 14 ± 2 ≥ 1000 59 (13) 4.7 ± 0.15 
(6.6) 

TCNF/AS4f(11.1) 42 ± 17 257 ± 81 n/a n/a 
TCNF/AS2f(10.8) 34 ± 3 356 ± 162 62 (14) 4.5 ± 0.14 

(6.3) 
TCNF/AS2f(10.5) 26 ± 2 151 ± 48 n/a n/a 
TCNF/AS2f(10.0) 67 ± 12 295 ± 123 n/a n/a 

*The average pore diameters are presented only for the most frequent 
pore sizes (the most intense peak of the Gaussian fit). **The weight fraction 
of condensed AS was determined from the residues obtained after TGA in 
air and the structure of organosilica polymer was determined from solid state 
{1H}29Si NMR. 

4.2. Foaming and viscoelastic stabilization of cellulose 
nanofibers/aminosilane wet foams at different AS 
concentration and pH 

The interfacial tension of 3 wt% AS water solution was 53 ± 0.1 mN/m, 
demonstrating its weak surfactant properties. The surface activity and thus 
the foam stabilization effect of AS is not strong: wet foams prepared from a 
3 wt% AS solution drained and collapsed within one minute. The addition of 
0.5 wt% TCNF drastically increased the foaming capacity and stability of 
the foam: the foam volume rose 3.5 times and liquid drainage could be ob-
served only after 15 minutes or more after foaming. As was mentioned in the 
previous chapter (Paper I), TCNF can easily form a colloidally stable entan-
gled matrix due to its high aspect ratio (≥200) and high electrostatic repul-
sion (surface charge density 1.6 mmol/g). Under such conditions bubbles are 
trapped in the dispersion resulting in decelerated drainage and coalescence 
and, consequently, the improvement of the foam stability and foaming ca-
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pacity. The average interfacial tension (IFT) of the TCNF/AS dispersion is 
equal to 58 ± 1 mN/m, which is similar to the value obtained for the 3 wt% 
AS solution. The IFT measurements and foam stability study imply that AS 
is the surface active agent that accumulates at the air-water interface and 
TCNF stabilizes the air bubbles through the formation of an entangled net-
work that limited drainage and prohibited bubble coalescence. Adsorption of 
TCNFs to the interface might also have happened slowly as was demonstrat-
ed by fluorescent microscopy (dyed TCNFs formed thick shells around the 
bubbles). This could have decreased the air permeability and improved the 
bubble stability. 

The foaming behavior was highly dependent on the AS content and pH of 
the foam (Fig. 13.a and b).  

 
Fig.13. Volume of TCNF/ASwf foams (Vwet foam) as a function of (a) AS con-
centration and (b) pH for TCNF/AS1.5wf. The TCNF concentration was kept 
constant at 0.5 wt%. The blue diamond represents the volume of the wet 
foam prepared from 3 wt% aqueous solution of AS (AS3wf). The blue dashed 
lines on Figure 14.b show the pKa of AS (pKa ≈ 10) and the pKa of TCNFs 
(pKa ≈ 3.6). The volume of original dispersions was 10 cm3. Storage modu-
lus, G’, of TCNF/ASd as a function of (c) varying concentration of AS (pH 
10.6 – 11.2) and (d) of TCNF/AS1.5d at different pH. Taken form Paper II. 
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Both an increase in AS concentration and decrease in pH demonstrated 
similar trends: first the foam volume rose (up to an additional 2 wt% of AS 
or a decrease of the pH to 10.3), then it plateaued (between 2 and 4 wt% of 
AS and in the pH range of 5 – 9), and eventually dropped significantly at 
even higher AS additions or lower pH. The storage modulus increased with 
AS concentration and decreasing pH (Fig. 13.c and d), which suggests that 
the formation of a viscoelastic network improved the foam stability and de-
celerated liquid drainage. A further increase in the viscosity did not provide 
an increase in the foam volume (at AS concentrations 2 – 4 wt% or pH 5 – 
10) and at some extreme values (≥4 wt% AS or pH below 5) even resulted in 
rapid foam collapse and complete defoaming. This suggests that rapid for-
mation of a very strong gel is not beneficial for the foam stabilization and 
may require much more energy to foam the same volume.  

The impact of the pH on storage modulus was stronger than the change in 
AS concentration: G’ increased 19 times when the pH was adjusted to 10.3 
from 11.1 for TCNF/AS1.5d, while the 5 times increase was detected when 
AS content was raised from 1.5 to 3 wt%. The strong influence of pH on 
viscoelastic properties and, consequently, foaming capacity and foam stabil-
ity, provided finer control of the wet foam properties by slight pH adjust-
ment, making it possible to minimize the AS concentration and produce 
lighter solid foams. The composition of the wet foam, which resulted in solid 
foam with the best morphology and lowest density, was defined at 2 – 3 wt% 
of AS, 0.5 wt% of TCNFs and pH adjusted in the range of 10.3 – 10.8. 

4.3. Protonation, hydrolysis and condensation of 
aminosilane 

To understand how pH affects the foam stability, a study of the interac-
tions between TCNFs and AS was performed by FTIR analysis of dry foams 
(Fig. 14.a). The bands at 1606, 1500, and 1206 cm-1 were increasing in in-
tensity with decreasing pH (below pKa = 10 of AS). This trend demonstrated 
the increasing content of protonated AS molecules upon acidification as the 
observed bands were associated with asymmetric and symmetric bending 
and rocking vibrations of NH3

+.159–162 By introducing the charge on AS mol-
ecules the ionic strength of the liquid phase would increase, shrinking the 
electric double layer of TCNFs.163 Partial screening of the TCNF charge 
would result in enhanced Van der Waals interactions between TCNFs, which 
could provide a cross-linking effect of the matrix by AS molecules and may 
have been the reason for significant stabilization of the TCNF/AS wet foams 
when the pH was adjusted. The formation of electrostatic bonds between 
TCNFs and AS is also possible and may have resulted in a similar cross-
linking effect. The measurements of the zeta-potential of TCNF/AS1.5d, 
indeed, demonstrated the rise of zeta-potential with decreasing pH, meaning 
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partial coverage of the TCNF surface charge by AS molecules (for more 
details see Paper II).  

 
Fig.14. (a) ATR FTIR spectra of TCNFfd (pH 7), ASf (pH 10.5) and 

TCNF/AS1.5f at pH: 11.1, 10.6, 4.5 and 2.1 (labeled on the right of the 
graph). (b) Relative integral area for the bands of AS dimers as a function of 
time, determined from liquid state cross-polarization {1H}29Si NMR of wet 
dispersions: AS3d(11.1) (black squares), TCNF/AS3d(11.1) (green squares), 
TCNF/AS3d(11.1) (red trian-gles) and TCNF/AS3d(10.7) (blue diamonds) 
heated at 60 ˚C and TCNF/AS3d(11.1) (purple sphere) with solvent pre-
evaporated in an oven at 60 ˚C for 16 h. (c) Liquid state cross-polarization 
{1H}29Si NMR spectra of TCNF/AS3d kept for 4 h at 60 ˚C with-out solvent 
evaporation (labelled 0 hours) and after 16 h of solvent evaporation at 60 ˚C 
in an oven (labelled 16 hours). Solid state cross-polarization {1H}29Si NMR 
of dry TCNF/AS3d(10.8) after 4 d of solvent evaporation at 60 ˚C in an oven 
(labelled 4 days). 1 refers to AS monomer, 2 – to AS dimer, 3 – end groups 
in organosilica chains and 4 – organosilica polymer. Taken form Paper II. 

The red shift of the IR band at 1601 to 1592 cm-1 (Fig. 14.a), characteris-
tic of the asymmetric bending of the deprotonated TCNF carboxylate groups 



43 
 

(COO–Na+ and COO–NH3
+), also represented the association of the carboxyl 

group with a heavier proton, NH3
+,164 which is a sign of interaction between 

two components. At pH below 3.8 a protonation of carboxyl groups hap-
pened (the appearance of IR band at 1720 cm-1) resulting in a strong aggre-
gation of TCNFs and a drastic collapse of the foam upon drying. A careful 
balance between the adsorption of AS molecules on TCNFs and the preser-
vation of TCNF colloidal stability was necessary to achieve and successfully 
obtain solid TCNF/AS foams.  

An important parameter to consider when one speaks about the reasons 
for foam stabilization upon drying is the speed and efficiency of hydrolysis 
and condensation of AS under different conditions: basic or acidic pH, heat-
ing and evaporation. It is believed that the formation of an AS polymer can 
provide an additional supporting matrix for the TCNF network and can con-
nect fibers to each other through TCNF/AS interactions. Probably, the exist-
ence of the low concentration limit for AS (2 – 3 wt), above which the wet 
foam can withstand the capillary tension upon drying and preserve the cellu-
lar structure after drying, is reasoned from such a stabilization effect. There-
fore, it is beneficial to preserve the high yield of hydrolysis and condensation 
of AS to achieve good stability of the wet foam upon drying.  

A 3 wt% AS aqueous solution with or without the presence of TCNFs 
condensed slowly produced a small amount of AS dimers after 16 hours of 
measurement (Fig. 14.b). Increasing the temperature to 60 °C, reducing the 
pH from 11.1 to 10.7 or evaporating the liquid phase at 60 °C accelerated the 
AS condensation (Fig. 14.b) but each parameter affected the condensation to 
a different extent. With a slight pH decrease, a 20% increase in relative con-
centration of AS dimers could be detected by liquid state {1H}29Si NMR 
only 4 hours after mixing the components. A drastic decrease in the pH for 
OS which contains alkyl groups is known to promote the hydrolysis and 
decelerate the condensation of OS due to the electron conductive effect and 
gained electrostatic and steric repulsion.165,166 Facilitated hydrolysis of the 
studied AS could indeed be observed through the appearance and increase of 
the intensity of the silanol band at 936 cm-1 and the decrease and disappear-
ance of ethoxy bands at 1185, 1074 and 960 cm-1 (Fig. 14.a) when pH was 
decreased below 10.159,161,167 Therefore, it is necessary to slightly decrease 
the pH to facilitate the hydrolysis of AS but it is still recommended to keep it 
around a basic value (above 10) so condensation can proceed efficiently.  

When TCNF/AS3(11.1)d was heated or solvent was evaporated at 60 °C 
for 16 hours, a 10 and 240% increase in the relative concentration of AS 
dimer was observed. Both parameters increased the condensation of AS, but 
evaporation could be considered as the main effect. From Figure 14.c it can 
also be seen that upon evaporation in an oven, a phase separation in disper-
sion happened with one phase enriched with organosilica polymer. The split 
of the bands could be detected for all bands, except number 4, in the middle 
spectrum in comparison to the bottom spectrum. This suggests that most of 
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the organosilica polymer was produced in the last hours of drying. After 
complete drying of the foam, all monomers (band 1) and dimers (band 2) 
reacted, resulting in a short organosilica polymer of 15 units. 

4.4. Mechanism of formation and stabilization of 
cellulose nanofibers/aminosilane foams 

Summarizing the previous findings, a mechanism of foam formation and 
stabilization can be proposed (Fig. 15). When a dispersion with AS and 
TCNF is foamed, the stabilization of the air-water interface happens mostly 
by AS molecules, which act as a surfactant (adsorbing fast, but reversible, 
Fig. 15.a). The TCNF network helps to trap the air bubbles and decelerate 
the liquid drainage increasing the wet foam volume and foam stability at 
room temperature (Fig. 15.a). Adjusting the pH in the range 10.4 – 10.8 en-
hances the interactions between TCNF and AS. This will facilitate the ad-
sorption of TCNFs at the air-water interface creating a thick layer around 
every bubble and enhancing the foam stability (Fig. 15.a, b and c). Partial 
protonation of AS will also increase the ionic strength of the dispersion and 
result in compression of the electric double layer of TCNFs facilitating their 
Van der Waals interactions and creating a partially connected TCNF net-
work. This will further strengthen the foam lamellas and improve the stabil-
ity of the foam upon drying. Adjustment of the pH to 10.4 – 10.8 and heating 
of the foam at 60 °C will facilitate the AS condensation. Evaporation of the 
solvent at 60 °C will strongly push the hydrolysis and condensation of AS 
towards the end of the foam drying process resulting in the formation of 
short organosilica polymers with approximately 15 units in a chain. Short 
organosilica polymers will support the foam structure and bond to TCNFs 
forming either a coating layer (Fig. 15.d) or cross-linking points (Fig. 15.e). 

To achieve stable wet TCNF/AS foams and lightweight and relatively 
homogeneous solid foams the following conditions must be used: (i) 10.4 ≤ 
pH ≤ 10.8, (ii) a TCNF:AS weight ratio ≥ 1:6, and (iii) evaporation of water 
at 60 ˚C. 
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Fig.15. Stability mechanisms of the TCNF/AS foams. (a) Schematic illus-

tration of the structure of the foam lamella after 12 h of drying: the green 
half spheres represent part of the air bubbles, the light blue background is the 
water medium, the blue continuous lines sketch the TCNFs and the red lines 
with black ends sketch short organosilica polymers. (b) Fluorescent optical 
microscopy images of TCNF/AS3wf(10.8) with (c) magnification of a single 
air bubble. The TCNFs are dyed with a blue fluorescent colorant. The red 
line on (c) represents the emission spectral profile. Molecular representation 
of (d) assembly of TCNF/AS at the air/water interface, (e) AS coated-
TCNFs and (f) TCNFs and AS crosslinking points. The yellow color repre-
sents non-protonated amine groups of AS, pink – attractive electrostatic and 
van der Waals interactions, black – unreacted ethyl groups and methyl 
groups, red – siloxane bonds between neighbor AS molecules and in organo-
silica chains. The blue hexagons connected with light blue balls represent 
sugar rings with glycosidic bonds in a single cellulose chain as a simplified 
representation of TCNFs. Only a few deprotonated carboxylic groups are 
shown for simplicity. Taken form Paper II. 
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5. Preparation and properties of 
polysaccharide based foams for 3D 
printing (Paper III) 

3D printing is an area of high interest as it can manufacture products with 
customized designs of different complexity. 3D printing which involves the 
extrusion of a viscous ink through a nozzle is called direct ink writing.168 
Usually, concentrated dispersions with specific rheological properties are 
used as inks for 3D printing. In this work it will be demonstrated how foams 
produced mainly from soft polysaccharide based materials can be 3D printed 
and dried into the desired architectures with insignificant shrinkage. It will  
also be shown that by careful adjustment of the wet foam composition and 
drying conditions, solid 3D printed architectures and foams with minimal 
shrinkage and good mechanical properties can be obtained. 

5.1. Conditions suitable for the production of stable 
foam and their 3D printing 

Wet foams (Fig. 17.a), stable enough to withstand compressive forces up-
on 3D printing and ambient pressure drying were produced from a dispersion 
containing 0.4 wt% TCNFs (carboxylate content 1.4 mmol/g), 2 wt% 
methylcellulose (MC), 1.1 wt% montmorillonite clay (MMT), 1.16 wt% 
glyoxal (GLy) and 0.02 wt% tannic acid (TA). After foaming, polydispersed 
bubbles with an average bubble diameter of 52 ± 34 µm were produced and 
no phase separation could be observed up to 4 months. In designed composi-
tion MC was playing the role of a surfactant (42 mN/m).45 The possibility of 
MC adsorbing onto TCNFs and MTM facilitated the adsorption of these 
particles to the air-water interface as was demonstrated by fluorescent mi-
croscopy for both cases (Fig. 16b). The profiles of the fluorescent intensity 
for TCNFs stained with blue dye and MTM stained with red dye revealed the 
up-concentration of these particles at the interface (Fig. 16.c). Similar to the 
previous examples in this thesis, the presence of TCNFs was also necessary 
to provide stability of the wet foam by particle entanglement within the foam 
lamella. When foams without TCNFs were produced, a faster foam collapse 
could be observed. Natural polyphenol, tannic acid, was added to the disper-
sion to improve the foam stability, mainly during extrusion in the 3D print-
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ing process and demonstrated the decrease of the average bubble diameter in 
comparison to foams without TA (92 ± 54 µm). 

 
Fig.17. (a) Optical micrograph of the wet foam prepared from aqueous dis-
persions containing 0.4 wt % TCNFs, 1.1 wt % montmorillonite, 2 wt % 
methylcellulose, 1.16 wt % glyoxal and 0.02 wt % tannic acid. (b) Fluores-
cent microscopy of a foam bubble with stained TCNF (blue) and MMT(red). 
(c) Profile of fluorescent intensity across the bubble in (b) for TCNF (blue 
profile) and MMT (red profile). (d) Storage and loss moduli as a function of 
shear stress for foams prepared from dispersions containing 0.4 wt % TCNF, 
1.1 wt % MMT, 2 wt % MC and various contents of tannic acid (TA), com-
pared with an initial suspension prior to foaming. Optical images of (e) a wet 
extruded filament and (f) printed honeycomb, and (g) dry extruded filament 
and (h) printed honeycomb printed from the same foam. Adapted from Paper 
III. 

Glyoxal was added to provide cross-linking of cellulose through for-
mation of acetal and hemiacetal groups, but this process probably did not 
proceed as no change in wet foam stability and bubble size could be detected. 
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The reason may be the slow kinetics of the reactions at room 
temperature.169,170 It is necessary to combine the shear thinning behavior of 
the wet foam together with high storage modulus and yield stress so that the 
foam can flow when compressed and squeezed out of the nozzle during 3D 
printing, but stays strong enough to withstand these compressive forces and 
preserve the cellular structure.171 The proposed foam did demonstrate the 
shear thinning behavior and high storage and loss moduli of 1610 ± 17 Pa 
and ~ 800 Pa, respectively (Fig. 17.d). The presence or absence of GLy did 
not affect the foam rheological behavior.  

A filament (Fig. 17.e) and a honeycombed structure (1.5 cm in height, Fig. 
17.f) were successfully printed using the proposed wet foam composition 
preserving the cellular macrostructure. Drying of the printed architectures at 
80 °C resulted in a little shrinkage (8% for filament diameter, Fig. 17.g and 
h).  

5.2. Mechanical performance of oven-dried foams 

The studied solid foams demonstrated a mechanical response under com-
pression typical for polymeric foams’ response (as discussed in Chapter 3): a 
linear elastic region at low deformations (reversible bending of cell walls), 
that develops into a plastic plateau at higher deformations (irreversible cell 
wall bending, buckling, stretching and formation of hinges) and, a densifica-
tion region at high compressive forces (Fig. 18.a). Foam prepared without 
the addition of TA demonstrated very high elastic modulus (2.81 ± 1.18 
MPa), plateau stress (113 ± 14 kPa) and adsorption energy (69.4 ± 9 kJ/m3) 
for such a small foam density (21 kg/m3). The addition of TA resulted in a 
drastic decrease of all three parameters (Table 4, Fig. 18.b) which we associ-
ated with inhomogeneous precipitation of CMC/TCNF/TA complexes 
throughout the whole foam volume. The presence of GLy, on the other hand, 
enhanced the mechanical properties of the solid foams. When the concentra-
tion of GLy was decreased from 1.16 wt% to 0.58 or 0.29 wt%, the elastic 
modulus decreased by 33 and 57%, respectively. Similar trends were ob-
served for the plateau stress and adsorption energy (Fig. 18.b and Table 4). 
The dependence of the elastic modulus on the relative foam density was 
evaluated by equation 31 and resulted in scaling factors of 1.46, 1.48, and 
1.93 for foams containing 0.02 wt% TA and 1.16, 0.58 and 0.29 wt% of GLy, 
respectively (Fig. 18.c). 

These values are close to the values presented previously for cellular ma-
terials with closed cells where deformation happened mainly through bend-
ing and stretching of the cell walls.172 Lower scaling factors implies that the 
mass distribution is more homogeneous over the sample volume, i.e. there is 
a small amount of dangling features, which would not participate in support-
ing the compressive stress.1,173,174 Therefore, the addition of Gly in the wet 
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foam formulation did not affect the wet foam properties (foam stability or 
rheological behavior) but there was a significant improvement of mechanical 
stiffness and strength of the solid foam, which are necessary conditions for 
successful printing of the wet foam and subsequent drying with limited foam 
shrinkage. 

 
Fig.18. Mechanical properties of dry foams. (a) Stress-strain curves of foams 
of the same composition (0.4 wt% TCNFs, 2 wt% MC, 1.1 wt% MMT and 
1.16 wt% GLy in original dispersion) but different densities: 21 (black 
curve), 12 (red curve) and 9 (blue curve) kg/m3. The inset shows a magnifi-
cation of the low deformation region. (b) Comparison of the specific modu-
lus and specific yield strength of foams prepared with various TA and Gly 
contents. (c) Power law scaling of the elastic modulus as a function of rela-
tive density of foams with TA content of 0.02 wt% and GLy content of 0.29 
(blue hexagons), 0.58 (red circles) and 1.16 wt% (black squares). Taken 
from Paper III. 

The addition of TA was needed to improve the wet foam stability and 
stiffness especially upon printing, but it had a reverse impact on the mechan-
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ical performance of solid foams (decreased elastic modulus, plateau stress 
and adsorption energy), meaning that its presence is necessary but added 
quantities must be moderate.  

In conclusion, the wet foam, prepared from the dispersion of 0.4 wt% 
TCNFs, 2 wt% MC, 1.1 wt% MMT, 1.16 wt% GLy and 0.02 wt% TA, was 
proven to be the most suitable for 3D printing using foam as an extrusion 
paste. At the same time, with such a foam composition the wet foam micro-
structure was well preserved after printing and oven-drying at elevated tem-
peratures. The stiffness and strength of the obtained dry foams were higher 
than previously reported cellulose based foams (Fig. 19.a and b), probably 
due to efficient cross-linking of the cellulose-based matrix through covalent, 
hydrogen and Van der Waals bonding. The combination of such processing-
properties makes this material suitable for i.e. packaging and in industrial 
construction. 

Table 4. Physical and mechanical properties of solid foams. All foams 
were prepared from a suspension containing 0.4 wt% CNF, 1.1 wt% MMT, 
2 wt% MC and various amounts of Gly and TA. Taken from Paper III. 

Additives 
(wt %) Density 

(kg/m3) 
Elastic mod-
ulus (MPa) 

Plateau 
stress (kPa)

Energy ab-
sorbed 
(kJ/m3) TA GL 

0 1.16 21.2 ± 1.18 2.81 ± 0.86 113 ± 14 69.4 ± 9 
0 0.58 20.6 ± 1.05 1.86 ± 0.44 60.5 ±17.9 45.5 ± 7.6 
0 0.29 17.46 ± 0.58 1.21 ± 0.34 49.6 ± 7.9 37.7 ± 4.8 
0.02  1.16 21.3 ± 1.06 1.58 ± 0.22 68.2 ± 10.9 48.8 ± 7.1 
0.2  1.16 23.3 ± 1.8 0.9 ± 0.21 36 ± 4 29.2 ± 4 
 

 
Fig.19. Ashby diagrams of the Young’s modulus (a) and yield stress (b) for 
dry foams with different content of TA and GLy compared to representative 
lightweight foams from the literature: CNF-xyloglucan,50 CNF-
oleylamine,11,36 CNF-block co-polymer12 and EPS foams.175 Adapted from 
Paper III. 
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6. Alignment of nanocellulose by directional 
freezing (Paper IV) 

Particle order can have a significant influence on materials’ properties, 
such as mechanical stiffness and flexibility88,117 or optical properties.88 
Therefore, a desire to control particle alignment has arisen in recent years. 
Many different methodologies were developed to align cellulose nanoparti-
cles and include the application of magnetic119–124 and electric fields,125–127 
shear and hydrodynamic forces118,128–133 or templating.134 In this chapter we 
will discuss how nanocellulose can be aligned in situ by directional freezing 
and parameters that can affect and control the degree of particle orientation 
within the foam walls. 

6.1. Solid foam morphology 

Foams obtained by crash-freezing (Fig. 20.a) had a cylindrical shape re-
peating the shape of the mold (Fig. 20.b left) and isotropic macropores (Fig. 
20.d). Directional freezing or freeze-casting (FC) resulted in foams with a 
shape defined by the mold (Fig. 20.b middle and right) and macropores 
aligned parallel to the freezing front (Fig. 20.e and f). The morphology of the 
cells for FC foams could be controlled by the shape of the particles chosen 
for foam processing. For example, TCNFs with an aspect ratio of 250 or 
above formed tubular pores with a circular cross-section (Fig. 20.e), while 
CNCs with an aspect ratio of around 35 formed pores with a slit-like shape 
in cross-section (Fig. 20.f). The observed difference may be related to the 
possibility of TCNFs to form an entangled fibrillar network in dispersions 
which may have restricted the ice crystal growth and resulted in pores with 
smaller and more isotropic cross-sections.  

6.2. Dependence of nanocellulose alignment on 
particle aspect ratio and concentration 

The alignment of nanocellulose was visualized by distribution of the scat-
tering intensity along the (200) Debye-Scherrer ring using X-ray diffracto-
grams of TCNF and CNC based foams (Fig. 21). The (200) plane is follow-
ing the length of crystalline rod-like CNCs or TCNFs and the location of the 
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scattering intensity maxima along the corresponding ring will then define the 
amount of alignment and direction.  

 
Fig.20. Morphology and structure of crash-frozen and freeze-casted 

nanocellulose foams. (a) Schematic illustration of crash-freezing. (b) Pho-
tographs of the obtained foams, from left to right: crash-frozen 0.5 wt% 
CNF, freeze-casted 0.5 wt% CNF and freeze-casted 1.5 wt% CNC. (c) 
Schematic illustration of freeze-casting. SEM images of horizontal cross 
sections of (d) crash-frozen 0.5 wt% CNF, (e) freeze-casted 0.5 wt% CNF 
foam, and (f) freeze-casted 1.5 wt% CNC. The scale bar is 200 µm. Taken 
from Paper IV.176 © 2016, Biomacromolecules. 

As can be seen from Figure 21.a, crash-frozen foams demonstrated a ho-
mogeneous distribution of the intensity along the ring and azimuthal integra-
tion did not result in any angle-dependent intensity gradient (Fig. 21.d). That 
means that nanoparticles are randomly oriented and no alignment could be 
achieved by dispersion crash-freezing. On the other hand, CNC and TCNF 
FC foams had intensity maxima located at 0 and 180° (Fig. 21.b, c, e and f) 
when foam was placed vertically, demonstrating particle alignment parallel 
to the freezing front (orthogonal positioning to the freezing front in recipro-
cal space).  

The orientation index (OI), estimated from the azimuthal integration, was 
dependent on the initial particle concentration and particles aspect ratio (Fig. 
22.a). In general, the trend for both particle types was similar when particle 
concentration was varied (Fig. 22.a): first, a rapid increase in OI was ob-
served with increasing concentration (to ~ 0.08 wt% for TCNF and to ~ 0.2 
wt% for CNC), then it slightly lowered (from 75 to 70% for 0.4 wt% TCNF 
and from 79 to 74% for 1.5 wt% CNC) and plateaued at ~ 70% for TCNF 
and ~ 74% for CNC. At low particle concentrations poor particle alignment 
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is reasoned from the fragility of the foam structure which resulted in bending 
and partial collapse of the foam walls. Once the concentration reached a 
critical value there was enough material to support the foam structure upon 
freeze-drying and when the alignment rose. A slight decrease of the OI at 
concentrations above 0.6 wt% for TCNFs and 1.5 wt% for CNCs can be 
reasoned from the gelation of TCNF dispersion (which was proven to hap-
pen at this value by inversion of cuvettes and DLS) and the formation of the 
cholesteric nematic phase for CNCs.138 As alignment only dropped a few 
percent and with further concentration increase stayed rather constant, the 
impact of these two processes on particle alignment was concluded to be 
minimal. 

 
Fig.21. X-ray diffraction of nanocellulose foams showing 2D detector 

images (top row, a – c), and azimuthal intensity profiles (bottom row, d – e). 
(a) and (d) represent crash-frozen foams prepared from 0.5 wt% TCNF dis-
persion, (b) and (e) represent freeze-casted foams prepared from 0.5 wt% 
TCNF; and (c) and (f) – freeze-casted foams prepared from 1.5 wt% CNC. 
Taken from Paper IV.176 © 2016, Biomacromolecules. 

While the OI slightly decreased and plateaued, the foam wall density rose 
linearly (Fig. 22.b). From this observation we can speculate that above some 
critical value independently of particle concentration and the cell wall densi-
ty, the particle alignment was constant and homogeneous over the foam wall 
thickness which was relatively low (~ 100 nm). No sandwich structures with 
a disordered porous core and ordered dense surface film were observed as in 
the case of plate-like particles.177 

Lower OI for foams prepared from TCNFs in comparison with CNCs  
may be reasoned from the presence of kinks in TCNF particles,65 which were 
probably introduced by mechanical pretreatment or particle twist at a high 
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aspect ratio (a above 250). Such kinks may remain after freezing and freeze-
drying and can result in lower OI values. Another possible reason is the early 
gelation of TCNFs which may have restricted particle mobility and re-
sistance towards vertical flow. 

 

 
Fig.22. (a) Orientation index of freeze-casted foams as a function the par-

ticle concentration in the frozen dispersions. Blue diamonds represent TCNF 
foams and red squares – CNC foams. The inset shows additional data points 
for CNC at higher concentrations. (b) Pore wall density of freeze casted 
TCNF foams estimated by gas adsorption. The gray line is a linear fit (R2 = 
0.96). Taken from Paper IV.176 © 2016, Biomacromolecules. 

6.3. Alignment mechanism 

Upon directional freezing the kinetics of the ice crystal growth in height 
were faster than in width which is reasoned from the different thermal con-
ductivity of the copper bottom and Polytetrafluoroethylene (PTFE) side of 
the mold. The growing ice-crystals created some elongated shear flows on 
cellulose nanoparticles which were segregating to the sides of the ice crystals 
(Fig. 23). Particle segregation and continuous up-concentration at the sides 
of the ice crystals resulted in physical gelation of the dispersion in the 
formed walls (the density of the solid foam walls was measured to be close 
to the density of neat cellulose, 1.5 g/cm3) and efficient arrest of the particle 
orientation. The particle arrest was necessary to preserve the high alignment 
as was indirectly demonstrated previously by the hydrodynamic alignment of 
CNFs in dilute dispersions, which were losing their anisotropic orientation as 
soon as the hydrodynamic flow was removed.131  

If particle concentration and/or the freezing rate were very high (i.e. 1.1 
wt% TCNFs and 15 K/min freezing rate) some nanoparticles could get 
trapped within the ice crystal. As the concentration of such particles is rather 
low in comparison to the particles forming foam walls, it must have had an 
almost negligible effect on the degree of particle orientation. 
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Fig.23. Schematic illustration of particle orientation by freeze-casting. 

Taken from Paper IV.176 © 2016, Biomacromolecules. 
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7. Conclusions 

This thesis contributes to the development of efficient processes and a 
deep understanding of how stable and strong wet and solid lightweight 
foams can be produced using nanocellulose together with additives such as 
nonionic surfactants, aminosilanes, and methyl cellulose. We have shown 
that homogeneous and strong foams can be produced by a combination of 
energy-efficient foaming processes such as mechanical blending of air into 
wet dispersion, and drying of the wet foam in a convective oven at elevated 
temperatures.  

The addition of cellulose nanofibers (CNFs) to the solution of non-ionic 
surfactant polyoxamer Pluronic P123TM significantly enhanced the stability 
of wet foams by the formation of an entangled fibrillary network. Time-
delayed dissolution of calcium carbonate particles in the wet foam and upon 
drying aggregated negatively charged CNFs enhanced the wet foam lamella, 
resulting in lightweight solid foams with near-spherical pores after complete 
drying. The formation of dense and stiff walls in the oven-dried foams pro-
vided stiffness of the solid foams higher than freeze-dried CNF based foams 
and aerogels. 

Lightweight amine-rich hybrid foams (25 – 50 kg/m3) were obtained from 
CNF/aminosilane mixes with densities and pore sizes controlled by ami-
nosilane (AS) concentration and dispersion pH. AS was used for stabiliza-
tion of the air-water interface and as a precursor for the formation of organo-
silica. The adjustment of pH between 10.4 – 10.8 and evaporation of the 
solvent at 60 °C provided nearly complete condensation of AS into short 
polymeric chains of approximately 15 units, which gave a support of the wet 
foam structure upon evaporative drying in addition to CNF. The adjustment 
of pH also enhanced the adsorption of AS to CNFs, resulting in an increase 
of the foaming capacity and viscoelastic enhancement of the wet foam. 

Stiff and lightweight foams were successfully prepared from a mixture of 
methylcellulose (MC), CNFs and montmorillonite clay (MMT) using a com-
bination of cross-linkers, such as tannic acid (TA) and glyoxal (Gly). MC, 
CNF and MMT participated in stabilization of the air-water interface, while 
thermally initiated gelation of methylcellulose (MC) and cross-linking with 
TA and Gly provided a strong viscoelastic enhancement of the wet foam. 
The produced wet foams were successfully 3D printed using direct ink writ-
ing and dried with low shrinkage (8%). Solid foams preserved low densities 
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and mechanical properties outperforming other CNF based foams and aero-
gels. 

The preparation of foams by freeze-casting and freeze-drying was proven 
to be a successful and simple approach to achieve high particle alignment 
within the foam walls. Azimuthal integration of (200) Debye-Scherrer ring 
measured by XRD of dry foams demonstrated that the orientation index for 
cellulose nanoparticles was very high (70 – 75%). Shearing flows appearing 
during freezing aligned particles parallel to the movement of the freezing 
front and arrested state were achieved upon up-concentration fixed particles 
in aligned positions. A high freezing rate or particle content below some 
critical value negatively affected the particle orientation, increasing their 
isotropy.  
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8. Outlook 

It would be interesting to collaborate with a company to produce up-
scaled solid foams from cellulose nanofibers/non-ionic surfactant or cellu-
lose nanofibers/aminosilane mixes and test them for different applications, 
such as packaging. The introduction of natural fire retardant materials such 
as clay would also be of interest for the production of non-ignitable foams 
which could be used in the construction industry. The other path to explore 
is to decrease the pore sizes in the foams by restricting the bubble growth 
with the addition of cross-linkers. This may help to decrease the solid foam 
thermal conductivity resulting in the production of foams with good insulat-
ing properties.  

The addition of organofunctional silanes with different organic groups, i.e. 
methyl, in nanocellulose/aminosilane based foams might also be of interest 
for improving the moisture resistance. Post-treatment techniques such as 
chemical vapor deposition could also be tested for obtaining foams with 
specific functionality: hydrophobicity, resistance to bacteria, adsorption of 
CO2 or other compounds for water purification purposes. 

A detailed study of alignment mechanisms working on nanocellulose up-
on freeze-casting could also help to understand and control the degree of 
particle orientation. It would also be interesting to correlate the alignment 
efficiency with the mechanical properties of solid foams where some model-
ing would be necessary to complete the picture. 
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9. Sammanfattning 

Skum används på inom många olika områden, inklusive byggnadsisolering, 
flythjälpmedel, och förpackningar. Marknaden domineras idag av skum som 
tillverkas av syntetiska, icke-förnybara kolväten och polymerer, och det 
finns ett stort behov att övergå till att producera skum från förnyelsebara 
råvaror. Denna avhandling kommer att visa hur lättviktiga skum baserade på 
nanocellulosa kan framställas och hur egenskaper i både vått och torrt 
tillstånd kan optimeras. 
Lätta och högporösa skum framställdes framgångsrikt med användning av en 
kommersiellt tillgänglig ytaktiv polyoxamer, Pluronic P123TM, cellulosa 
nanofibriller (CNF) och lösliga CaCO3 nanopartiklar. Stabiliteten hos de våta 
och torra kompositskummerna förbättrades signifikant genom fördröjd 
aggregering av CNF-matrisen med glukonsyrautlöst upplösning av CaCO3-
nanopartiklarna, vilket genererade ett starkt och tätt CNF-nätverk i 
skumväggarna. Torkning av Ca2+-förstärkt skum vid 60 °C resulterade i 
måttlig krympning och den övergripande mikrostrukturen och 
skumpor/bubbelstorleksfördelningen bevarades efter torkning. Den elastiska 
modulen av Ca2+-förstärkta kompositskum med en densitet av 9 - 15 kg/m3 
var signifikant högre än fossilbaserade polyuretanskum. 
Lättviktiga hybridskum har framställts från vattenhaltiga dispersioner av en 
ytaktiv aminosilan (AS) och CNF för ett pH-intervall av 10.4 - 10.8. 
Avdunstningstorkning vid en mild temperatur (60 °C) resulterade i torra 
skum med låga densiteter (25 - 50 kg/m3) och höga porositeter (96 – 99 %). 
Indunstningen av vatten katalyserade kondensationen av AS för att bilda 
lågmolekylära linjära polymerer, vilket bidrog till att styvheten och styrkan 
hos det CNF-innehållande skumlamellerna ökade. 
Starka våta skum lämpliga för 3D-skrivning framställdes med användning av 
metylcellulosa (MC), CNF och montmorillonitlera (MMT) som fyllmedel 
och tanninsyra och glyoxal som tvärbindare. Luftvattensgränsytan i 
skumbubblorna stabiliserades genom samadsorption av MC, CNF och MMT. 
Komplexbildning av polysackariderna med tanninsyra förbättrade 
skumstabiliteten och de viskoelastiska egenskaperna hos det våta skummet 
för direkt 3D-skrivning av robusta cellulära strukturer. Glyoxal förbättrade 
vattentåligheten och förstärkte det lätta material som hade torkats vid förhöjd 
temperaturer med minimal krympning. De högporösa skummen visade en 
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specifik Youngs modul och hållfasthet som överträffade andra biobaserade 
skum och kommersiellt tillgänglig expanderad polystyren. 
Enkelriktad frysning, så kallad frysgjutning av nanocellulosa dispersioner 
producerade cellulära skum med hög orientering av de stavliknande 
nanopartiklarna i frysningsriktningen. Kvantifiermed röntgendiffraktion 
visade hög orientering av CNF och de korta och styva cellulosa 
nanokristallerna (CNC). 
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