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Abstract 

Nanofibrillated cellulose (NFC) from wood is an interesting material constituent of 
high strength and high aspect ratio, which easily forms networks through interfibril 
secondary bonding including hydrogen bonds. This has been exploited in preparation 
of new materials, which extend the range of properties for existing cellulosic materials. 
The objective is to explore processing-structure and structure-property relationships in 
NFC materials. 

Dense networks of NFC, referred to as “nanopaper” having a random-in-the-plane 
orientation of the fibrils have been successfully prepared by a papermaking-like 
process involving vacuum filtration and water evaporation using laboratory 
papermaking equipment. Large, flat and transparent nanopaper sheets have thus been 
prepared in a relatively short time. Using the same preparation route, NFC was used to 
reinforce pulped wood fibers in dense network structures. NFC networks formed in the 
pore space of the wood fiber network give an interesting hierarchical structure of 
reduced porosity. These NFC/wood fiber biocomposites have greater strength, greater 
stiffness and greater strain-to-failure than reference networks of wood fibers only. In 
particular, the work to fracture (area under the stress-strain curve) is doubled with an 
NFC content of only 2%. 

The papermaking preparation route was extended to prepare nanocomposites of high 
NFC content with a cellulose derivative matrix (hydroxyethyl cellulose, HEC) strongly 
associated to the NFC. Little HEC was lost during filtration. The NFC/HEC 
composites have high work to fracture, higher than that of any reported cellulose 
composite. This is related to NFC network characteristics, and HEC properties and its 
nanoscale distribution and association with NFC. 

Higher porosity NFC nanopaper networks of high specific surface area were prepared 
by new routes including supercritical drying, tert-butanol freeze-drying and CO2 
evaporation. Light-weight porous nanopaper materials resulted with mechanical 
properties similar to thermoplastics but with a much lower density and a specific 
surface area of up to 480 m2/g.  

Freeze-drying of hydrocolloidal NFC dispersions was used to prepare ultra-high 
porosity foam structures. The NFC foams have a cellular foam structure of mixed 
open/closed cells and “nanopaper” cell wall. Control of density and mechanical 
properties was possible by variation of NFC concentration in the dispersion. A 
cellulose I foam of the highest porosity ever reported (99.5%) was prepared. The NFC 
foams have high ductility and toughness and may be of interest for applications 
involving mechanical energy absorption. Freeze-drying of NFC suspended in tert-
butanol gave highly porous NFC network aerogels with a large surface area. The 
mechanical behavior was significantly different from NFC foams of similar density 
due to differences in deformation mechanisms for NFC nanofiber networks.   

Key words:  Nanofibrillated cellulose, nanopaper, nanofiber, biocomposites, aerogel, 
foam 



 

 

 

Sammanfattning 

Nanofibrillerad cellulosa (NFC) från ved är en intressant materialkomponent med hög 
hållfasthet och högt slankhetstal, som med lätthet bildar nätverksstrukturer genom 
interfibrillbindingar. Det har utnyttjats för att framställa nya material, som har 
förbättrade egenskaper jämfört med existerande cellulosamaterial. Syftet är att 
undersöka samband mellan process och struktur, samt mellan struktur och egenskaper. 

Täta nätverk av NFC, sk nanopapper, framställdes med hjälp av en pappersliknande 
process. Stora och plana ark av nanopapper med hög optisk transparens framställdes 
på relativt kort tid. NFC utnyttjades i samma framställningsmetod för att förstärka 
vedfibrer i fiberskivor med hög densitet. NFC minskade porositeten i materialet. 
NFC/vedfiberkompositer har högre hållfasthet, högre E-modul och store töjning till 
brott än referensmaterialet som enbart bestod av vedfibrer. Bottarbetet (ytan under 
spännings-töjningsdiagrammet) fördubblades när man tillsatte endast 2% NFC.  

Nanokompositer med högt NFC-innehåll tillverkades genom att kombinera 
hydroxyetylcellulosa (HEC) med NFC i en pappersprocess. HEC associerade starkt till 
NFC och endast en mindre mängd HEC gick förlorad under filtreringen. NFC/HEC 
kompositer har högt brottarbete, högre än för någon annan cellulosakomposit. Det 
beror på NFC-nätverket, HECs egenskaper och dess gynnsamma fördelning på 
nanoskala. 

Nanopapper med hög porositet och hög specifik yta framställdes med nya metoder, 
inclusive superkritisk torkning, tert-butanol frystorkning och avdunstning av flytande 
koldioxid. Porösa nanopaper resulterade med egenskaper i närheten av de typiska för 
många termoplaster, men med betydligt lägre densitet och en specifik yta på upp till 
480 m2/g. 

Frystorkning användes för att framställa skum med ultrahög porositet från NFC 
dispersioner. NFC-skummen har cellstruktur med en blandning av öppna och slutna 
celler och en cellvägg av “nanopapper”. Densitet kontrollerades genom att variera 
koncentrationen av NFC i dispersionen. Ett cellulosa I-skum framställdes med den 
högsta rapporterade porositeten vi känner till (99.5%). NFC-skummen har hög 
duktilitet och brottarbete och kan vara av intresse för tillämpningar där stötupptagning 
är viktigt. Frystorkning av NFC dispergerat i tert-butanol resulterade i porösa aerogeler 
med hög specifik yta. Det mekaniska betendet skiljde sig markant från det för NFC-
skum. Det beror på att de här NFC aerogelerna har andra deformationsmekansimer till 
följd av den fibrösa nätverksstrukturen. 
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1. Introduction 

The forest is rich in resources. It offers food, energy and materials. As a forest 
product, wood has for a long time played an important role in human activity 
through its exploitation as a source of energy and as a high performance 
material. The ease of wood extraction and processing together with its 
remarkable mechanical properties allows it to be used in demanding applications 
such as in buildings and bridges where both stiffness and toughness are required. 
Nowadays, wood contributes strongly to our wellbeing and its utilization 
reaches billions of tons annually. Further exploitation of wood as a possible 
renewable, recyclable and biodegradable replacement for petroleum-based 
materials would also contribute to the preservation of our environment by 
limiting the amounts of non-degradable wastes. It is therefore important to 
improve the performance of wood-based products and develop new materials 
from wood that can compete with synthetic materials. 

The cellulose microfibrils (botany term) in the wood cell wall offers a potential 
for designing new materials with new properties. This is because components 
with nanoscale dimensions have different properties from those of their bulk 
counterparts. Nanofibrillated cellulose (NFC) disintegrated from wood pulp 
have high length-to-width ratio, high stiffness and ability to form networks 
through strong secondary bonding, including hydrogen bonds. This allows 
significant design freedom for the development of new materials. From highly 
porous foams to reinforced polymer composites and dense nanopaper structures, 
the utilization possibilities are promising. There are many potential applications, 
including kinetic energy absorbers, packaging, thermal and acoustic insulating 
materials, substrates for electronic displays, reinforcement networks and 
scaffolds for nanocomposites, pharmaceutical and biomedical applications (i.e 
drug carriers, tissue engineering scaffolds), and as storage materials with high 
specific surface area. However, good control of the nanostructure of the fibrils is 
crucial in order to achieve the desired properties. Such a control of the structure 
requires deeper understanding of how the processing affects material structure. 
An understanding of these relationships and also structure-property relationships 
constitute the objective of the work described in the present thesis.  
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1.1. Objective  

In this thesis, nanofibrillated cellulose (NFC) networks, aerogels and 
biocomposites with a wide range of porosities have been prepared using new 
methods. The main objective is to develop an understanding for relationships 
between processing, structure, and physical properties of the resulting materials. 
The mechanical performance of NFC networks, aerogels and biocomposites has 
been compared with the performance of synthetic materials and other cellulosic 
materials in order to assess the potential of these new materials. 

1.2. Nanofibrillated cellulose (NFC) 

Cellulose is a polymer of glucose and the most abundant polymer on earth. It is 
the main structural component of plants, and it is also present in some bacteria, 
algae and animals (e.g., tunicate), and can be secreted as a biofilm by bacteria 
that synthesize it in the presence of sugar [1]. The cellulose chain has three free 
hydroxyl groups per glucose unit, and the intra and intermolecular hydrogen 
bonds are important for its semi-crystalline structure. Cellulose crystals have 
different allotropic forms. Native cellulose has a cellulose I crystalline structure 
(Figure 1.1), distinguishable from regenerated cellulose II structure by its chain 
packing and hydrogen bond patterns [2].  

 

Figure 1.1: Cellulose structure (conformation Iα), showing the hydrogen bonds 
(dashed) within and between cellulose molecules. 
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Trees are an important resource for cellulose due to wide availability, 
renewability, and large-scale infrastructure for production. From a chemical 
composition point of view, wood can be defined as a porous, hydrated, and 
three-dimensional biocomposite composed of an interconnected network of 
cellulose, hemicelluloses and lignin with dry cellulose content of about 40% [3]. 
In the hierarchical structure of wood, cellulose microfibrils are present in the 
cell wall which is composed of several concentric layers differing in their 
thickness, composition and arrangement of the components (Figure 1.2.b).  

The outermost layer of the cell wall is the middle lamella which is made of 
lignin and provides adhesion between the layers. Within the middle lamella is 
the thin primary wall characterized by a largely random orientation of cellulose 
microfibrils. In the primary cell wall, xyloglucan (a hemicellulose) is associated 
tightly with cellulose fibrils and forms a load-bearing network providing 
mechanical function to the plant (Figure 1.2.c). The remaining cell wall domain 
is the secondary cell wall which is composed of three layers, designated S1, S2 
and S3. The thick S2 layer, being the richest in cellulose, is arguably the most 
important in determining the properties of the cell and thus the wood properties 
at a macroscopic level [3]. The void space in the interior of the cell is called the 
lumen, and this is an important component in the context of the amount of space 
available for water conduction. 

 
Figure 1.2: (a) Cross section of wood showing its porous cell wall structure,    
(b) Cell wall layers showing different orientation of microfibrils (c) Model of a 
primary cell wall [4]. 



4 

 

The large-scale properties of wood are indeed derived from the properties of its 
constituents but with composite material synergies in which the whole is greater 
than the sum of its parts. The structural hierarchy provides wood with high 
mechanical performance with characteristics such as tensile strength, resilience 
and stability as well as structural plasticity. Furthermore, individual cells when 
subjected to an impact are able to absorb the energy of impact by breaking away 
from the surrounding cells [5].  

A model of a wood cellulose microfibril by Fengel and Wegener [6] is shown in 
Figure 1.3. This cross-sectional view shows several elementary fibrils 
(microfibrils) with a width of 3 nm surrounded by hemicelluloses. A bundle of 
elementary fibrils combined in a parallel arrangement constitutes the cellulose 
aggregate that has a width of 30 nm. Although the validity of this model is 
uncertain, it explains the difference in dimensions of cellulose nanofibers 
obtained by different extraction routes. 

 

Figure 1.3: Model of the wood cellulose aggregate, consisting of microfibrils, 
after [6]. 

Nanofibrillated Cellulose (NFC) consists of microfibrils or cellulose aggregates 
that have been disintegrated from the cellulose source. The first disintegration 
process dates back to the 1980’s when Turbak et al. subjected a wood pulp 
suspension to high shear forces by passing it several times through a 
homogenizer [7] (Figure 1.4.a). During this process, the reciprocating action of 
the valve, coupled with the large pressure drop and impact with the valve seat 
resulted in cellulose fibrillation, and a thick aqueous dispersion of cellulose 
fibrils with a diameter of 25-100 nm is produced. The initial terminology used 
by Turbak et al. was microfibrillated cellulose (MFC), and this is still in use 
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although it may confuse the reader since the dimension of the fibrils is far less 
than a micrometer. The term “nanofibrillated cellulose” (NFC) is preferred and 
used in the present thesis (except in papers I and V) to emphasize the nano-scale 
dimensions of the fibrils. 

Another variant of the homogenizer is the microfluidizer (Microfluidics, USA) 
(Figure 1.4.b). Here, the pulp fiber suspension passes a pump to increase its 
speed and then enters a chamber with narrow micropaths allowing its 
disintegration. The energy input in the Microfluidizer is reported to be less than 
that required in the homogenizer [8].  

Another important mechanical device for NFC production is the ultra-fine 
friction grinder (Supermass colloider®) developed by Taniguchi & Okamura 
[9]. It consists of disks that shear the fibers.  

It is also reported that high intensity ultrasonication [10, 11] and the high speed 
counter collision of pulp fibers [12] lead to their disintegration into cellulose 
nanofibrils. The most affordable disintegration procedure giving 3-5 nm NFC 
has however been demonstrated by Saito et al. where chemically  pretreated 
pulp (by TEMPO-mediated oxidation) can be disintegrated by a kitchen blender 
or even using magnetic stirring [10]. This method, introduces negative charges 
(carboxyl groups) onto the surface of the cellulose fibrils while maintaining the 
cellulose I crystalline structure. 

  

Figure 1.4: Schematic representation of (a) the homogenizer and (b) the 
microfluidizer. 

The extent of pulp fiber disintegration depends not only on the mechanical 
device used but also on parameters such as: 

• The number of passes through the mechanical device: A large number of 
passes leads to better disintegration. However, above a certain number, 
degradation of the fibrils starts (e.g., kinks) and this lowers the quality of 
NFC.  
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• The composition of the wood pulp which depends on the cooking process 
used to prepare the wood pulp. Wood pulp fibers prepared by the sulphite 
process contain generally 85% cellulose and 15% or lower hemicelluloses and 
are a suitable starting material for NFC production [7].  

• The thermal history of the pulp used: the disintegration of pulp fibers that 
have already been dried is more difficult than the disintegration of never-dried 
pulp fibers. 

• The pretreatment of the pulp fibers: Subjecting the pulp fibers to a 
pretreatment prior to mechanical disintegration considerably facilitates the 
disintegration process and lowers the number of passes required through the 
mechanical device. Examples of pretreatments include enzyme hydrolysis 
[13, 14] and oxidation of the cellulose fibril surface [10].   

NFC can be extracted from other sources than wood, such as cotton [9], 
parenchyma cells (ie sugar beet, potato tuber, cacti) [15, 16], root vegetables 
[17] (swede roots) and tunicate mantle [9]. It should be noted that regenerated 
cellulose nanofibers that require dissolution and precipitation in a non-solvent 
are not considered to be NFC.   

The aqueous dispersion of NFC obtained from a disintegration process usually 
has a concentration of 1-2 wt% and a consistency similar to that of mayonnaise 
or jam (Figure 2.1). Its rheological properties are interesting [13], and it has 
been suggested that it can be utilized as suspending medium for other solids and 
as an emulsifying base for organic liquids [7].  These include food industry 
applications (low-calorie whipped toppings, cake frosting, salad dressing, 
gravies, and sauces), cosmetic applications (creams and lotions), and chemical 
applications in the formulation of paints and emulsions. Some of these 
applications are now at an industrial level (Borregaard). 

Other possible applications of aqueous NFC colloidal dispersions may be in 
materials such as nanopaper, nanocomposites and porous foams and aerogels. 

1.3. NFC Nanopaper  

By analogy to conventional paper, NFC forms numerous hydrogen and Van der 
Waals bonds between each other upon drying and these secondary interactions 
provide the basis of the mechanical strength of nanopaper. The dense and 
coherent network formed by NFC has been termed “nanopaper” [18].  

NFC Nanopaper can be prepared by the filtration of NFC colloidal dispersions 
on a fine membrane to obtain an NFC hydrogel, followed by drying of the 
hydrogel. The drying can be performed at an elevated temperature under 
pressure in a hot press [19] or in an oven [18], or under vacuum [20]. NFC 
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nanopaper can also be prepared by “solvent” casting [9] i.e. by pouring a bubble 
free NFC dispersion into a container and allowing water to evaporate.  The 
nanopaper preparation time can be long (a few days) when no heat is provided to 
evaporate the water e.g., in solvent casting at ambient temperature, or much 
shorter (one to a few hours) when the drying is performed at an elevated 
temperature [20]. The preparation of NFC nanopaper sheets on a dynamic sheet 
former has been done [21]. This equipment is interesting as it allows the 
preparation of large samples (ca 1m * 20cm) with a partial alignment of the 
fibrils. However, loss of the fibrils through the wire mesh needs to be overcome.  

During the evaporation of water in the NFC nanopaper-making process, 
capillary action exerted on the NFC lead to formation of a dense nanopaper 
structure of low porosity (ca 20% [18]). A higher porosity nanopaper can be 
obtained by exchanging the water in the NFC hydrogel “cake” with a lower 
polarity liquid prior to evaporation [18]. Nanopaper drying by the evaporation of 
acetone, for example, gives nanopaper with a porosity of 40% [18]. The 
preparation routes of NFC nanopaper used in the work described in the present 
thesis are summarized in Figure 1.5. 

Diluted NFC 
suspension 

Degassing the NFC 
suspension to remove 

bubbles

Casting in a petri dish 
and allowing water 

evaporation

Filtration on top of a 
submicron pore 

membrane until a 
strong cake is formed

Drying the cake at 
high temperature 

under pressure (e.g., 
in a hot press or 

oven)

Drying the cake at high 
temperature under 
vacuum (e.g., in the 

Rapid Köthen)

Solvent exchanging
water  in the cake to 
another liquid, then

evaporating the liquid

  

Figure 1.5: Preparation routes for NFC nanopaper.  
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NFC nanopaper is characterized by a higher density and higher tensile 
mechanical properties than a conventional paper [22]. It can be optically 
transparent [19] and flexible (Figure 1.6), with low thermal expansion [19, 23], 
and with excellent oxygen barrier characteristics [21, 24]. The functionality of 
the nanopaper can be further broadened by incorporating other entities in it such 
as carbon nanotubes, clay [20, 24] or a conductive polymer coating NFC fibrils 
[25]. This rich variety of properties means that various applications for the 
nanopaper are possible such as packaging [26], loud-speaker membranes [27], 
foldable substrate for electronic displays [19, 28], battery membranes [25], and 
biomedical applications. It should be noted however, that the nanopaper, like 
any other material from cellulose, is hygroscopic and that several properties are 
negatively affected at high humidity levels. 

 

Figure 1.6: Images of NFC nanopaper prepared from TEMPO-pretreated fibers 
showing its optical transparency and its flexibility. 
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Tensile properties of nanopaper-like materials 

The mechanical properties of NFC nanopaper and nanocomposites are usually 
measured in tension where a specimen is clamped on a tensile stage and 
stretched at a certain strain rate until rupture occurs. Figure 1.7 shows a stress-
strain curve for nanopaper-like materials, and explain properties.   

S
tr

es
s 

(P
a)

Young's Modulus
(stiffness measure)

Tensile 
strength

Strain-to-failure
(ductility measure)

failure

Are
a =

 W
ork

 to
 fr

act
ure

(to
ughness m

ea
sure

)

Strain (%)

Yield stress

El
as

tic
do

m
ai

n

Pl
as

tic
 

do
m

ai
n

  

Figure 1.7: Tensile stress-strain curve of nanopaper-like materials  

The slope of the initial linear part represents Young’s modulus of the sample 
also called the elastic modulus. Beyond the elastic limit indicated by the yield 
stress, further stretching of the sample leads to a permanent plastic deformation. 
The yield stress can be determined as the intersection of the tangents to the lines 
joining the initial elastic and the subsequent plastic curve. In the plastic region, 
strain-hardening of the sample occurs and stress increases with strain. After a 
certain plastic deformation, the sample experiences failure at a stress which 
defines the tensile strength. Up to the point at which failure occurs, the 
deformation energy is equal to the area below the stress-strain curve. This 
energy is called the work-to-fracture and is a measure of the toughness of the 
sample. 
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1.4. Nanocomposites from NFC 

The elastic modulus of a single cellulose nanofibril has been determined by 
AFM and XRD to be about 140 GPa [29, 30]. Cellulose nanofibrils are also 
characterized by a high surface area, and a high aspect ratio (length-to-diameter 
ratio), and they form strong secondary bonds to each other. These properties 
make them attractive for nanocomposite preparation. The most desired 
properties of NFC nanocomposites are mechanical, thermal and optical 
properties. A good dispersion can be achieved by choosing a matrix compatible 
with the NFC or by NFC surface modification so that it better matches the 
matrix characteristics. NFC and cellulose-nanocrystal-based composites can be 
prepared by various processing methods, e.g. melt processing [31], solvent 
casting [32], filtration and drying [17, 33], in-situ polymerization [34], and by 
monomer impregnation and curing into swollen nanopaper pores [28]. 
Nanocomposites from bacterial cellulose can also be prepared by the in-situ 
cultivation of sugar and bacteria in the presence of a water-soluble polymer [35, 
36]. Several matrices have been used for NFC nanocomposite preparation, such 
as plasticized starch [15, 37, 38], polyvinyl alcohol (PVA) [17, 36, 39], epoxy 
[17], hemicellulose [17], polyurethane [40], a copolymer of styrene and butyl 
acrylate [16, 41, 42], polylactic acid (PLA) [32],  phenolic resin [43], acrylic 
resin [28], HEC [33, 35]  and hydroxypropyl cellulose (HPC) [39, 44]. One 
drawback associated with the preparation of nanocomposites from an NFC 
hydrocolloidal dispersion is the need to remove large amounts of water. One 
possible alternative method to avoid this would be to mix a thermoplastic matrix 
and treated pulp fibers inside an extruder and to disintegrate the pulp fibers 
using the shear forces encountered during the melt processing of the composite 
[45]. Such a continuous process would lead to the industrial production of NFC-
based composites, with possible applications in the fields of packaging, sports 
equipment and the automotive industry.  

1.5. Cellulose foams  

A polymeric foam is a solid cellular material formed by a solid polymer and a 
gas. The gas occupies the major volume of the foam making it much lighter than 
the solid polymer of which it is made. Interesting properties of the foam are their 
lightness, buoyancy, and impact energy absorption ability, and their thermal and 
sound insulation properties [46]. Foam applications are numerous. Some 
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examples are packaging of impact-sensitive goods such as electronic products, 
cushioning, flotation items, impact-soundproof flooring, thermal insulating 
roofs, and core materials of high performance composites used in sports goods 
and in automotive, ship, and airplane constructions [46].  

Today, synthetic polystyrene foams are commonly used foams because of their 
physical properties, their broad spectrum of applications, their favorable price–
performance relationship, and the fact that they can be produced by various 
processes and with different apparent densities [46]. Foams are produced 
industrially by using a blowing agent for foam expansion, and both 
thermoplastic and thermoset polymers can be used in continuous or batch 
processes [46]. Small-scale or laboratory methods for preparing foams include 
compression explosion [47], freeze drying [48-50], extrusion [51], and 
microwave heating [52]. The cellular structure of the foam i.e. the size and 
shape of the cell is dependent on the preparation method, and affects the 
properties of the foam. Closed-cell foams usually have a higher mechanical 
strength than open-cell foams [53].  

In the literature, some cellulose and cellulose derivative foams have been 
investigated [49, 54, 55]. Other studies have considered reinforcing polymer 
foams (e.g., polyurethane, starch) with cellulose fibers [56] and nanofibrils [50] 
to achieve improvements in mechanical properties and thermal properties. In a 
study by Svagan et al [50], starch foams reinforced by as much as 70% NFC 
have been prepared by freeze drying, with stiffness and energy absorption values 
comparable to those of polystyrene foams. 

1.5.1. Freeze-drying 

Freeze-drying, also called lyophilization, is a low-temperature dehydration 
technique that consists in removing by sublimation the water present in a 
product after freezing it [57]. The freeze-drying process is usually divided into 
three parts: The freezing, the primary and the secondary drying. When a water-
solute system undergoes a freezing process, a very fast freezing leads to the 
formation of amorphous ice, and the solute configuration is undisturbed. If the 
freezing is performed slowly and/or above the glass transition temperature of 
water (-137°C), spontaneous nucleation and growth of ice crystals occurs and 
the solute becomes concentrated and confined to the interstitial regions between 
ice crystals [57].  

The primary drying involves sublimation of the ice crystals (or amorphous ice) 
by lowering the pressure. During sublimation, the temperature should be below 
melting conditions of the ice, and preferably below the glass transition of the 
solid phase so that this does not collapse into the pores as they are being formed. 
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The sublimation rate depends on a number of parameters such as the difference 
between the saturated vapour pressure over the sublimating ice front in the 
material, which depends on the temperature of the material, and the chamber 
pressure in the freeze  dryer [57]. After all the ice crystals have been removed, a 
secondary drying proceeds and reduces the amount of water adsorbed onto the 
surface of the material (also called bound water) which constitutes ca 5-10% 
w/w of the dried product. It should be noted that there is no sharp demarcation 
between the completion of the primary drying and the commencement of the 
secondary drying [57]. 

The basic requirements for freeze-drying are a drying chamber, a condenser, and 
a vacuum system. Optional units found in some freeze-dryers are 
freezing/heating shelves, which promotes the freezing of the sample inside the 
chamber, or heating of the sample during the secondary drying (Figure 1.8.b). A 
freeze-drying cycle follows path 1 in the phase diagram in Figure 1.8.a and 
proceeds as follow: the product is first frozen either inside or outside the 
lyophilization chamber. The frozen product being inside the chamber, the 
vacuum pump is activated to lower the chamber pressure and this leads to ice 
sublimation. Bulk sublimation may take a few hours to a few days. The water 
vapor generated during sublimation is condensed on a low temperature 
condenser situated between the chamber and the vacuum pump. The temperature 
of the condenser is called the sublimation temperature. After sublimation is 
completed, secondary dehydration proceeds and removes bound water. The 
completion of the secondary drying is the final step in the lyophilization process.  
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Figure 1.8: (a) phase diagram showing the paths for (1) freeze-drying and (2) 
supercritical drying. (b) Schematic representation of a freeze dryer. 

Freeze-drying has several advantages over ambient-pressure drying techniques, 
and is used especially in food and pharmaceutical applications. In the first 
category, long-term conservation, high aromatic quality and instantaneous 
rehydration of products are achieved, for utilization in soups, coffee, herbs and 
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aromates. In the second category, freeze drying allows the conservation of the 
active ingredient (e.g., biological activity) of a product and is used for vaccines, 
serums and drug making.  

In the field of materials science, freeze drying can be used to prepare foams [48-
50]. The ice crystals forming during the freezing step constitute a “template” for 
the cell wall formation, and a good control of the freezing rate enables the cell 
size of the foam to be tailored.  In an interesting study by Deville et al [58], it 
was shown that unidirectional freezing of an inorganic dispersion led to the 
formation of porous layered scaffolds that could be filled with a second organic 
or inorganic phase to produce nacre-mimicking composite materials.  
 

1.5.2. Mechanics of foams (cellular solids) 

The mechanical properties of cellular solids depend on two sets of parameters, 
those describing the structure of the foam e.g., open or closed cells, relative 
density, shape, size and orientation of the cells, and those describing the intrinsic 
properties of the material constituting the cell wall e.g., bulk density, Young’s 
modulus and yield strength [53]. Among these parameters, the relative density 
has the greatest effect on the physical properties, and the morphology is 
responsible for details of deformation mechanisms and also acoustic and thermal 
insulating properties [46].  

The mechanical properties of cellular solids are often characterized in the 
compression mode. A compression stress-strain curve for a low-density foam is 
shown in Figure 1.9. The compression stress at 10% deformation (σ10%) enables 
the foam to be classified as rigid (σ10% > 0.08MPa), semi-rigid (σ10% = 0.015 – 
0.08MPa) or flexible (σ10%<0.015MPa) (DIN 53 421, ISO 844). The 
compression stress-strain curve has usually three distinct regions, the initial 
elastic region at low stress (I) followed by a wide collapse plateau (II) and 
finally a densification region (III).   
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Figure 1.9: A compression stress–strain curve for a low density foam 

The initial elastic region (I) is governed by the bending and stretching of the cell 
wall and cell edges and also depends in the case of closed-cell foams, on the 
compression of the gas trapped in the cells [53]. Within the elastic region, the 
strain is recovered if the sample is unloaded. Gibson and Ashby have shown that 
the elastic modulus of an isotropic open-cell foam, E*, is proportional to the 
square of the foam density ρ* [53]:  
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where Es and ρs are respectively the elastic modulus and density of the cell wall.  

In the wide collapse plateau (II), the stress is constant or slightly increasing with 
increasing strain and is due to cell collapse and the buckling of cell walls. The 
yield stress (σ*) of a ductile isotropic open-cell foam has been shown to depend 
on the density according to the relationship [53]: 
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where σs is the yield stress of the cell wall. 

The final region (III) at large strains is the densification region, where the cell 
walls are in close contact to each other and there is steep rise in the stress with 
little further strain. 

The area below the stress-strain curve represents the energy that the cellular 
material can absorb. This is an important parameter in applications such as 

[1] 

[2] 
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packaging or protection where high values are required [53]. Another important 
parameter to consider in these applications is the stress at a given absorbed 
energy (called the peak stress). An effective foam should absorb most of the 
kinetic energy of an impact and transfer a peak stress to the packaged object (or 
protected body) that does not cause damage.  

Peak stress and energy absorbed by the foam can be represented in energy 
absorption diagrams (see Figure 1.10). For a particular amount of energy 
absorbed by a foam, these diagrams give the peak stress attained and they are 
very useful in foam selection and design. An example of such a diagram for 
different foam relative densities is shown in Figure 1.11.a. These curves may be 
limited by an envelope joining the inflexion points of the curves together with 
relative density values represented at inflexion points. This is useful when 
comparing such diagrams for different test conditions. Figure 1.11.b shows these 
envelopes at different deformation rates and foam relative density can be 
selected. 
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Figure 1.10: (a) and (b) Compression stress-strain curves showing energy 
absorbed at two strain levels. (c) Construction of energy absorption diagrams 
from compression stress-strain curves. 
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Figure 1.11: (a) Energy absorbed per unit volume versus peak stress for foams 
of different relative densities. (b)  envelopes marked with density points at 
different strain rates. From Gibson and Ashby [53] 

1.6. Cellulose aerogels 

The word aerogel designates a highly porous solid formed by replacement of the 
liquid in a gel with air so that the structure of the pores and network initially 
present in the gel are largely maintained. Aerogels are the lightest materials that 
exist and their density can be as low as three times that of air, i.e., 0.004 g.cm-3 
[59]. Beside their lightness, aerogels have a high inner surface area, an 
extremely low thermal conductivity and a low sound velocity, and they can be 
optically transparent, hydrophobic and elastic [59, 60]. The combination of  
these properties in the same material makes aerogels unique. Aerogels have a 
good performance in applications such as heat insulators, optical applications, 
sensors, catalyst and catalyst carriers [59]. Aerogels have many other potential 
applications (Figure 1.12) [61]. 
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Figure 1.12: Potential fields of aerogel applications. Only a few of these options 
are currently being commercially exploited (from: Kirk-Othmer Encyclopedia of 
Chemical Technology [61]) 

Samuel Kistler developed this class of materials in 1931 when he prepared a 
series of aerogels by drying the gel’s liquid in the supercritical state [62]. More 
than ten different types of aerogels including inorganic/metal compounds and 
organic compounds such as cellulose and cellulose nitrate were synthesized, and 
Kistler stated that the list might be extended indefinitely. It was not until the late 
1960s that research and development of aerogels started due to the rapid 
development of the sol - gel process [59].  

Nowadays, a large variety of aerogels is available, of which some examples are 
listed in Table 1-1. These materials are prepared from wet gels by cautious 
drying techniques. In the case of the most studied inorganic silica aerogels, the 
wet gels are obtained by generation and aggregation of colloidal particles (sol) 
in a three-dimensional network (gel). In this case, the sol-gel chemistry is 
important and allows control of the aerogel architecture [59]. Silica aerogels can 
be of high transparency which qualifies them for use in sensors and optical 
applications. However, inorganic aerogels have some limitations, and organic 
aerogels may be preferred. Resorcinol-formaldehyde aerogels are for example 
used as precursors for manufacture of carbon aerogels that are useful for 
electrodes in capacitors.  



18 

 

Table 1-1: Examples of different types of aerogels 

Aerogel type Examples 

Inorganic aerogels SiO2, TiO2, Al2O3 [59] 

Organic aerogels 
Cellulose [62], melamine/formaldehyde [63], 
Resorcinol/formaldehyde [64], polyisocyanates [64] 

Hybrid org./inorg. 
aerogels 

Chitosan/silica [65], Methylsilsesquioxane-based [66] 

 

Cellulose is an attractive organic source for aerogel preparation. Wet cellulose 
gels can be obtained by different means such as cellulose disintegration [7], 
biosynthesis of “bacterial cellulose” nanofibers from a sugar media [67], or from 
cellulose nanofiber regeneration [1]. 

Regenerated cellulose aerogel was one of the first aerogels prepared by Kistler 
when he replaced the liquid in swollen cellophane with propanol before 
subjecting it to supercritical drying. At present, most of the cellulose aerogels 
reported in the literature also belong to the category of regenerated cellulose. 
These aerogels are prepared by supercritical carbon dioxide drying in a 
procedure involving cellulose dissolution in sodium hydroxide [68], NMMO 
[68-71], LiOH/Urea [72], NaOH/urea [73], aq. calcium thiocyanate [74, 75], or 
in ionic liquid solutions [76], regeneration, and supercritical CO2 drying. The 
low critical temperature and pressure of CO2 (31°C and 7.4 MPa) make it 
possible to prepare cellulose aerogels without cellulose degradation. The fine 
diameter of cellulose fibrils and their well preserved structure after supercritical 
CO2 drying give cellulose aerogels with a high internal surface area. Cellulose 
aerogels with an internal surface area as high as 500m2/g [73, 76], good 
mechanical properties [72, 73], and moderate transparency [73] have been 
reported. Possible applications suggested are thermal and sound insulation, 
catalyst carriers, drug delivery systems, particles/molecules separation, and 
precursors for carbon aerogels. 

It is also reported that regenerated cellulose aerogels can be prepared by tert-
butanol freeze drying [73, 74], a solvent-exchange method that was initially 
used for drying biological samples [77]. In this procedure, the liquid in the wet 
cellulose gel is exchanged to tert-butanol, which is subsequently frozen and 
sublimated. Compared to the conventional freeze-drying method, tert-butanol 
freeze drying gives a better preserved structure [74, 78].  
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1.6.1. Supercritical drying 

Above a certain pressure and temperature known as the critical point in a phase 
diagram, the distinction between gas and liquid ceases to apply as these 
constitute a new “supercritical fluid” phase (path 2 in Figure 1.8.a) characterized 
by a low viscosity and a high diffusivity. Supercritical drying is based on 
bringing the gel’s (or any wet solid’s) liquid to the supercritical fluid phase by 
raising the pressure and temperature to a point above the critical point of the 
liquid so that, after depressurization, the fluid passes to the gas phase without 
surface tension effects and consequently no shrinkage (or very little) of the 
structure. The dried solid (e.g., aerogel) is then formed with a structure similar 
to that in the wet sample. Supercritical drying is suitable with liquids that have a 
low critical temperature and pressure. Carbon dioxide, because of its low critical 
point and non-toxic character, is the most commonly used supercritical fluid. 
Supercritical carbon dioxide (SCD) utilizations go beyond drying, as can be seen 
in Table 1-2. 

Table 1-2: Examples of the utilization of Supercritical carbon dioxide (SCD) 

Drying 
Aerogel preparation, drying of archeological and biological 
samples for microscopy observation 

Extraction Coffee bean decaffeination, production of essential oils and 
pharmaceutical products from plants 

Impregnation Cloth dyeing [79] 

Foaming  
Preparation of polypropylene foam [80] and a cellulose 
derivative [54] foam 

Reaction Use instead of organic solvents [81] 

 

There are two different processes for supercritical carbon dioxide drying, 
namely supercritical drying and critical point drying. In the first process, drying 
of a wet sample proceeds as follows. The liquid in the sample is if necessary 
replaced by another liquid miscible with CO2. The sample is then placed in a 
chamber, and supercritical CO2 fluid is injected into the chamber (at T and P 
above the critical point). After the supercritical CO2 fluid has replaced the liquid 
in the sample, releasing the pressure leads to CO2 evaporation and yields a dry 
sample. The critical point drying process on the other hand uses exchange of the 
sample’s liquid with liquid carbon dioxide, that is subsequently brought to the 
supercritical fluid state and dried by depressurization.  
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1.6.2. BET Specific surface area and BJH pore size distribution 

The specific surface area is a measure of the accessible surface area per unit 
mass of a solid, expressed in m2/g. It is an important tool to understand the 
structure, formation and potential applications of different materials, and is 
relevant in many applications such as pharmaceutical, medical, storage, catalysis 
and filters. Gas sorption (adsorption and desorption) into a porous sample is the 
most common method used to determine its surface area and its pore size 
distribution. In a typical gas sorption experiment, the sample is put in a tube and 
heated and degassed in order to remove any adsorbed foreign molecules. The 
tube is then subjected to a controlled flow at a pressure P of an inert gas (e.g., 
nitrogen or argon) and the gas is adsorbed onto the sample usually at a very low 
temperature, or alternatively desorbed at ambient temperature. The amount of 
gas adsorbed or desorbed is determined by the pressure variations due to the 
adsorption or desorption of the gas molecules by the porous material. If the area 
occupied by one adsorbate molecule is known (e.g., 16.2 Å2 for nitrogen), the 
total surface area of the material can be determined. This is known as the single 
point surface area as the specific surface area is determined at one pressure of 
the gas. Gas sorption over a wide range of pressures can also be used for specific 
surface area determination with a greater accuracy. In the latter, various amounts 
of gas molecules are adsorbed or desorbed at different flow rates of the gas, and 
the use of a suitable model gives the specific surface area. The most frequently 
used model for specific surface area determination is that developed by 
Brunauer, Emmett and Teller (BET) [82] and concerns multilayer gas adsorption 
onto the sample. The BET equation is: 
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where P, P0, c, n, nm are respectively the adsorption pressure, the saturation 
vapour pressure, a constant, the amount adsorbed (moles per gram of adsorbent) 
at the relative pressure P/P0, and the monolayer capacity (moles of molecules 
needed to give monolayer coverage on the surface of one gram of adsorbent), 
respectively. The value of nm can be obtained from the slope and intercept of a 
plot of P/[n(P0-P)] versus (P/P0). The specific surface area (SSA), can then be 
derived: 

σ..nN=SSA ma  

where Na is the Avogadro number, and σ the area occupied by one gas molecule.  

The determination of gas sorption at different relative pressure of the gas allows 
adsorption and desorption isotherms to be obtained. These plots show the type 
of interaction occurring between the adsorbate gas and adsorbent solid. The data 

[3] 

[4] 



21 

 

can also be used to determine the pore size distribution of porous samples using 
an assessment model suitable for the shape and structure of the pores. The range 
of pore sizes that can be measured using gas sorption is from a few Ångstroms 
up to about half a micrometer. According to a IUPAC classification, these pores 
are categorized as micropores (pore diameters less than 2 nm), mesopores (pore 
diameters between 2 nm and 50 nm), and macropores (pore diameters greater 
than 50 nm) [83]. Isotherms of microporous materials are measured over a 
pressure range of approximately 0.00001 mmHg to 0.1 mmHg while isotherms 
of mesoporous materials are typically measured over a pressure range of 1 
mmHg to approximately 760 mmHg. Once details of the isotherm curve are 
accurately expressed as pressure vs. quantity adsorbed, a number of different  
models can be applied to determine the pore size distribution. The Barrett, 
Joyner and Halenda (BJH) model [84] is commonly used  for mesopore 
calculation in cellulose aerogels [55, 73, 76, 78].  
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2. Materials and methods  

Softwood sulphite pulp fibers (ca 85% cellulose, 14% hemicelluloses and less 
than 1% lignin) kindly supplied by Domsjö AB, Sweden and Nordic Paper 
Seffle AB, Sweden, were used to prepare the materials studied in the present 
thesis.  

2.1. NFC dispersion preparation using enzymatic 
pretreatment (paper I-VI) 

Aqueous NFC dispersions were prepared from softwood sulphite pulp fibers 
according to a method previously reported by Henriksson et al [14]. The pulp 
was first dispersed in water and subjected to a pretreatment step involving 
enzymatic degradation and mechanical beating. Subsequently, the pretreated 
pulp was disintegrated by a homogenization process with a Microfluidizer M-
110EH (Microfluidics Ind., USA), and a 2 wt% NFC dispersion in water was 
obtained. The dispersion is translucent, as can be seen in Figure 2.1.b, and is 
made of fibrils with a diameter of ca 10-40 nm. 

2.2. NFC dispersion preparation by TEMPO-mediated 
oxidation (paper IV, VI) 

An aqueous NFC dispersion was prepared from softwood sulphite pulp fibers 
according to a method previously reported by Saito et al [10] with slight 
modifications. The pulp was first dispersed in water in which sodium bromide 
and TEMPO (2,2,6,6-tetramethylpiperidine-1-oxy radical) were dissolved (1 
mmol and 0.1 mmol per gram of cellulose respectively). The concentration of 
the pulp in the water was 2wt%. The reaction was started by adding sodium 
hypochlorite (NaClO) dropwise to the dispersion (5-10mmol per gram of 
cellulose). During the addition of NaClO, negative charge (carboxylate groups) 
form on the surface of the fibrils and the pH decreases. The pH of the reaction 
was then maintained at 10 by adding NaOH solution. After all NaClO has been 
consumed, the pulp fibres were filtered and washed several times with deionized 
water until white. They were then dispersed in water at a concentration of 1wt% 
and disintegrated by one pass through the Microfluidizer M-110EH 
(Microfluidics Ind., USA). A 1 wt% dispersion of NFC in water was obtained. 
This dispersion is transparent (Figure 2.1.a) as it contains microfibrils (3-4 nm 
wide).  
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Figure 2.1: Picture of NFC aqueous dispersion prepared by disintegration of (a) 
TEMPO-pretreated wood pulp fibers and (b) enzyme-pretreated wood pulp 
fibers. 

In all the papers, an NFC dispersion prepared from enzyme-pretreated wood 
pulp fibers was used for material preparation. In papers IV and VI, a NFC 
dispersion prepared by disintegration of TEMPO-pretreated wood pulp fibers 
was also used. 

2.3. NFC nanopaper preparation using a papersheet 
former (paper I) 

A semi-automatic sheet former (Rapid Köthen, Rycobel group) designed for 
paper-making was used to prepare NFC nanopaper samples. Figure 2.2.b shows 
a picture of the Rapid Köthen with its main components. 

 

Figure 2.2: (a) Vacuum filtration setup and (b) the Rapid Köthen sheet former. 
Machine owned by Fiber Technology division at KTH. 
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The nanopaper was prepared in the Rapid Köthen as follows. 80 g of the 2wt% 
NFC dispersion was diluted with water, followed by mixing at 12000 rpm using 
an Ultra Turrax mixer (IKA, D125 Basic) for 10 min. The final NFC dispersion 
had a concentration of 0.2 wt %. The dispersion was degassed for 10 min with a 
water vacuum pump. The degassed dispersion was filtered in the filtration unit 
of the Rapid Köthen under vacuum (Figure 2.3, step 1). The dispersion was 
poured into the hollow cylinder containing a metallic sieve at the bottom (pore 
size, 110 µm) on top of which a nitrocellulose ester filter membrane (Millipore 
DAWP29325) with 0.65 µm pore size was placed. The filtration time depended 
on the required thickness of the nanopaper and was about 45 min for a 60 µm 
thick nanopaper. After filtration, a strong gel formed on top of the filter 
membrane. The gel “cake” was peeled from the membrane and placed between 
woven metal cloths and paper carrier boards (Figure 2.3, step 2). This package 
was placed in the sheet dryer for 10 min at 93 °C under a vacuum of about 70 
mbar (Figure 2.3, step 3). After drying, a NFC nanopaper sample 200 mm in 
diameter was obtained (Figure 2.4).  

 

Figure 2.3: Preparation of large smooth NFC nanopaper structures using a 
semiautomatic sheet former (Rapid-Köthen). 

 

 

Figure 2.4: Photograph of a 200 mm diameter NFC nanopaper on top of a 
conventional A4 copy paper. 
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For comparison with the NFC nanopaper prepared by Rapid Köthen, NFC 
nanopapers were prepared by other means as follows: 

Filtration + oven drying:  a 0.2 wt % NFC dispersion was prepared as described 
above; it was then degassed and vacuum-filtered on a glass filter funnel (7.2 cm 
in diameter, Figure 2.2.a) using a 0.65 µm pore size filter membrane (DVPP, 
Millipore). After filtration, the wet gel was placed between woven metal cloths 
and Whatman filter paper and dried in an oven at 55 °C for 48 h at a pressure of 
about 25 kPa. 

Filtration + hot pressing: filtration was performed as described above; the wet 
gel (7.2 cm in diameter) was placed between woven metal cloths and Whatman 
filter paper and dried in a hot press at 105 °C for 10 min at a pressure of about  
30 MPa. 

Dispersion casting: the 0.2 wt % NFC dispersion was degassed and poured into 
a polystyrene Petri dish and air-dried for about 6 days under atmospheric 
conditions at 22 °C. 

We have also demonstrated the applicability of the Rapid Köthen for the 
preparation of hybrid clay / NFC nanopaper. 

NFC/montmorillonite (MMT) nanopaper:  hybrid NFC nanopaper with 50 wt 
% MMT was prepared as follows: A 1.63 wt % NFC dispersion containing 1.5 g 
of NFC was slowly added to a 1.0 wt % MMT dispersion containing 1.5 g of 
MMT. This dispersion was stirred for 24 h and was then further treated by 
ultrasonication for 30 min. The mixture was vacuum-filtered and dried in the 
Rapid Köthen unit. Inorganic-organic hybrid clay nanopaper with a thickness of 
about 60 µm was obtained. 

2.4. Biocomposites of NFC / wood pulp fibers (paper II) 

After we had successfully prepared NFC nanopaper in the Rapid Köthen 
equipment, we used this equipment to prepare NFC/pulp fibers biocomposites. 
The procedure was as follows. Never-dried softwood sulphite pulp with a water 
content of ca. 70 wt% was first diluted to 2 wt% by addition of water and 
dispersed for 10 min at 3000 rpm using a disintegrator (PTI disintegrator model 
number 95568) according to SCAN-C 18:65, and then beaten in a PFI-mill 
(HAM-JERN, Norway, 4000 revolutions) following the SCAN-C 24:96 method. 
These mechanical treatments aimed at making the surface of the fibers more 
accessible for subsequent adsorption of NFC. The 2 wt% NFC dispersion was 
diluted to 0.2 wt% with water and mixed for 10 min with an Ultra Turrax mixer 
(IKA, D125 Basic). Different amounts of the 0.2 wt% NFC dispersion, namely 
20, 50, 70 and 100 g, were added to 1 litre of a 0.2 wt% wood fiber slurry in 
order to obtain the following compositions of NFC with respect to the wood 
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fiber, 2%, 5%, 7%, and 10%,. The slurry obtained was thoroughly mixed with 
magnetic stirring for 3 days. The wood fiber/NFC composites were prepared by 
vacuum-filtration of the mixed slurry over a 0.65 µm filter membrane (Durapore 
DAWP29325) in a semi-automatic sheet former (Rapid Köthen model RK3A-
KWT) followed by drying of the wet cake between two filter papers at a 
temperature of 93 °C and a pressure of 70 mbars for 12 min. The biocomposite 
sheets thus obtained had a diameter of 200 mm and a thickness of 67–73 µm. As 
reference, wood fiber paper was prepared by the same method i.e. by filtering 1 
litre of the 0.2.wt% wood fiber slurry followed by drying. Nanopaper sheet 
consisting only of NFC was also prepared using the same procedure (see paper 
I).  

2.5.  Nanocomposites of NFC / hydroxyethyl cellulose 
(paper III) 

In the present study, we extended the use of the vacuum filtration method for the 
preparation of nanocomposites based on NFC and a water soluble cellulose 
derivative matrix (hydroxyethyl cellulose, HEC). The procedure is the 
following. HEC from Sigma Aldrich (2-hydroxyethyl cellulose, average Mv ~ 
1.300.000 g/mol, substitution degree 1.5, molar substitution 2.5 ethylene oxide 
groups per anhydroglucose unit) was dissolved in water with magnetic stirring 
overnight to a final concentration of 0.25 wt%. The 2 wt% NFC dispersion was 
diluted to 0.25 wt% by mixing with water in an Ultra Turrax mixer (IKA, D125 
Basic) for 10 min at 12000 rpm. Four different proportions of the 0.25 wt% 
HEC aqueous solution and 0.25 wt% NFC water dispersion with the same total 
dry weight (NFC+HEC) content of 450 mg were mixed using a magnetic stirrer 
for 24 h. The mixtures were degassed and then vacuum-filtered on a glass filter 
funnel (Figure 2.2.a) using a 0.65 µm filter membrane (DVPP, Millipore). The 
wet cake obtained at the end of the filtration was placed between metallic wire 
nets and filter papers and then dried using a laboratory sheet drier (Rapid 
Köthen) at 93 °C under a vacuum of ca. 70 mbar for 12 minutes. The thickness 
of the resulting NFC/HEC nanocomposites was in the range of 65–80 µm. When 
the dry nanocomposite films were weighed, it was found that about 20% of the 
initial amount of HEC was lost into the filtrate, since no weight loss was found 
in the neat NFC film. The neat NFC film (NFC nanopaper) was prepared by the 
same filtration method without the addition of HEC. The neat HEC film was 
prepared by solvent casting degassed HEC solution at 0.25 wt% on a 
polystyrene Petri dish in an air atmosphere at room temperature.  

 



27 

 

 

2.6. High surface area NFC nanopaper (paper IV) 

In papers I-III, low porosity NFC nanopaper and biocomposites were prepared 
by water evaporation from a wet cake (hydrogel). In the present study, we 
attempted to prepare high porosity NFC nanopaper by various drying methods, 
CO2 evaporation, CO2 supercritical drying and tert-butanol freeze-drying. The 
preparation of these nanopapers from aqueous NFC dispersions followed three 
main steps: NFC hydrogel formation from NFC dispersions by vacuum 
filtration, followed by solvent exchange of water in the hydrogel to another 
liquid/fluid, and final drying of the “hydrogel” to give porous NFC nanopaper.  
Two types of NFC dispersions were used for the nanopaper preparation. The 
dispersion prepared from enzyme-pretreated fibers contained non-charged fibrils 
and were designated NFC. The dispersion prepared from TEMPO-pretreated 
fibers contained cellulose fibrils having charges on their surface and is 
designated TO-NFC.  

NFC hydrogels from the dispersions: The aqueous NFC dispersion (ca 300mg 
solid content) was diluted to 0.2%, degassed and filtered over a 0.65µm 
membrane (DVPP, Millipore) until a strong hydrogel was formed (Figure 2.5.a).  

NFC nanopaper prepared by liquid CO2 evaporation:  The water in the NFC 
hydrogel was replaced by ethanol by placing the hydrogel in a 96% ethanol bath 
overnight and then in an absolute ethanol bath overnight. Subsequently, the NFC 
alcogel obtained was placed in a critical point dryer chamber (Tousimis) with a 
small amount of pure ethanol (to avoid evaporation of ethanol from the alcogel), 
the chamber was closed, and liquid carbon dioxide was injected into the 
chamber under a pressure of ca 50 bars. The sample was kept below the critical 
point conditions in the chamber to allow solvent exchange from ethanol to liquid 
CO2. The chamber was then depressurized and CO2 evaporated which gave a 
porous NFC nanopaper such as the one shown in Figure 2.5.b. 

NFC nanopaper prepared by supercritical CO2 drying (SC-CO2): The NFC 
alcogel (prepared as above) was placed in a critical point dryer chamber 
(Tousimis) with a small amount of pure ethanol, and carbon dioxide was 
injected into the chamber for solvent exchange and then brought above the CO2 
critical point (ca 100 bars and 35°C). The chamber was afterwards depressurized 
and CO2 evaporated which gave a porous NFC nanopaper. 

NFC nanopaper prepared by tert-butanol freeze-drying: The NFC alcogel 
was placed in a tert-butanol bath at a temperature of 40°C and kept overnight for 
solvent exchange. It was then taken and frozen by liquid nitrogen (without direct 
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contact of the alcogel with the liquid nitrogen). The solid tert-butanol was 
sublimated at room temperature under a pressure of 0.05 mbar in a bench-top 
freeze-dryer (Labconco Corporation, USA). 

 

Figure 2.5: (a) NFC hydrogel obtained by filtration (water content ca 85%) and 
(b) porous NFC nanopaper  

2.7. Ultra-high-porosity NFC foams prepared by freeze-
drying (paper V) 

A 2.2wt% NFC dispersion was diluted with water followed by mixing (8000 
rpm) in an Ultra Turrax mixer (IKA, D125 Basic) for 10 min to obtain NFC 
dispersions of 0.7, 1.2, and 1.9 wt%. In order to prepare NFC dispersion with 
higher concentrations, the initial 2.2 wt% NFC dispersion was concentrated by 
high-speed centrifugation using a centrifuge (SORVALL RC 26PLUS with a 
SS-34 rotor). The gravitational force encountered in the centrifugation process 
separates the NFC dispersion into a lower concentrated NFC dispersion phase 
(up to 10wt% concentration) and an upper phase of pure water. The upper phase 
was subsequently withdrawn with a pipette and the lower concentrated NFC 
dispersion was collected. By varying the centrifugation speed from 10000 to 
20500 rpm, NFC dispersions with concentrations of 2.8, 3.5, 4.2, 6.0, 7.7, and 
10.0 wt% were obtained. These NFC dispersions were stirred, placed in 
aluminium cups, with a diameter of 5 cm. The typical thickness of the samples 
was 1.5 cm. These samples were frozen by liquid nitrogen (-196 °C), without 
direct contact of liquid nitrogen with the sample. They were then freeze-dried in 
a FreeZone 6 liter bench-top freeze-dryer system equipped with a bulk tray dryer 
(Labconco Corporation, USA) at a sublimating temperature of -53 °C and a 
pressure of 0.021 mbar. NFC foams with 10 different densities were thus 
prepared. Figure 2.6 summarizes the foam preparation procedure and shows a 
picture of a NFC foam.  
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Figure 2.6: Preparation of NFC foams. 

2.8. Ultra-high-porosity NFC aerogels prepared by tert-
butanol freeze-drying (paper VI) 

The aqueous NFC dispersion was mixed with about twice its volume of tert-
butanol using an Ultra Turrax mixer for 10 minutes. The mixture obtained was 
centrifuged, and the supernatant solution removed. The bottom dispersion is 
taken, stirred, placed in aluminium cup, and frozen using liquid nitrogen. The 
frozen tert-butanol was afterwards sublimated overnight in a FreeZone 6 liter 
bench-top freeze-dryer (Labconco Corporation, USA) at a sublimation 
temperature of -53°C and a pressure of 0.05mbar. This method is referred to as 
the “one-step solvent-exchange” method.  

Another method for aerogel preparation, referred to as “6-steps solvent 
exchange” was performed as follows. Three solvent-exchange steps of the NFC 
dispersion to ethanol followed by three solvent-exchange steps to tert-butanol 
were performed by successive ethanol/tert-butanol addition, mixing, 
centrifugation, and supernatant removal. In the last step, freezing and 
sublimation were carried out as described for the one-step solvent exchange to 
give aerogel samples with densities up to 29 kg.m-3. 

Aerogel samples of higher density were prepared from high concentration 
aqueous NFC dispersions that were placed in a cup and then placed successively 
in a large excess of (1) ethanol at 96%, (2) pure ethanol and (3) pure tert-
butanol, each overnight to allow solvent exchange. They were afterwards frozen 
and sublimated as described previously to result in aerogel samples with 
densities of 50 and 105 kg.m-3. 

A summary of material preparation is given in scheme 1.  
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2.9. Density, porosity and volume fraction measurements 
(papers I-VI) 

Papers I, IV: The density is defined as the weight of the sample divided by its 
volume. The volume was calculated by multiplying the area of the sample by its 
thickness. The thickness was measured using a digital caliper. 

Papers II, III:  The mercury displacement technique was used for density 
measurement [85]. The density was determined on samples ca 2 cm wide and 4 
cm long by weighing the sample in air (wa) and immersed in mercury (wHg). 
Knowing the density of mercury (ρHg=13.534 g.cm-3), the density of the sample 
is given by: 

Hg
Hga

a
sample ww

w ρρ ⋅
−

=
 

Paper V: the density of NFC foams (ρ*) was determined by measuring the dry 
weight content of the aqueous dispersion, and the density of the corresponding 
foam was calculated according to the equation: 

cellulosewater WW

W

ρρ
ρ

//)1(
*

+−
=  

 
where W is the dry weight content of the NFC aqueous dispersion, and ρwater and 
ρcellulose are the densities of water and NFC taken as 997.77 kg.m-3 and 1500 
kg.m-3, respectively.  

For cellulose networks, the porosity is calculated from the density of the 
material according to: 

cellulose

samplePorosity
ρ
ρ

−=1
 

This equation has been used for NFC nanopaper (paper I), for pulp fiber/NFC 
biocomposites (paper II), for high surface area NFC nanopapers (paper IV), for 
NFC foams (paper V) and for NFC aerogels (paper VI). 

The porosity of NFC/HEC composite films (paper III) defined as the volume 
fraction of voids (VV) was calculated according to:  

[5] 

[6] 

[7] 
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where ρce is the experimental density of the NFC/HEC composites, ρct is the 
density of the solid constituting the composite (i.e. the theoretical density of a 
non-porous composite), ρf and ρm are the densities of NFC and HEC taken as 
1460 kg m-3 [86] and 1340 kg m-3 [87] respectively, and Wf is the weight 
fraction of NFC.  

In the NFC/HEC composites, the volume fractions of NFC (Vf) and HEC 
(Vm) are calculated according to the following equations:  

f
f

ct
Vf WVV ⋅⋅−=

ρ
ρ

)1(  

fVm VVV −−=1  

2.10. Field-Emission Scanning Electron microscopy (FE-
SEM) (paper I-VI) 

The surface texture and fractured cross section of the samples was observed by 
SEM using a Hitachi S-4800 equipped with a cold field emission electron 
source. The samples were coated with graphite and gold-palladium using Agar 
HR sputter coaters (total thickness ca. 5 nm). A secondary electron detector was 
used to capture images at 1 kV. Tensile-fractured specimens were used for cross 
section observations (paper I, II and III). In the case of the NFC foams (paper 
V), the foam was immersed in liquid nitrogen and fractured using mechanical 
force.  

2.11. Atomic Force Microscopy (AFM) (paper I)  

A nanoscope IIIa AFM (Picoforce SPM, Veeco, Santa Barbara, CA) was used to 
characterize the surface roughness of NFC and NFC/clay hybrid nanopapers. All 
measurements were performed in the tapping mode with a scan rate of 2 Hz/512 
dots using standard non-contact silicon cantilevers (RTESP, Veeco, Santa 
Barbara, CA) with a tip radius of 8 nm and a spring constant of 40 N/m. The 
roughness values of the prepared films were determined from the height images 
over a 4 µm2 area and were presented as a root-mean-square (rms) value. No 
image processing except flattening was undertaken. All measurements were 
made at 23 °C and 50% relative humidity. 

[8] 

[9] 

[10] 
 

[11] 
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2.12. Light transmittance (paper I) 

Regular light transmittance was measured using a UV-visible spectrophotometer 
(Cary 1E, Varian Corp.) by placing the nanopaper specimens on the cuvette 
port. The percentage transmittance at 600 nm (T600) was recorded. 

2.13. Tensile mechanical properties (papers I-IV) 

Prior to tensile testing, all the samples were conditioned at 50% relative 
humidity and 23 °C. Tensile tests were performed using an Instron universal 
materials testing machine equipped with a 50 or 500 N load cell. Specimen 
strips were tested at a strain rate of 10% min-1 under a controlled relative 
humidity of 50% and a temperature of 23°C. The geometry of the samples is 
shown in Table 3-1, as well as the number of specimens tested per material. 
Young’s modulus was determined as the slope at low strain, and the tensile 
strength was determined as the stress at specimen breakage. The yield stress was 
determined as the intersection of the tangents of the initial elastic region and the 
subsequent plastic region (see Figure 1.7). The Specific stiffness and specific 
strength were calculated by dividing the Young’s modulus and tensile strength 
by the density of the sample. Work to fracture was calculated as the area under 
the stress-strain curve. 

Table 2-1: Geometry and number of specimens used for tensile tests 

Specimen length*width Number of specimen tested 

50*15 mm2 for samples prepared in Rapid Köthen 
and 50*5 mm2 for others 

3-4 (paper I) 

50*15 mm2 5-7 (paper II) 

(20-30)*(3-5) mm2 3 samples   
(papers III and IV)  
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2.14. Dynamic Mechanical Analysis (DMA) (papers III, V) 

DMTA measurements were performed using a DMA Q800, TA Instruments.  

Paper III: The specimen was a rectangular strip with a length (distance between 
clamps) of 10 mm and a width of 5 mm. Temperature scans were performed in 
tension mode at a heating rate of 5° C.min-1 and a frequency of 1 Hz from –50 
°C to 300 °C in air.  

Paper V: The foam specimen was cut into a cube with 5 mm edge dimension. 
Temperature scan was carried out in compression mode from 25 °C to 300 °C 
with a heating rate of 3 °C.min-1 at a frequency of 10 Hz in air. 

2.15. Mechanical properties in compression (papers IV-VI) 

Prior to compression testing, all the samples were conditioned at 50% relative 
humidity and 23 °C. The freeze-dried foam and aerogel samples having a cubic 
geometry (1 cm3) and a cylindrical geometry (20 mm in diameter and 15 mm in 
height) respectively were compressed at a strain rate of 10% min-1 (equivalent to 
1 mm.min-1 and 1.5 mm.min-1 respectively). The compression tests were 
performed in a Miniature Materials Tester MiniMat2000 using a load cell of 20, 
200 or 2000 N depending on the density. The modulus was calculated from the 
initial linear region of the stress–strain curves. The yield stress of the foam was 
taken as the stress at the intersection between the tangent to the elastic region 
and the tangent to the collapse region. The compressive strength at 10% (σ10%) is 
taken as the stress at 10% strain. The ratio between foam density and the density 
of NFC (ρ*/ρcellulose) is called the relative density. The energy absorbed by the 
NFC foams and aerogels is taken as the area below the stress–strain curve 
between 0% and 70% strain for all samples. From the stress-strain curves, 
energy absorption diagrams (energy absorption vs stress) were plotted by 
assigning to every stress, the area below the stress-strain curve up to this stress. 

2.16. Specific surface area and pore size distribution 
(papers IV-VI) 

The Brunauer-Emmett-Teller (BET) surface area was determined by N2 
physisorption using a Micromeritics ASAP 2020 automated system. A sample  
was first degassed in the Micromeritics ASAP 2020 at 115 °C for 4 h prior to the 
analysis followed by N2 adsorption at –196 °C. BET analysis was carried out for 
a relative vapor pressure of 0.01–0.3 at –196 °C. The pore size distribution and 
the average pore size were determined from the nitrogen desorption isotherm 
according to the Barrett–Joyner–Halendar (BJH) analyses.  
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3. Results and discussion 

3.1. Nanopaper prepared by the papersheet former 
“Rapid Köthen” (paper I). 

In a previous study by Henriksson et al [18], NFC nanopaper was successfully 
prepared by vacuum filtration of a NFC dispersion followed by drying of the 
wet hydrogel “cake” obtained in a 55°C oven under a pressure of ca 10kPa for 
48 hours. The vacuum filtration was performed on laboratory equipment (Figure 
2.2.a) and the nanopaper sample obtained had a diameter of 72 mm and a 
thickness of ca 70 µm. The objective of paper I was to find an alternative 
method for nanopaper preparation that would allow larger sheets to be prepared 
in a shorter time. 

Nanopaper preparation using a papermaking-like process is interesting as it 
might be a starting point for adapting existing paper production processes for 
nanopaper-making. A study was therefore carried out where a semi-automatic 
paper sheet former, “Rapid Köthen”, was used for the preparation of NFC 
nanopaper. The Rapid Köthen allows the rapid preparation of 200 mm diameter 
paper sheets and has the advantage of performing the filtration and drying in a 
single piece of equipment. We have shown in this study that NFC nanopaper 
samples with a diameter of 200 mm could be prepared within 1 to 2 hours. The 
combination of vacuum (70mbar) and high temperature (93°C) allows rapid 
moisture removal during drying of the wet cake and this makes this method 
faster than some previously reported methods. The nanopaper sample obtained 
is characterized by optical transparency (42% light transmittance at 600 nm) and 
flatness (rms roughness of 20 nm determined on a 2*2 µm2 area). 

In a study by Nogi et al, nanopaper polishing was found to increase its light 
transmittance considerably (from 20% to 70%). In the present study, no 
polishing was used. A better value for light transmittance was found for the 
nanopaper prepared from TEMPO-pretreated fibers (light transmittance of 85% 
at 600 nm wavelength, see Figure1.6.a). This is because of the smaller diameter 
of these fibrils (3-4 nm) compared to the 5-40 nm diameter of the fibrils 
prepared by the enzymatic pretreatment method. 

Tensile mechanical properties of NFC nanopaper prepared by the Rapid Köthen 
were 13.4 GPa in modulus, 232 MPa in strength, 5% in strain to failure (Figure 
3.1 and Table 1-1). The higher modulus and strength, and lower strain to failure 
values of the nanopaper prepared by the Rapid Köthen compared to other 
preparation methods may be due to a greater in-plane orientation of the fibrils 
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provided by its greater area (200 mm in diameter for nanopaper by Rapid 
Köthen vs 72-80 mm by other methods).  
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Figure 3.1: Tensile stress-strain curves of NFC nanopaper structures prepared by 
different methods. 

Table 3-1 Comparison of properties of NFC nanopaper prepared by different 
methods. Values within parentheses are standard deviations. 

Preparation 
method 

Diameter 
(mm) 

Thickness 
(mm) 

Preparation 
time (h) 

Tensile 
strength 
(MPa) 

Strain to 
failure (%) 

Young’s 
modulus 
(GPa) 

Roughness 
(nm) 

T600
a 

(%) 

Dispersion 
casting 

80 40 120–144 
180     
(10) 

5.9     
(0.8) 

10.3    
(0.16) 

18.6    
(2.8) 

49.7 
(1.1) 

Filtration + 
oven drying 

72 45 48–72 
211     
(26) 

6.6     
(1.5) 

12.1   
(0.29) 

26.0    
(1.3) 

47.1 
(1.5) 

Filtration + 
hot-pressing 

72 55 2–3 
178     
(17) 

6.3     
(1.4) 

10.3   
(0.31) 

110.5 
(10.6) 

19.0 
(0.8) 

Rapid-
Köthen 

200 40 1–2 
232     
(19) 

5.0     
(1.1) 

13.4    
(0.25) 

21.9 
(0.8) 

42.0 
(1.1) 

Rapid-
Köthen 
hybrid 

200 45 1–2 
122     
(10) 

2.8     
(0.3) 

7.4     
(0.24) 

47.5 
(6.6) 

1.1 
(0.02) 

a Percentage transmittance at 600 nm. 
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Tensile mechanical properties of nanopaper materials have been reported in 
several studies [18, 20, 21, 23]. Direct comparison is difficult, since mechanical 
properties are affected by many parameters such as fibril orientation, density, 
degree of fibrillation, degree of crystallinity, molecular weight, hemicellulose 
content and liquids used during film forming [88]. A tensile strength as high as 
312 MPa was reported for high DP nanopaper (DP=1030) [89], while a stiffness 
value of 14.7 GPa was reported by Henriksson et al [18]. 

The structure of the NFC nanopaper was observed by scanning electron 
microscope and is presented in Figure 3.2 as images of the surface and tensile-
fractured cross section. 

 

 

Figure 3.2: Scanning electron micrographs of NFC nanopaper. (a) surface and 
(b) fractured cross section. 

As can be seen in Figure 3.2.a, the surface of the NFC nanopaper is made of 
fibrils having a random in-plane orientation. Apparent pores of ca 20 nm can be 
seen on the surface. These are formed during filtration and drying. Visual 
observation shows that the fibrils have a diameter of 10-40 nm, while their 
length is of the order of several micrometers. The fractured cross-section of the 
nanopaper shows a laminated structure formed by sheets of randomly distributed 
fibrils stacking in the thickness direction (Figure 3.2.b). The laminated structure 
is formed during vacuum filtration of the NFC dispersion and was observed by 
Henriksson et al and verified by X-ray diffraction patterns [18]. During the 
drying step in the nanopaper preparation, evaporation of water exerts capillary 
forces on the fibrils and leads to a consolidation of the network leading to the 
high density of the nanopaper (ca 1300 kg.m3) and its low porosity (10-20%).   

The present preparation method using the Rapid Köthen equipment can be 
extended to include hybrid nanopaper structures as was demonstrated by the 
preparation of NFC/montmorrilonite nanopaper. This was done by dispersing 
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exfoliated layered silicate clay platelets in the aqueous NFC dispersion and 
converting it into a nanopaper structure by filtration and drying. As much as 
50% by weight of montmorrilonite was loaded into the nanopaper giving a 
strength of 120 MPa. Another elaborate study on clay nanopaper by Liu et al has 
shown that 90wt% of montmorrilonite can be loaded in a nanopaper [24]. Good 
fire retardancy and oxygen-barrier properties of clay nanopaper were found and 
suggested applications are in self-extinguishing composites and further 
development into barrier layers in packaging [24]. 

3.2. Biocomposites of pulp fibers and NFC (paper II) 

We have shown in the previous study that nanopaper can be prepared in the 
“Rapid Köthen” paper-sheet former. We attempted in the present study to use 
this equipment for preparing wood fiber / NFC biocomposites. The purpose was 
to investigate the reinforcing effect of NFC on the pulp fibers.  

In this study, wood pulp fibers beaten for 4000 revolutions were chosen for 
wood fiber / NFC biocomposites because it was considered that a high degree of 
fibrillation would give material that would interact favorably with NFC. 
Furthermore, the mechanical properties of paper sheets made from beaten pulp 
fibers are far superior to those of sheets made from non-beaten pulp fibers, as 
can be seen in Figure 3.3. 
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Figure 3.3: Stress-strain curves of beaten and non-beaten wood pulp fiber papers 

Beaten wood fiber / NFC biocomposites were successfully prepared. The use of 
the 0.65 µm membrane on top of the filtration unit prevented nanofibrils from 
passing through the filter. The surface structure of the samples was studied by 
SEM. Figure 3.4 shows the SEM surface of (a) a reference wood fiber sample, 
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and (b and c) that of a 10% wood fiber / NFC biocomposite sample at two 
magnifications.   

 

Figure 3.4: SEM of the surface texture of (a) reference wood fiber sample, and 
(b) 10% wood fiber/NFC biocomposite. (c) enlargement of (b). 

The surface of the reference wood fiber sample shows apparent pores (Figure 
3.4.a), whereas the 10%NFC biocomposite surface appears to be smoother 
without apparent pores (Figure 3.4.b). An enlargement of this sample showed a 
NFC network structure (Figure 3.4.c). It is therefore considered that the wood 
fiber / NFC biocomposites were made of “nanopaper” structures filling the pores 
of the wood fiber network. NFC would also be partially adsorbed onto wood 
fiber surfaces. The difference in scale between wood fibers and NFC fibrils 
confers an interesting hierarchical structure onto the biocomposite. Porosity 
measurements by the mercury displacement technique showed that the porosity 
of the wood fiber / NFC biocomposite samples was lower than that of the 
reference wood fibre sample (35%-38% vs 45% respectively), and this agrees 
with the SEM images.     

The tensile mechanical properties of the biocomposites with different NFC 
contents were investigated. Uniaxial stress-strain curves are presented in Figure 
3.5.a and Table 3-2. It was found that the wood fiber/NFC composites had a 
higher modulus, higher strength and greater strain-to-failure than the reference 
wood fiber sample. The stiffness increase was about 25% with no noticeable 
difference between biocomposite samples with different NFC contents. Strength 
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and strain to failure increased with increasing NFC content in the biocomposite. 
Compared to the strength (97MPa) and strain-to-failure (2.7%) of the reference 
wood fiber sample, the biocomposite at 2% NFC content had a strength of 
141MPa and a strain-to-failure of 3.4%. The combination of improvements in 
strength, stiffness and ductility, led to an increase in the work to fracture by a 
factor of 2 when only 2% of NFC was added (1.7 MJ/m3 vs 3.3 MJ/m3). These 
properties are further increased with a higher NFC content biocomposites as can 
be seen in Figure 3.5.b. The biocomposite with a 10% NFC content had 
properties intermediate between those of wood fiber paper and nanopaper.   
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Figure 3.5: (a) Stress-strain curves of NFC/wood fiber biocomposites. The NFC 
percentage is presented next to the curve. (b) Mechanical properties for the 
reference wood fiber sample (0%), the 10% NFC/wood fiber biocomposite, and 
the nanopaper sample (100%). 

Table 3-2: Mechanical properties of the wood fiber/NFC biocomposites 

% NFC in 
the 
composites 

Tensile 
strength 
(MPa) 

Specific 
strength 
(MPa g-1 
cm3) 

Strain-to-
failure 
(%) 

Young’s 
modulus 
(GPa) 

Specific 
modulus 
(GPa g-1 
cm3) 

Work to 
fracture 
(MJ m–3) 

0% 97.5 ± 15 117 ± 28 2.7 ± 0.5 8.1 ± 1.2 9.7 ± 2.3 1.73 ± 0.5 

2% 141 ± 13 149 ± 29 3.4 ± 0.5 10.5 ± 1 11.2 ± 2.2 3.35 ± 0.6 

5% 141 ± 8 151 ± 20 3.6 ± 0.3 10.2 ± 0.5 10.9 ± 1.4 3.52 ± 0.3 

7% 146 ± 14 155 ± 24 3.9 ± 0.2 10.0 ± 0.5 10.6 ± 1.2 3.80 ± 0.4 

10% 160 ± 9 165 ± 16 4.2 ± 0.5 10.1 ± 0.3 10.4 ± 0.8 4.42 ± 0.7 

100% 235 ± 21 218 ± 27 5.2 ± 1.2 13.5 ± 0.3 12.5 ± 0.7 7.26 ± 2.6 
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The increase in the mechanical properties of the wood fiber/NFC biocomposites 
is partly because they have a higher density than the reference wood fiber 
sample. However, the dramatic increase in strength cannot be explained solely 
by the reduced porosity since the specific strength values are higher for the 
biocomposites (see Table 3-2). NFC addition improves the stress transfer 
between pulp fibers and involves nanofibril slippage in the pores of the wood 
fiber network, and this results in the large increase in the work-to-fracture. 

3.3. Nanocomposites of NFC and HEC (paper III) 

In the previous study, it was found that filling wood fiber pores with a more 
ductile NFC network provided biocomposites of increased toughness. 
Continuing this approach, the aim of the present study was to develop tough 
NFC networks by preparing biocomposites of NFC and a ductile matrix. Using 
vacuum filtration and drying, we successfully prepared cellulose biocomposites 
based on NFC and a cellulose derivative matrix (hydroxyethyl cellulose, HEC). 
This was done simply by dispersing NFC into an aqueous HEC solution 
followed by vacuum filtration and drying. The solubility in water of HEC, its 
compatibility with NFC (HEC associates with NFC), and its high molecular 
weight (1.3 Mg.mol-1) are crucial for the water-based preparation route adopted, 
because low molecular weight and non-associating polymer matrices are lost 
during vacuum filtration. The HEC used showed only ca 20% loss during 
filtration that could come from low molar mass fractions. The advantage of the 
present filtration method lies in the possibility of high NFC contents 
biocomposite preparation which is usually challenging for other preparation 
routes.  Also, HEC probably associates with individual NFC nanofibers. 

Composition of the NFC / HEC biocomposites 

The composition of the NFC / HEC biocomposites prepared was determined 
from the final weight of the films knowing that no loss of NFC occurred during 
filtration. After determining the density of the films by the mercury 
displacement technique, it was possible to estimate the porosity of the 
biocomposites (Equation 8). From weight fractions and porosity data, volume 
fractions of NFC and HEC were calculated according to Equations 10 and 11. 
Table 3-3 summarizes these properties. 
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Table 3-3: Composition of the NFC / HEC composites and reference materials. 
W denotes weight fraction, Vf and Vm are volume fractions of NFC and HEC 
respectively.  

W (NFC)/ % 0 12 38 56 68 100 
NFC/HEC Vf /Vm 0/96 8/64 31/56 45/41 54/28 88/0 
Density (ρct)/ kg.m-3 1284 (53) 979 (17) 1202 (105) 1203 (58) 1168 (22) 1284 (38) 
Porosity (VV)/ % 4.2  27.7  13.1  14.2  17.7  12.0  
NFC Vf/ % 0 8.0 31.3 44.5 54.4 88.0 
HEC Vm/ % 95.8 64.3 55.6 41.3 27.9 0 
 

In the subsequent discussions, the composition of the biocomposites is denoted 
by the volume fraction ratio of NFC/HEC, i.e Vf/Vm.  

Structural characterization of the NFC / HEC biocomposites by FE-SEM 

The structure of the NFC / HEC composite (31/56) was observed by SEM and 
compared to that of a nanopaper reference sample (88/0). Figure 3.6 shows 
surface micrographs of these two samples.  

 

Figure 3.6: FE-SEM micrographs of the surfaces of (a) NFC nanopaper 
(NFC/HEC=88/0) and (b) NFC/HEC (31/56) biocomposite.   

The nanopaper surface (Figure 3.6.a), shows apparent pores ca 20 nm in 
diameter and fibrils with a random in-plane orientation. The biocomposite 
sample (Figure 3.6.b) had a similar fibrillar structure (random in-plane 
orientation) but did not show as deep pores as those in the nanopaper sample, 
and the cellulose fibrils appeared to be embedded in the HEC matrix. HEC is 
probably adsorbed as a thin layer on the NFC nanofibers, and excess HEC fills 
the network pores. The large aspect ratio (length/diameter) of NFC is also 
apparent. Typical diameters are in the 10-40 nm range for the NFC and the 
lengths exceed one micrometre.  
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High magnification FE-SEM micrographs of tensile-fractured cross-sections of 
NFC nanopaper and NFC/HEC biocomposites are presented in Figure 3.7. The 
laminated nature of the NFC nanopaper as well as the NFC fibrils are apparent 
in Figure 3.7.a. The NFC/HEC (54/28) biocomposite (Figure 3.7.b) also 
displayed a laminated structure. In addition, the NFC-rich lamellae are separated 
by HEC-rich interlaminar layers about 100 nm thick (see arrow). In the 
NFC/HEC (45/41) biocomposite (Figure 3.7.c), HEC-rich interlayers are also 
observed. In the NFC/HEC (31/56) biocomposite (Figure 3.7.d), no laminar 
features are immediately apparent, nanofiber ends fractured in tension appears 
as white dots and are distributed homogeneously in the HEC matrix while their 
pull-out lengths appear to be very short. 

 

Figure 3.7: Fractured cross-sections SEM images of (a) reference NFC 
nanopaper sample (88/0), and biocomposites having NFC/HEC volume fractions 
of (b) 54/28, (c) 45/41 and (d) 31/56.  Scale bar is 500 nm. 
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Mechanical properties of NFC / HEC biocomposites 

The tensile mechanical properties of the NFC / HEC composites and reference 
samples were determined and the stress-strain curves of materials with different 
NFC/HEC ratios are shown in Figure 3.8, with a compilation of the tensile 
mechanical properties in Figure 3.9 and Table 3-4.   
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Figure 3.8: Stress-strain curves of NFC/HEC composites and reference samples. 
NFC/HEC ratios are displayed next to the curves. 
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Figure 3.9: (a) Young’s modulus, (b) tensile strength and yield stress, (c) strain 
at break and (d) work to fracture of the NFC/HEC composites as a function of 
the volume fraction of NFC. 
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Table 3-4: Tensile mechanical properties of NFC/HEC composites. Values 
within parentheses are standard deviations. 

NFC/HEC 0/96 8/64 31/56 45/41 54/28 88/0 

Young’s modulus/ 
GPa 

0.95 
(0.16) 

1.87 
(0.22) 

4.58 
(0.45) 

7.50 
(0.24) 

8.23 
(0.55) 

9.93 
(0.17) 

Tensile strength/ MPa 41 (7) 66 (2) 147 (6) 181 (5) 202 (5) 175 (2) 
Yield stress/ MPa 18 25 52 74 84 100 
Specifc stiffness/         

GPa g-1.cm3 
0.74 

(0.12) 
1.91 

(0.22) 
3.81 

(0.37) 
6.23 

(0.20) 
7.05 

(0.47) 
7.73 

(0.13) 
Specific strength/     

MPa g-1 cm3 
31.9  
(5.5) 

67.4  
(2.0) 

122.3 
(5.0) 

150.4 
(4.2) 

172.9 
(4.3) 

136.2 
(1.6) 

Strain at break/ % 36.6 (4.4) 32.5 (1.5) 24.4 (2.6) 19.0 (1.0) 14.0 (1.0) 8.5  (0.5) 
Work to fracture/        

MJ m-3 
9.1  (2.1) 15.1 (0.6) 27.1 (4.1) 26.1 (1.5) 20.0 (1.7) 10.3 (0.7) 

 

The NFC nanopaper sample had a strength of 175MPa and a strain to failure 
of 8.5%. The tensile curve shows two distinct deformation regions for the 
NFC nanopaper, i.e., an initial linear elastic region followed by a plastic 
region. This is in agreement with stress-strain curves reported for nanopaper 
[18, 20]. Interestingly, the NFC/HEC nanocomposites show an additional 
third deformation region. As a results of this additional plastic deformation 
region, breakage of the NFC/HEC composites is delayed to higher strain, and 
the 54/28 and 45/41 samples show a stress and strain at break higher than 
those of the NFC nanopaper sample  (σ=202 MPa and 181 MPa and ε=14.0% 
and 19.0% respectively). The combination of high tensile strength and high 
strain-to-failure of the 31/56 nanostructured NFC/HEC biocomposite leads to 
a work-to-fracture of 27.1MJ/m3, which is about three times higher than that 
of their separate components HEC and NFC (9.1 and 10.3 respectively) 
(Figure 3.9.c). 

Composites with a high content of cellulose fibrils have been investigated in 
only a few literature studies. Figure 3.10 provides a comparison between the 
tensile mechanical properties of the present NFC / HEC composites and those of 
other biocomposites of NFC based on plasticed starch [37], polyvinyl alcolhol 
[17], epoxy [17], and hemicellulose [17] matrices. The NFC content was 50wt% 
in all the composites except for the HEC (present study) where it was 56wt%. 
The black bars correspond to properties of the neat matrices and are shown for 
comparison. It can be seen in Figure 3.10 that all these composites have a 
substantially higher modulus and a higher strength than the neat matrix, with 
values above 4GPa and 70MPa respectively. The improvement in strength and 
stiffness is however accompanied by a reduction in the strain-to-failure. The 
present NFC/HEC biocomposites have a good combination of strength, stiffness 
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and ductility, and their work-to-fracture is 3-4 times higher than that of other 
reported materials.  

 
H

E
C

S
ta

rc
h

P
V

A
E

po
xy

H
em

ic
el

lu
lo

se

0

2

4

6

8

10

H
E

C
S

ta
rc

h
P

V
A

E
po

xy
H

em
ic

el
lu

lo
se

0

50

100

150

200

H
E

C
S

ta
rc

h
P

V
A

E
po

xy
H

em
ic

el
lu

lo
se

0

5

10

15

20

25

30

0

2

4

6

8

10

Y
ou

ng
's

 M
od

ul
us

 (
G

P
a)

0

50

100

150

200

S
tr

en
gt

h 
(M

P
a)

0

5

10

15

20

25

30

W
or

k 
to

 fr
ac

tu
re

 (
M

J/
m

3 )

0

20

40

60

80

H
E

C

S
ta

rc
h

0

20

40

60

80

S
tr

ai
n 

to
 fa

ilu
re

 (
%

)
 

 

Figure 3.10: Mechanical properties of composites reinforced with a high content 
of nanofibrillated cellulose. Strain to failure and neat matrices work-to-fracture 
data are only available for HEC and starch systems.  

 

A comparative study of the reinforcing potential of low contents of cellulose 
fibrils in different matrices is shown in Figure 3.11. The NFC weight percentage 
is shown next to the polymer matrix in the graph. It is evident in Figure 3.11 that 
the cellulose fibrils lead to considerable improvement in the strength and 
stiffness of the polymer matrices even at low fibril contents. This is due to the 
low percolation threshold of the fibrils provided by their large aspect ratio and 
large surface area. As expected, the strength and stiffness values were however 
lower than those obtained at high NFC contents (two to three times lower). 
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Figure 3.11: Mechanical properties of composites reinforced with a low content 
of nanofibrillated cellulose based on HEC (present study), starch [37], 
hydroxypropyl cellulose HPC [39], polyvinyl alcohol PVA [39], and 
polyurethane (PU) [40] matrices. Strength values are taken from stress-strain 
curves in [39]. 

Thermo-mechanical properties of the NFC/HEC biocomposites 

Mechanical properties at elevated temperature of the NFC/HEC composites and 
the reference samples were studied by DMTA. Results are shown in Figure 3.12 
as plots of storage modulus (E´) and tan δ versus temperature.  
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Figure 3.12: (a) Storage modulus (E´) and (b) tan δ as functions of temperature 
for NFC/HEC biocomposites, pure NFC nanopaper and neat HEC film. 

The NFC/HEC biocomposites with volume fractions above 31% were much 
more thermally resistant than the neat HEC and retained a storage modulus 
above 2 GPa up to 200°C. Improvements in the thermomechanical properties of 
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NFC-reinforced polymers have been reported by several authors [16, 32, 41]. 
Glasser et al. reported a storage modulus of 200 MPa at 150°C for NFC/HPC 
biocomposites containing 5wt% NFC. At the same temperature, our 
nanocomposites with 12wt% of NFC had a storage modulus of 1.3GPa. The 
storage modulus was further increased to 6.2GPa with 68wt% NFC. These 
values are also higher than those of glycerol plasticized starch/NFC composites 
with 10%wt and 70wt% NFC loadings (E’=20MPa and 3GPa respectively at 
150°C) [37]. Interestingly, with an NFC volume fraction of 8%, the tan δ peak at 
165.8°C corresponding to the Tg of HEC was shifted to 178.6°C due to the 
reduced molecular mobility of HEC as it associates with cellulose. 

3.4. Conclusions from papers I-III  

Filtration is in a sense used in paper production. In papers I-III, we have shown 
that it is possible to use vacuum filtration route to prepare NFC nanopaper, 
NFC/wood fiber biocomposites and NFC/HEC nanocomposites. The advantage 
of going down in scale from the micrometer-scale pulp fibers to the nanometer-
scale cellulose composites is illustrated in the strength-elongation property chart 
(Figure 3.13). A conventional wood fiber paper has a relatively low strength and 
elongation (40 MPa and 3%). The beating of the pulp fibers leads to their partial 
fibrillation and considerably increases the density and the strength of the 
corresponding paper to ca 100 MPa. If NFC is added to beaten pulp fibers, a 
further increase in strength and elongation is obtained due to the better stress 
transfer between the fibers. Biocomposites of wood fibers and NFC are thus 
approaching properties of pure NFC nanopaper. The ductility of the NFC 
nanopaper can be further increased by incorporating a ductile cellulose 
derivative matrix (HEC). The NFC/HEC nanocomposites with high NFC 
content have an elongation (related to strain-to-failure) as high as 14-24% and 
their strength is in the range of 150-200 MPa. The combination of strength and 
elongation improvement from pulp fibers to nanostructured cellulose composites 
can be clearly seen in their toughness values (0.9 MJ/m3 for unbeaten fiber paper 
to 27 MJ/m3 for NFC/HEC nanocomposites) (Figure 3.14). These observations 
clearly demonstrate the property-improvement potential through structure 
control at the nanometer scale. Enlargement of utilization possibilities may 
include for example sporting goods, and automotive or electronic applications. 
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Figure 3.13: Strength-elongation material selection chart based on Ashby charts 
showing the properties of pulp fibers and NFC-based networks 
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Figure 3.14. Work-to-fracture evolution from non-beaten pulp fibers (PF) to 
NFC / HEC biocomposites 
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3.5. High surface area NFC nanopaper (paper IV) 

In the first study in the present thesis (Paper I), NFC nanopaper was prepared by 
evaporation of water from a wet NFC cake (NFC hydrogel). Capillary forces 
exerted on the fibrils during water evaporation led to NFC consolidation into a 
high density nanopaper. This causes strong NFC aggregation and may also 
entrap pores. This is supported by the low oxygen transmission rate through 
NFC nanopaper [24], and its very low specific surface area (BET=0.008 m2/g). 
The present study has sought to preserve the surface area of the fibrils by drying 
the NFC hydrogel by other means than water evaporation so that fibril 
aggregation is avoided. Three drying procedures have been employed, based 
upon exchanging water in the NFC hydrogel to liquid CO2, supercritical CO2 
and tert-butanol followed by evaporation (L-CO2), supercritical drying (SC-
CO2) and sublimation (Tert-B-FD) respectively (see chart 1 for material 
preparation). In the present study, two types of NFC were used, NFC prepared 
from enzyme-pretreated pulp fibers (NFC), and NFC prepared from TEMPO-
pretreated pulp fibers (TO-NFC).  

Solvent exchange in the NFC hydrogel 

After the filtration procedure, the water volume content of the NFC hydrogel 
was 85-90%. After exchanging water to ethanol, the TO-NFC alcogel obtained 
had an ethanol volume content of about 65%. This means that the solvent 
exchange from water to ethanol resulted in a shrinkage of the TO-NFC hydrogel 
presumably due to capillary action in the wet state. The hydrogel based on NFC, 
on the other hand, did not show any noticeable shrinkage during solvent 
exchange to ethanol (volume content of ethanol in the NFC alcogel is 85-90%). 
These observations suggest that there is a greater interaction of water molecules 
with charged fibrils than with non-charged fibrils. 

Porosity and specific surface area of NFC nanopapers 

After the NFC nanopapers had been prepared, their density, porosity and surface 
area were measured (see Table 3.5). These properties give valuable information 
about structural changes occurring during the drying procedures.  
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Table 3-5: Density, porosity and specific surface area of NFC nanopaper 

 Supercritical CO2 drying Liquid CO2 Evaporation 
tert-butanol             

freeze drying 

 NFC TO-NFC NFC TO-NFC NFC TO-NFC 

Density/ 
kg.m-3 

205 640 375 845 380 880 

Porosity/ % 86 56 74 42 74 40 
Surface area/ 

m2 g-1 
304 482 262 415 117 45 

Average pore 
diameter / nm 

35.8 12.4 20.6 6.7 24.0 5.5 

 

The results in Table 3-5 showed that charge on the TO-NFC surfaces led to 
lower porosity nanopapers (40%-56%) than non-charged NFC (porosity of 74%-
86%). Supercritical drying (SC-CO2) gave the highest porosity which is slightly 
lower than the volume content of ethanol in the hydrogel prior to drying. This 
indicates that supercritical drying occurred with only little shrinkage of the 
structure. The large difference in porosities observed depending on the presence 
of charge on the NFC is interesting and can be used to tailor the porosity of NFC 
nanopaper by controlling the charge density on the NFC surface.   

Interestingly, NFC nanopaper with a porosity of 74% was obtained by liquid 
CO2 evaporation from the gel. This is a much higher porosity than that of NFC 
nanopaper prepared by methanol evaporation and acetone evaporation from the 
gel (28% and 40% respectively) [18] and is due to the low polarity of CO2, that 
is in the same range as toluene polarity [81], which results in lower capillary 
action on NFC.  

The specific surface area results indicated that the present nanopaper had the 
largest surface area of any native cellulose material reported, and compare well 
to the surface area of regenerated cellulose aerogels [73]. The nanopaper 
samples dried by supercritical carbon dioxide had the largest specific surface 
area, which was greater for the TO-NFC nanopaper (482 m2/g for the TO-NFC 
nanopaper vs 304m2/g for the NFC nanopaper). This is expected because TO-
NFC has smaller diameter than that of NFC. The theoretical diameter of the 
fibrils back-calculated from the specific surface area of the nanopapers prepared 
by supercritical drying by assuming that the fibrils have a cylindrical shape was 
5.7 and 9.0 nm for TO-NFC and NFC respectively. This is in good agreement 
with values from literature (3-4 nm for TO-NFC and 5-20 nm for NFC) [10, 13], 
as fibrils aggregation during supercritical drying is largely prevented.  

The average pore diameter results showed that higher values corresponded to 
NFC nanopapers and SC-CO2 drying method.  
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Structural characterization of NFC nanopapers by FE-SEM 

The in-plane structure of the nanopapers prepared by supercritical drying and 
tert-butanol freeze-drying was investigated by scanning electron microscopy and 
is shown in Figure 3.15. These drying methods yielded nanopapers with a 
porous nature. TO-NFC nanopaper (Figure 3.15.a) had smaller pores and fibrils 
with a smaller diameter than NFC nanopaper (Figure 3.15.b), and this is in 
agreement with nitrogen sorption data (see Table 3-5). Nanopapers prepared by 
supercritical drying (Figure 3.15.a and 3.15.b) did not show any noticeable 
fibrils aggregation, while the nanopaper prepared by tert-butanol freeze-drying 
(Figure 3.15.c) showed some NFC aggregation that explains its lower specific 
surface area.  

 

Figure 3.15: SEM images of a) TO-NFC nanopaper prepared by SC-CO2 (b) 
NFC nanopaper prepared by SC-CO2 (surface of tensile fractured sample) and 
(c) NFC nanopaper prepared by Tert-B-FD. 

Mechanical properties of high surface area NFC nanopapers 

Tensile mechanical properties of these high surface area nanopapers are shown 
in Figure 3.16 and compiled in Table 3-6.  
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Figure 3.16: Stress-strain curves of high surface area NFC nanopaper 
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Table 3-6: Tensile mechanical properties of NFC nanopapers 

 Supercritical CO2 drying Liquid CO2 Evaporation tert-butanol freeze drying 

 NFC TO-NFC NFC TO-NFC NFC TO-NFC 
Porosity (%) 86 56 74 42 74 40 

Modulus (GPa) 0.15 (0.01) 1.4 (0.2) 0.47 (0.04) 1.8 (0.2) 1.0 (0.01) 5.0 (0.4) 
Tensile strength 

(MPa) 
7.4 (1.8) 

83.7 
(14.7) 

19.6 (1.4) 102 (12) 23.2 (2.0) 120 (3) 

Strain to failure 
(%) 

9.6 (2.3) 16.6 (3.4) 10.0 (0.7) 14.7 (1.4) 5.7 (0.8) 8.8 (0.4) 

Work to fracture 
(MJ m-3) 

0.43 (0.18) 7.8 (2.7) 1.2 (0.15) 8.5 (1.5) 0.8 (0.19) 7.3 (0.3) 

 

These nanopapers showed a wide range of mechanical properties because they 
had porosities ranging from 40 to 86%. The 56% porosity nanopaper had 
modulus, strength and strain-to-failure of 1.4 GPa, 84 MPa and 17% 
respectively. These properties are comparable to typical properties for 
commodity thermoplastics, and the present nanopaper has the advantages of 
lower density and higher specific surface area than thermoplastics. We can also 
note that the high surface area nanopapers prepared by SC-CO2 and L-CO2 had 
greater ductility than nanopapers of lower specific surface area prepared by tert-
butanol freeze-drying while these latter are stiffer. This is possibly due to 
weaker NFC nanofiber interaction in the case of high surface area nanopaper 
allowing more fibrils-fibrils slippage. Due to the high ductility of the TO-NFC 
nanopaper prepared by SC-CO2, its work-to-fracture is 8 MJ/m3 and compare 
well to the 10 MJ/m3 work to fracture of the lower porosity NFC nanopaper 
prepared by water evaporation from NFC hydrogel (see paper III).  

These nanopapers also showed good flexibility and can be folded-unfolded 
several times without they break (Figure 3.17). Furthermore, high surface area 
TO-NFC nanopaper showed some level of transparency (Figure 3.17.c) due to 
their small fibrils and pores. 

 

Figure 3.17: (a) Folded NFC nanopaper prepared by SC-CO2, (b) same 
nanopaper after 10 cycles of folding-unfolding (c) TO-NFC nanopaper prepared 
by liquid CO2 evaporation on top of KTH logo. 
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3.6. Ultra-high-porosity NFC foams prepared by 
freeze-drying (paper V) 

The purpose of the present study was to prepare and investigate the mechanical 
performance of NFC foams having a wide range of densities (7-103 kg/m3). 
More precisely, the purpose was to investigate the mechanical property / density 
relationship of NFC foams. A pre-study was performed in order to determine the 
effect of freezing rate on the morphology of the foam.  

Effect of the freezing rate on the morphology of NFC foam  

NFC dispersions having a concentration of 1.3wt% were frozen at three different 
temperatures: -20°C, -80°C and -196°C, and the ice crystals were sublimated 
under low pressure (0.021 mbar). The influence on the freezing rate was studied 
in terms of shrinkage and specific surface area of the resulting foam. Figure 3.18 
shows cross-sections of the freeze-dried foams obtained. 

 

Figure 3.18: Freeze-dried NFC foams prepared at different freezing 
temperatures  

It can be seen in Figure 3.18 that the freezing rate considerably influences the 
structure of the foam. Slow freezing of the NFC dispersion (higher freezing 
temperature) resulted in shrinkage of the freeze-dried foam. The shrinkage was 
more pronounced when the freezing was done at -20°C than at -80°C (80% vs 
35% respectively). The large shrinkage obtained at those temperatures was 
accompanied with a strong decrease in the surface area of the foam compared to 
that of the NFC foam with low shrinkage as can be seen in Table 3.7.  
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Table 3-7: Shrinkage and specific surface area of freeze-dried NFC foams 
frozen at different temperatures  

Freezing temperature -196°C -80°C -20°C 
Shrinkage (%) 0 35 80 

Surface area (m2/g) 37.5 5.4 3.8 

Due to the absence of shrinkage observed in the foam prepared by cryogenic 
freeze-drying using liquid nitrogen, we selected this preparation route.  

Preparation of NFC foams with a wide range of densities 

In a previous study by Paakko et al., a 2% NFC dispersion was freeze-dried to 
produce a porous NFC aerogel with a density of 20 kg/m3 [78]. The present 
study aims at investigating the mechanical performance of freeze-dried NFC 
foams of various densities. We have developed a centrifugation method to 
concentrate the aqueous NFC dispersion, and freeze-drying of NFC dispersions 
of different concentrations led to NFC foams of different densities. 

Structure of NFC foams observed by FE-SEM 

NFC foams of densities between 7 kg/m3 and 103 kg/m3 have been successfully 
prepared. Figure 3.19 shows micrographs of the bottom surfaces of the foam 
samples with densities of 7 and 79 kg/m3, respectively. Figure 3.19 shows the 
highly porous fibrillar structure exhibited by the foam sample surfaces. The cell 
diameter was about 1 µm for the 7 kg/m3 sample and 250 nm for the 79 kg/m3 
sample. There seems to be a higher aggregation degree of the fibrils in the 
higher density foam, as can be seen in Figure 3.19.b. 

 

Figure 3.19: SEM of the bottom surface of NFC foams having a density of (a) 
7kg.m-3 and (b) 79kg.m-3.  
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Cross-sections of the foam samples showed an ice-crystal templated cellular 
structure as exemplified by the sample with a density of 7 kg/m3 in Figure 
3.20.a. The present foam structure is dominated by open cell structures.  The cell 
wall consists of cellulose nanofibrils that aggregate together in a “cellulose 
nanopaper” structure (Figure 3.20.b). This structure is probably formed during 
freezing when ice crystals are nucleated in the nanofiber dispersion and push the 
cellulose nanofibers into interstitial regions between the ice crystals. The scale 
of the cell size at the cross-section was around 10 µm for the foam sample of 7 
kg/m3, which was an order of magnitude larger than the cell size on the bottom 
surface. It should be noted that the ice-crystal-templated structure observed in 
the cross section constitutes most of the foam structure, and that the fibrillar 
structure concerns only a thin layer of the foam (ca 10%). These foams had a 
specific surface area of 14-42 m2/g, the lower values corresponding to higher 
density foams.  

 

Figure 3.20: (a) SEM of the cross section surface of NFC foams having a 
density of 7kg.m-3 (b) magnification at the cell wall of the foam. 

Mechanical properties of the foams 

The compression stress-strain curves of NFC foam samples of different densities 
are presented in Figure 3.21. These show that NFC foams are very ductile as 
they can be compressed to high strains (up to 99% strain for the lowest density 
foam (7 kg/m3)). Furthermore, in contrast to polymer foams that show an 
horizontal collapse plateau, these foams show a gradually increasing stress in the 
“plateau zone” due to a better load-bearing ability of the NFC cell walls.  
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Figure 3.21: Compression stress-strain curves of NFC foams. Density values are 
given besides the curves. 

In Figure 3.22, mechanical properties in compression of the foams are plotted 
against the cell wall relative density. The structure of the cell wall is similar to 
the previously reported nanopaper structures, and the density of the solid 
material (ρs) was assumed to be 1215 kg.m-3 in calculations of the relative cell 
wall density [18]. It is evident that modulus and yield stress scale strongly with 
density. There is a 100-fold increase in Young’s modulus and yield stress 
between the 7 kg/m3 and 100 kg/m3 materials. Scaling laws suggested by Gibson 
and Ashby (Equations 1 and 2) for open-cell foams were fitted to the mechanical 
behaviour of these foams in Figure 3.22. This makes it possible to estimate the 
properties of the nanopaper solid cell wall, and the nanopaper cell wall modulus 
and yield stress were found to be Es=1.2 GPa and σs=67 MPa respectively. The 
estimated value of σs is in good agreement with the measured yield strength of 
porous nanopaper (90.6 MPa) [18]. The value of Es is however lower than 
values measured in tension for nanopaper (10-15GPa) [18], which could be 
because the nanopaper cell wall in the foam is locally loaded in bending in a 
different configuration from that of the NFC nanopaper in tension (Figure 3.23).  

 

Figure 3.22: Modulus and yield stress experimental data fitting according to 
Gibson and Ashby equations for open-cell foams 
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 Table 3-8: Mechanical properties of NFC foams with different densities 

Density (kg m–3) 7 12 19 22 28 35 43 61 79 103 

Porosity (%) 99.5 99.2 98.7 98.5 98.1 97.7 97.2 95.9 94.7 93.1 
Modulus (kPa) 56 180 249 435 718 1360 1510 4650 4450 5310 

Yield Stress (kPa) 7.8 29.6 26.1 31.9 70.1 92.7 135.1 194 273 515.6 
Energy Absorption (kJ/m3) 8.4 22.9 36.7 55.5 92 131 210 419.4 538.8 927.7 
 

Nanopaper in tension
Nanopaper cell wall in compression

a b

 

Figure 3.23: (a) Nanopaper loading configuration in tension and (b) nanopaper 
cell loaded in compression will result in cell wall bending. 

The NFC foams have an energy absorption comparable to that of expanded 
polystyrene (EPS) foams [90]. The modulus of NFC foams is lower than that of 
EPS foams since the cell structure has a larger proportion of open cells. 

In order to categorize the NFC foams and compare them with conventional 
foams, the compressive strength at 10% strain was plotted for different NFC 
foam densities in a graph already comprising properties of conventional polymer 
foams [46] (Figure 3.24.a). It is found that the NFC foams can belong to three 
foam categories depending on their density, and that they compare well with 
closed cell polyethylene foams in terms of σ10%. Due to the high σ10%, NFC 
foams can withstand a thousand times their own weight as can be seen in Figure 
3.24.b. 
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Figure 3.24: (a) Compressive strength at 10% strain versus apparent density for 
NFC foams (dots with standard deviation) compared with other polymer foams 
[46]. (b) NFC foams supporting applied loads. 

To better assess the energy absorption capabilities of the NFC foams, their 
compression stress-strain curves have been converted into energy absorbed vs 
peak stress diagrams. These are presented in Figure 3.25.  
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Figure 3.25: Energy absorption diagrams of NFC foams (solid line) and the 
envelope of the inflexion points (dashed line). 

A linear envelope (on a log-log scale) of the inflexion points of the curves at 
different densities shows that the energy absorbed (W) by the NFC foams 
correlates with the peak stress (σ) according to:  

015,130.0 σ=W  [12] 
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For elastic foams such as polyethylene and polyurethane, the following equation 
has been established [53, 91]:  

8/7

11.0 







=

ss EE

W σ

 

The NFC foams compare very well with those foams as shown in Figure 3.26. In 
Equations [12] and [13], the energy (W) is expressed in J/m3 and the modulus 
and peak stress in Pa. 
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Figure 3.26: Energy absorption versus peak stress for NFC, polyethylene and 
polyurethane foams 

NFC / xyloglucan composite foam  

Xyloglucan (XG) is an important polysaccharide in the primary plant cell wall, 
where it associates tightly with cellulose and tethers adjacent microfibrils to 
form a strong, yet compliant material (Figure 1.2.c) [92]. A pre-study of the 
adsorption of xyloglucan onto NFC has shown that amounts of xyloglucan of up 
to 0.6g can bind per gram of cellulose (Figure 3.27.a). This high affinity of 
xyloglucan was used to prepare bio-inspired NFC/XG foams. Foams of the same 
total density (21±1 kg m-3) and a variety of NFC/XG compositions were 
prepared. The compression stress-strain curves of these foams are presented in 
Figure 3.27.b. The NFC/XG foams had better mechanical properties than the 
NFC foam, although the content of cellulose nanofiber reinforcement was 
significantly less. The xyloglucan adsorbed onto the NFC was considered to act 
as a link between the cellulose nanofibers, resulting in a structure with 
significantly enhanced the elastic modulus and yield stress as in the primary 
plant cell wall. The cell wall properties were improved. 

[13] 
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Figure 3.27: (a) Adsorption of xyloglucan onto NFC at room temperature as a 
function of the amount of added xyloglucan. (b) Compression stress-strain 
curves of NFC / xyloglucan composite foams 

3.7. Ultra-high-porosity NFC aerogels prepared by tert-
butanol freeze-drying (paper VI) 

Native cellulose I aerogels of ultrahigh porosity (93%-99.1%) were prepared 
from NFC using tert-butanol freeze-drying method. These aerogels are 
characterized by nitrogen sorption, scanning electron microscopy, and 
compression tests. The properties have been compared with those of the NFC 
foams prepared by freeze-drying to draw conclusions on the processing-
structure-property relationship of these highly porous materials.  

Specific surface area 

The specific surface area of the aerogel samples was determined according to 
BET analysis [82].  From the values obtained, we estimated the diameter of the 
fibrils in the aerogel assuming a cylindrical shape of the fibrils using equation 
14. These results are presented in Table 3-9.   

BET
d

c ⋅
=

ρ
4

   [14] 
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Table 3-9: Specific surface area of NFC aerogels and corresponding average 
fibril diameter 

 Specific surface    
area/ m2.g-1 

Average fibrils   
diameter/ nm 

NFC  1-step 153 17.9 
NFC  6-steps 249 11.0 

TO-NFC 1-step 254 10.8 
TO-NFC 6-steps 284 9.8 

 

The specific surface area is an important property of an aerogel, and higher 
values are pursued as they offer new utilisation possibilities such as carrier 
applications (e.g., catalysis, fuel storage, drug release), and electrical 
applications for use as electrodes. In a study by Nyström et al, it was shown that 
the high surface area of algal cellulose from cladophora (80 m2/g) can be 
exploited to give ultrafast paper batteries consisting of fibrils coated by a 
conductive polymer. In the present study, we aimed at preserving the surface 
area of native wood cellulose nanofibers through rapid freeze-drying after 
solvent exchange of the water in a NFC dispersion to tert-butanol. The results 
show that the NFC aerogels are characterized by a large specific surface area up 
to 284 m2/g. This reflects the small diameter of the fibrils and the effectiveness 
of the drying method. Aerogels prepared via a single solvent exchange step have 
a smaller specific surface area than those prepared by successive solvent 
exchange steps. Compared to freeze-dried NFC foams of a “nanopaper” cell 
wall structure in paper V (low specific surface area of 14-42 m2/g), and to the 
reported NFC aerogel prepared by rapid freeze drying of an aqueous NFC 
dispersion (specific surface area of 66 m2/g) [78], the present NFC aerogels have 
a higher surface area and consequently less aggregation of the fibrils. This 
clearly shows the advantage offered by the tert-butanol freeze-drying method. 
Ishida et al reported a considerable difference in surface area between aerogels 
from tunicate fibrils prepared by regular freeze drying (25 m2/g) and by tert-
butanol solvent exchange (130 m2/g) [93]. Jin et al [74] and Cai et al [73] also 
reported a larger surface area of regenerated cellulose aerogels prepared by tert-
butanol freeze-drying than by water freeze-drying (160-190 vs 70-120 m2/g and 
332 vs 142 m2/g respectively).    
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The difference in surface area between NFC and TO-NFC aerogels prepared by 
6-steps solvent exchange was small although these materials had different fibril 
diameters (5-40 nm vs 4-5 nm respectively). This means that some fibrils 
aggregation occurred in the TO-NFC aerogel. It is interesting to note the large 
surface area of the TO-NFC aerogel prepared by a single solvent exchange 
method (254 m2/g), which shows that NFC aerogels with a large surface area 
can be obtained by a relatively simple method.  

In a study by Ishida et al [93], aerogels from tunicate whiskers having a surface 
area of 130 m2/g were carbonized giving carbon aerogels with a specific surface 
area as high as 667 m2/g. Carbon aerogels are used in the fabrication of 
electrodes. The present aerogels could be good scaffolds for carbon aerogels. 

FE-SEM 

Figure 3.28 shows the surface and cross section micrographs of an NFC aerogel 
prepared by 6-steps solvent exchange and having a porosity of 98%. There is no 
sign of an ice-templated foam structure, and a fibrillar structure with no 
considerable aggregation of the fibrils can be seen. The diameter of the fibrils 
appears to be in the range 10-40 nm, but the real fibril diameter is expected to be 
lower since a coating was applied to the aerogels for the SEM observations. The 
pores present on the surface are larger than those present in the aerogel bulk 
where all the pores are submicrometric. It can be concluded that the present 
NFC aerogel network structure consists mainly of mesopores and macropores up 
to 1 micrometer. 

 

Figure 3.28: SEM micrographs of a surface and cross section of an NFC aerogel 
prepared by the successive solvent–exchange method and having a porosity of 
98%. 
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Compression mechanical properties  

The mechanical properties of NFC aerogels were investigated at four different 
densities, 14, 29, 50, 105 kg/m3 in uniaxial compression experiments. Stress-
strain curves of the aerogels are presented in Figure 3.29, and their properties 
are compiled in Table 3-10. The modulus is shown in comparison to NFC foams 
in Figure 3.30.  

0 10 20 30 40 50 60 70 80 90 100

0

1

2

3

Strain (%)

S
tr

es
s 

(M
P

a)

14
29

105

50
0 10 20 30 40

0

0,1

0,2

0,3

14
29

50105

 

Figure 3.29: Compression stress-strain curves of NFC aerogels. The numbers 
next to the curves indicate densities. The inset in the upper left corner shows the  
strain-hardening behaviour of the NFC aerogels. 

 

Table 3-10: Compression mechanical properties of NFC aerogels with different 
densities 

Density (kg/m3) 14 29 50 105 
Porosity (%) 99.1 98.1 96.7 93.0 

Modulus (kPa) 34.9 (3.0) 199 (19) 1030 (240) 2796 (155) 
Strength (σ10%) (kPa) 3.2 (0.4) 24.4 (3.9) 69 (8) 238 (21) 

Energy absorption (kJ/m3) 10.8 (0.8) 68 (1) 223* 720 (20) 
*only one sample reached 70% strain 
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Figure 3.30: Modulus dependence of NFC aerogels on their relative density. ρs 
is density of solid material. 

Figure 3.29 shows that the aerogels exhibit a ductile behaviour as they can be 
compressed to large strains (>80%). This is probably due to the flexible nature 
of the thin and high-strength fibrils, and is not the case for inorganic aerogels. 
The stress-strain curves show a strain-hardening behaviour, and no yield stress 
can be detected (magnification in the upper left corner of the stress-strain 
curves). The NFC aerogel modulus and strength show a dependence on density 
by a factor of 2.2 and 2.1 respectively. This is much lower than that of silica 
aerogels, reported to be 3.2-3.7 for modulus and 2.3-2.6 for strength [94]. This 
indicate good stress transfer between the fibrils also at low density due to 
homogeneous structure and fibril-fibril joints, whereas low-density silica 
aerogels have loose "dangling" entities which do not contribute to the modulus. 
Compared to NFC foams, the modulus of the present NFC network aerogels 
depends more strongly on relative density (slope 2.2 compared with 1.8 for NFC 
foams). NFC aerogel modulus is lower than modulus of NFC foams, particularly 
at low densities. Although a closed-cell foam is stiffer than an open-cell foam at 
the same relative density, reasons for the observed differences in Figure 3.30 are 
unclear.  
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In a graph regrouping stiffness properties of the most common aerogels (taken 
from [61]), values of NFC aerogels are added as well as values for other 
cellulose aerogels from the literature (Figure 3.31). It is interesting to notice the 
high values offered by the cellulose aerogels compared to these of other types of 
aerogels. This relates to the high aspect ratio of the fibrils and to the strong 
fibrillar network of the aerogel having hydrogen bonds interactions. 
Furthermore, one may note the low density of the present aerogels in the chart. 
The few literature data on cellulose suggest that regenerated cellulose aerogels 
may be stronger than native cellulose aerogels although more data are needed to 
verify this statement. 

 

 

Figure 3.31: Modulus versus density of NFC aerogels , regenerated cellulose 
aerogels and other common aerogels taken from [61].  
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Energy absorption characteristics of the present aerogels have been investigated 
as the area under stress-strain curves. The results show that the present aerogels, 
although they have an open-cell fibrillar structure, compare well with closed-cell 
synthetic foams used for packaging such as expanded polystyrene and with 
previously reported NFC foams, and are far above the properties of clay/epoxy 
aerogels (see Figure 3.32). The linear strain-hardening behaviour observed in the 
stress-strain curves contributes considerably to the energy absorption especially 
at high strains.  
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Figure 3.32: Energy absorption versus relative density (ρ*/ρs) for NFC aerogel 
and other reported cellular materials. Data for NFC foams are taken from [49]. 
Data for polystyrene foams are taken from [90] and ρs of polystyrene is taken as 
1050 kg.m-3 [95]. Data for epoxy/clay aerogels are taken from [96]. ρs of epoxy / 
clay aerogel is calculated by taking 2860 kg.m-3 as the density of clay (Cloisite 
Na, Southern Clay) and 1250 kg.m-3 as the density of epoxy [95]. 
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3.8. Conclusions from papers IV-VI 

Porous NFC-materials are of great interest. Foams can have functions as 
packaging materials or in thermal insulation. Furthermore, fine NFC nanofiber 
networks can form new nanopaper or aerogel structures of high specific surface 
area. The deformation behavior is then completely different as compared with 
foams. The present studies have investigated the relationships between 
preparation route and porous structure, but also between structure and 
mechanical behavior. Air-drying of NFC hydrogels typically results in a dense 
nanopaper structure of only 10-20% porosity and very low specific surface area.  

New nanopaper structures were prepared by supercritical drying (SC-CO2), 
liquid CO2 evaporation (L-CO2) and t-butanol freeze-drying (Tert-B-FD). This 
resulted in more porous nanopaper structures of much higher specific surface 
area than conventional air-dried NFC hydrogels. TO-NFC prepared by SC-CO2, 
has 56% porosity and a specific surface area of 482 m2/g. The high specific 
surface area correlates with higher ductility and lower modulus due to weaker 
NFC nanofiber interaction. The mechanical properties are comparable with 
many thermoplastics, but at much lower density. These structures are interesting 
as biocomposites reinforcement, catalyst carriers, and porous separation 
membranes or filters. 

Freeze–drying of an aqueous NFC dispersion of low concentration made it 
possible to prepare the lightest cellulosic material known; an NFC foam with a 
density of 7 kg/m3 i.e., porosity of 99.5%. The cellular structure is a mixture of 
open and closed cells with “nanopaper” cell wall and low specific surface area 
(14-42 m2/g). The ductility is very high and energy absorption properties are 
similar to closed-cell expanded polystyrene foams.  

In contrast with freeze-dried cellular NFC foams, NFC aerogels prepared by 
tert-butanol freeze-drying have a nanofibrous network structure of high surface 
area (150-280 m2/g). Deformation characteristics are different compared with 
foams, and aerogels are interesting as templates for further functional 
modification. Instead of a crushing plateau, continous strain hardening is 
observed. Energy absorption at high strains is similar as for foams, but the 
stress-strain curves are substantially different due to weaker nanofiber 
interaction. Nanofibrous NFC aerogels of very low density have favorable 
mechanical properties compared with aerogels from other materials, most likely 
due to structural homogeneity. 

 



69 

 

4. Acknowledgements 

I wish to express my gratitude to my supervisor Prof. Lars Berglund for giving me the 
opportunity to come to KTH. I have very much enjoyed working with such a great 
team on such an exciting subject, and I have learned a lot from you. I would also like 
to express my gratitude to Dr. Qi Zhou for its co-supervision.  

I thank former master and bachelor students Maël Allais, Latifa Melk and Michaela 
Salajkova for their contribution and help in the present work. I thank the co-authors of 
the present work including Dr. Andong Liu. Thanks to all other people I have worked 
with during my thesis, Harvey Anturi, Giulio Caneponi, Martin Haggblom, Aline 
Cobut, Pankaj Sharma, Yoann Hagenmuller. Many thanks to all of you for being so 
friendly.  

The people at Innventia, particularly Åsa Blademo and Mikael Ankerfors, are thanked 
for very kind help regarding the use of the microfluidizer and BET equipments. Pr. 
Lars Wågberg and Dr. Per Larsson are thanked for support regarding the use of the 
Rapid Köthen. Staff of the coating technology division are thanked for support 
regarding the use of rheology and DMA equipments. Dömsjo and Nordic pulp and 
Paper are thanked for providing wood pulp fibers. Mr. Murakawa from Rexxam 
company, Mr. Karthäuser from SiOx machines, and Mr. Snaidero and Mr. Hecquet 
from Euris SARL are thanked for performing demonstration tests. Dr. Mohamed Eita 
is thanked for performing AFM tests. Mona Johansson is thanked for help regarding 
the use of the beating device. Julia Netrval is thanked for the kind introduction to the 
SEM. Mr Anthony Bristow is thanked for checking the language of this thesis. 

Present and former members of the Biocomposite group are thanked for being great 
colleagues and friends. The staff of the Fiber and Polymer Technology department are 
acknowledged for their help and encouragements and for creating the best working 
atmosphere. Mona, Inga, Brita, Inger, Bosse and Mia, thank you so much for your 
continuous support and smiles. Karin and Kjell, thank you for your kind IT support. 
Thanks to my colleagues at BIOMIME center and particularly Dr. Henrik Aspeborg 
for kind supports.   

I thank my dear friend Mohamed Darwish for supporting me and always being 
available during the time I spent in Sweden. Thanks to my friends at KTHMS for the 
great time we had, and thanks to other friends Edwin, Takwa, Anas, Eita, Abu-Reda. 

Je voudrais remercier ma chère famille pour son support tout au long de mon trajet 
scolaire et universitaire. Mon frère Hamza, ma femme Laila, mes parents Amina et 
Abdelkarim, mes beau parents Fatiha et Abdellah,  mon oncle et lami Faissel, ma sœur 
Ghita, mes amis Younes, Rachid et Saida. Ma grand-mère Kenza que dieu l’ait en sa 
miséricorde. Merci pour votre support et votre tendresse.  

The Swedish Center for Biomimetic Fiber Engineering (BIOMIME) and 
Biocomposites department are acknowledged for generously providing financial 
support. 

 



70 

 

5. Bibliography  

[1] Klemm D, Heublein B, Fink HP, Bohn A. Cellulose: Fascinating biopolymer 
and sustainable raw material. Angewandte Chemie-International Edition 2005;44:3358. 
[2] Osullivan AC. Cellulose: the structure slowly unravels. Cellulose 1997;4:173. 
[3] Rowell RM. Wood chemistry and wood composites: Taylor and Francis. 
[4] Rose JKC, Bennett AB. Cooperative disassembly of the cellulose-xyloglucan 
network of plant cell walls: parallels between cell expansion and fruit ripening. Trends in 
Plant Science 1999;4:176. 
[5] Keckes J, Burgert I, Fruhmann K, Muller M, Kolln K, Hamilton M, 
Burghammer M, Roth SV, Stanzl-Tschegg S, Fratzl P. Cell-wall recovery after irreversible 
deformation of wood. Nature Materials 2003;2:810. 
[6] Fengel D, Wegener G. Wood Chemistry, Ultrastructure, Reactions, 1984. 
[7] Turbak AF, Snyder FW, Sandberg KR. Microfibrillated cellulose, a new 
cellulose product:  properties, uses, and commercial potential. Journal of Applied Polymer 
Science:  Applied Polymer Symposium 1983;37:815. 
[8] Spence K, Venditti R, Rojas O, Habibi Y, Pawlak J. Large-Scale Production of 
Biodegradable Plastics Using Energy Efficient Processes. 
[9] Taniguchi T, Okamura K. New films produced from microfibrillated natural 
fibres. Polymer International 1998;47:291. 
[10] Saito T, Kimura S, Nishiyama Y, Isogai A. Cellulose nanofibers prepared by 
TEMPO-mediated oxidation of native cellulose. Biomacromolecules 2007;8:2485. 
[11] Chen W, Yu H, Liu Y, Chen P, Zhang M, Hai Y. Individualization of cellulose 
nanofibers from wood using high-intensity ultrasonication combined with chemical 
pretreatments. Carbohydrate Polymers 2011. 
[12] Kondo T. Nano-pulverization of native cellulose fibers by counter collision in 
water. Cellulose Communications 2005;12:189. 
[13] Paakko M, Ankerfors M, Kosonen H, Nykanen A, Ahola S, Osterberg M, 
Ruokolainen J, Laine J, Larsson PT, Ikkala O, Lindstrom T. Enzymatic hydrolysis combined 
with mechanical shearing and high-pressure homogenization for nanoscale cellulose fibrils 
and strong gels. Biomacromolecules 2007;8:1934. 
[14] Henriksson M, Henriksson G, Berglund LA, Lindstrom T. An environmentally 
friendly method for enzyme-assisted preparation of microfibrillated cellulose (MFC) 
nanofibers. European Polymer Journal 2007;43:3434. 
[15] Dufresne A, Dupeyre D, Vignon MR. Cellulose microfibrils from potato tuber 
cells: Processing and characterization of starch-cellulose microfibril composites. Journal of 
Applied Polymer Science 2000;76:2080. 
[16] Malainine ME, Mahrouz M, Dufresne A. Thermoplastic nanocomposites based 
on cellulose microfibrils from Opuntia ficus-indica parenchyma cell. Composites Science and 
Technology 2005;65:1520. 
[17] Bruce DM, Hobson RN, Farrent JW, Hepworth DG. High-performance 
composites from low-cost plant primary cell walls. Composites Part a-Applied Science and 
Manufacturing 2005;36:1486. 
[18] Henriksson M, Berglund LA, Isaksson P, Lindstrom T, Nishino T. Cellulose 
nanopaper structures of high toughness. Biomacromolecules 2008;9:1579. 
[19] Nogi M, Iwamoto S, Nakagaito AN, Yano H. Optically Transparent Nanofiber 
Paper. Advanced Materials 2009;21:1595. 



71 

 

[20] Sehaqui H, Liu AD, Zhou Q, Berglund LA. Fast Preparation Procedure for 
Large, Flat Cellulose and Cellulose/Inorganic Nanopaper Structures. Biomacromolecules 
2010;11:2195. 
[21] Syverud K, Stenius P. Strength and barrier properties of MFC films. Cellulose 
2009;16:75. 
[22] Sehaqui H, Allais M, Zhou Q, Berglund L. Wood cellulose biocomposites with 
fibrous structures at micro- and nanoscale. Composites Science and Technology 2011. 
[23] Iwamoto S, Abe K, Yano H. The effect of hemicelluloses on wood pulp 
nanofibrillation and nanofiber network characteristics. Biomacromolecules 2008;9:1022. 
[24] Liu A, Walther A, Ikkala O, Belova L, Berglund LA. Clay nanopaper with 
tough cellulose nanofiber matrix for fire-retardancy and gas barrier functions. 
Biomacromolecules 2011;12:633. 
[25] Nystrom G, Razaq A, Stromme M, Nyholm L, Mihranyan A. Ultrafast All-
Polymer Paper-Based Batteries. Nano Letters 2009;9:3635. 
[26] Spence KL, Venditti RA, Rojas OJ, Habibi Y, Pawlak JJ. The effect of chemical 
composition on microfibrillar cellulose films from wood pulps: water interactions and 
physical properties for packaging applications. Cellulose 2010;17:835. 
[27] Nishi Y, Uryu M, Yamanaka S, Watanabe K, Kitamura N, Iguchi M, Mitsuhashi 
S. The structure and mechanical-properties of sheets prepared from bacterial cellulose .2. 
Improvement of the mechanical-properties of sheets and their applicability to diaphragms of 
electroacoustic transducers. Journal of Materials Science 1990;25:2997. 
[28] Yano H, Sugiyama J, Nakagaito AN, Nogi M, Matsuura T, Hikita M, Handa K. 
Optically transparent composites reinforced with networks of bacterial nanofibers. Advanced 
Materials 2005;17:153. 
[29] Sturcova A, Davies GR, Eichhorn SJ. Elastic modulus and stress-transfer 
properties of tunicate cellulose whiskers. Biomacromolecules 2005;6:1055. 
[30] Iwamoto S, Kai WH, Isogai A, Iwata T. Elastic Modulus of Single Cellulose 
Microfibrils from Tunicate Measured by Atomic Force Microscopy. Biomacromolecules 
2009;10:2571. 
[31] Jonoobi M, Harun J, Mathew AP, Oksman K. Mechanical properties of cellulose 
nanofiber (CNF) reinforced polylactic acid (PLA) prepared by twin screw extrusion. 
Composites Science and Technology 2010;70:1742. 
[32] Iwatake A, Nogi M, Yano H. Cellulose nanofiber-reinforced polylactic acid. 
Composites Science and Technology 2008;68:2103. 
[33] Sehaqui H, Zhou Q, Berglund LA. Nanostructured biocomposites of high 
toughness – a wood cellulose nanofiber network in ductile hydroxyethylcellulose matrix. 
Submitted 2011. 
[34] Cao XD, Habibi Y, Lucia LA. One-pot polymerization, surface grafting, and 
processing of waterborne polyurethane-cellulose nanocrystal nanocomposites. Journal of 
Materials Chemistry 2009;19:7137. 
[35] Zhou Q, Malm E, Nilsson H, Larsson PT, Iversen T, Berglund LA, Bulone V. 
Nanostructured biocomposites based on bacterial cellulosic nanofibers compartmentalized by 
a soft hydroxyethylcellulose matrix coating. Soft Matter 2009;5:4124. 
[36] Gea S, Bilotti E, Reynolds CT, Soykeabkeaw N, Peijs T. Bacterial cellulose-
poly(vinyl alcohol) nanocomposites prepared by an in-situ process. Materials Letters 
2010;64:901. 
[37] Svagan AJ, Samir M, Berglund LA. Biomimetic polysaccharide nanocomposites 
of high cellulose content and high toughness. Biomacromolecules 2007;8:2556. 
[38] Angles MN, Dufresne A. Plasticized starch/tunicin whiskers nanocomposite 
materials. 2. Mechanical behavior. Macromolecules 2001;34:2921. 



72 

 

[39] Zimmermann T, Pohler E, Geiger T. Cellulose fibrils for polymer 
reinforcement. Advanced Engineering Materials 2004;6:754. 
[40] Seydibeyoglu MO, Oksman K. Novel nanocomposites based on polyurethane 
and micro fibrillated cellulose. Composites Science and Technology 2008;68:908. 
[41] Samir M, Alloin F, Paillet M, Dufresne A. Tangling effect in fibrillated 
cellulose reinforced nanocomposites. Macromolecules 2004;37:4313. 
[42] Favier V, Chanzy H, Cavaille JY. Polymer nanocomposites reinforced by 
cellulose whiskers. Macromolecules 1995;28:6365. 
[43] Nakagaito AN, Yano H. The effect of morphological changes from pulp fiber 
towards nano-scale fibrillated cellulose on the mechanical properties of high-strength plant 
fiber based composites. Applied Physics a-Materials Science & Processing 2004;78:547. 
[44] Johnson RK, Zink-Sharp A, Renneckar SH, Glasser WG. A new bio-based 
nanocomposite: fibrillated TEMPO-oxidized celluloses in hydroxypropylcellulose matrix. 
Cellulose 2009;16:227. 
[45] Sehaqui H, Berglund L. Process for producing granules. SweTre Technologies, 
US provisional application No 61/260861, filed 2009-11-13. 
[46] Weber H, De Grave I, Röhrl E. foamed plastics. Ullmann's Encyclopedia of 
Industrial Chemistry. 
[47] Glenn GM, Orts WJ. Properties of starch-based foam formed by 
compression/explosion processing. Industrial Crops and Products 2001;13:135. 
[48] Nakamatsu J, Torres FG, Troncoso OP, Yuan ML, Boccaccini AR. Processing 
and characterization of porous structures from chitosan and starch for tissue engineering 
scaffolds. Biomacromolecules 2006;7:3345. 
[49] Sehaqui H, Salajkova M, Zhou Q, Berglund LA. Mechanical performance 
tailoring of tough ultra-high porosity foams prepared from cellulose I nanofiber suspensions. 
Soft Matter 2010;6:1824. 
[50] Svagan AJ, Samir M, Berglund LA. Biomimetic foams of high mechanical 
performance based on nanostructured cell walls reinforced by native cellulose nanofibrils. 
Advanced Materials 2008;20:1263. 
[51] Guan JJ, Hanna MA. Extruding foams from corn starch acetate and native corn 
starch. Biomacromolecules 2004;5:2329. 
[52] Sjoqvist M, Gatenholm P. The effect of starch composition on structure of 
foams prepared by microwave treatment. Journal of Polymers and the Environment 
2005;13:29. 
[53] Gibson LJ, Ashby MF. Cellular solids - Structure and properties: Cambridge 
university press, 1997. 
[54] Jacobs LJM, Hurkens SAM, Kemmere MF, Keurentjes JTF. Porous cellulose 
acetate butyrate foams with a tunable bimodality in foam morphology produced with 
supercritical carbon dioxide. Macromolecular Materials and Engineering 2008;293:298. 
[55] Deng ML, Zhou Q, Du AK, van Kasteren J, Wang YZ. Preparation of 
nanoporous cellulose foams from cellulose-ionic liquid solutions. Materials Letters 
2009;63:1851. 
[56] Silva MC, Takahashi JA, Chaussy D, Belgacem MN, Silva GG. Composites of 
Rigid Polyurethane Foam and Cellulose Fiber Residue. Journal of Applied Polymer Science 
2010;117:3665. 
[57] A. Jennings T. lyophilization: Introduction and Basic Principles: Informa 
Healthcare, 1999. 
[58] Deville S, Saiz E, Nalla RK, Tomsia AP. Freezing as a path to build complex 
composites. Science 2006;311:515. 



73 

 

[59] Husing N, Schubert U. Aerogels airy materials: Chemistry, structure, and 
properties. Angewandte Chemie-International Edition 1998;37:23. 
[60] Kanamori K, Aizawa M, Nakanishi K, Hanada T. New transparent 
methylsilsesquioxane aerogels and xerogels with improved mechanical properties. Advanced 
Materials 2007;19:1589. 
[61] Reichenauer G. Aerogels. In: John Wiley & Sons I, editor. Kirk-Othmer 
Encyclopedia of Chemical Technology. 
[62] Kistler S. Coherent Expanded Aerogels and Jellies. Nature 1931;227. 
[63] Lu X, Arduinischuster MC, Kuhn J, Nilsson O, Fricke J, Pekala RW. Thermal-
conductivity of monolithic organic aerogels. Science 1992;255:971. 
[64] Pekala RW. Organic aerogels from the polycondensation of resorcinol with 
formaldehyde. Journal of Materials Science 1989;24:3221. 
[65] Ayers MR, Hunt AJ. Synthesis and properties of chitosan-silica hybrid aerogels. 
Journal of Non-Crystalline Solids 2001;285:123. 
[66] Kanamori K, Aizawa M, Nakanishi K, Hanada T. Elastic organic-inorganic 
hybrid aerogels and xerogels. 14th International Sol-Gel Conference. Montpellier, FRANCE, 
2007. p.172. 
[67] Iguchi M, Yamanaka S, Budhiono A. Bacterial cellulose - a masterpiece of 
nature's arts. Journal of Materials Science 2000;35:261. 
[68] Gavillon R, Budtova T. Aerocellulose: New highly porous cellulose prepared 
from cellulose-NaOH aqueous solutions. Biomacromolecules 2008;9:269. 
[69] Innerlohinger J, Weber HK, Kraft G. Aerocellulose: Aerogels and aerogel-like 
materials made from cellulose. Macromolecular Symposia 2006;244:126. 
[70] Liebner F, Potthast A, Rosenau T, Haimer E, Wendland M. Cellulose aerogels: 
Highly porous, ultra-lightweight materials. Holzforschung 2008;62:129. 
[71] Liebner F, Haimer E, Potthast A, Loidl D, Tschegg S, Neouze MA, Wendland 
M, Rosenau T. Cellulosic aerogels as ultra-lightweight materials. Part 2: Synthesis and 
properties. 2nd International Cellulose Conference (ICC 2007). Tokyo, JAPAN, 2007. p.3. 
[72] Cai J, Kimura S, Wada M, Kuga S. Nanoporous Cellulose as Metal 
Nanoparticles Support. Biomacromolecules 2009;10:87. 
[73] Cai J, Kimura S, Wada M, Kuga S, Zhang L. Cellulose aerogels from aqueous 
alkali hydroxide-urea solution. Chemsuschem 2008;1:149. 
[74] Jin H, Nishiyama Y, Wada M, Kuga S. Nanofibrillar cellulose aerogels. 
Colloids and Surfaces a-Physicochemical and Engineering Aspects 2004;240:63. 
[75] Hoepfner S, Ratke L, Milow B. Synthesis and characterisation of nanofibrillar 
cellulose aerogels. Cellulose 2008;15:121. 
[76] Aaltonen O, Jauhiainen O. The preparation of lignocellulosic aerogels from 
ionic liquid solutions. Carbohydrate Polymers 2009;75:125. 
[77] Inoue T, Osatake H. A new drying method of biological specimens for scanning 
electron-microscopy - the tert-butyl alcohol freeze-drying method. Archives of Histology and 
Cytology 1988;51:53. 
[78] Paakko M, Vapaavuori J, Silvennoinen R, Kosonen H, Ankerfors M, Lindstrom 
T, Berglund LA, Ikkala O. Long and entangled native cellulose I nanofibers allow flexible 
aerogels and hierarchically porous templates for functionalities. Soft Matter 2008;4:2492. 
[79] Saus W, Knittel D, Schollmeyer E. Dyeing of textiles in supercritical carbon-
dioxide. Textile Research Journal 1993;63:135. 
[80] Xu ZM, Jiang XL, Liu T, Hu GH, Zhao L, Zhu ZN, Yuan WK. Foaming of 
polypropylene with supercritical carbon dioxide. Journal of Supercritical Fluids 2007;41:299. 
[81] Hyatt JA. Liquid and supercritical carbon-dioxide as organic-solvents. Journal 
of Organic Chemistry 1984;49:5097. 



74 

 

[82] Brunauer S, Emmett PH, Teller E. Adsorption of Gases in Multimolecular 
Layers. J. Am. Chem. Soc. 1938;60:309. 
[83] Rouquerol J, Avnir D, Fairbridge CW, Everett DH, Haynes JH, Pernicone N, 
Ramsay JDF, Sing KSW, Unger KK. Recommendations for the characterization of porous 
solids. Pure and Applied Chemistry 1994;66:1739. 
[84] Barrett EP, Joyner LG, Halenda PP. The determination of pore volume and area 
distributions in porous substances. I. Computations from nitrogen isotherms. J. Am. Chem. 
Soc. 1951;73:373. 
[85] Baggerud E, Stenstrom S, Lindstrom T. Measurement of volume fractions of 
solid, liquid and gas in kraft and CTMP paper at varying moisture content. In: TAPPI Press: 
Atlanta G, editor. Proceedings of the International Paper Physics Conference, 2003. p.157. 
[86] Sun CC. Mechanism of moisture induced variations in true density and 
compaction properties of microcrystalline cellulose. International Journal of Pharmaceutics 
2008;346:93. 
[87] Mark HFO, Charles G. Bikales, Norbert M. Menges, Geo. Cellulose ethers. 
Encyclopedia of polymer science and engineering, vol. 3. p.244. 
[88] Henriksson M. Cellulose Nanofibril Networks and Composites. PhD Thesis. 
Fiber and Polymer Technology. Stockholm: Royal Institute of Technology (KTH), 2008. 
[89] Saito T, Hirota M, Tamura N, Kimura S, Fukuzumi H, Heux L, Isogai A. 
Individualization of Nano-Sized Plant Cellulose Fibrils by Direct Surface Carboxylation 
Using TEMPO Catalyst under Neutral Conditions. Biomacromolecules 2009;10:1992. 
[90] Di Landro L, Sala G, Olivieri D. Deformation mechanisms and energy 
absorption of polystyrene foams for protective helmets. Polymer Testing 2002;21:217. 
[91] Maiti SK, Gibson LJ, Ashby MF. Deformation and energy-absorption diagrams 
for cellular solids. Acta Metallurgica 1984;32:1963. 
[92] Whitney SEC, Gothard MGE, Mitchell JT, Gidley MJ. Roles of cellulose and 
xyloglucan in determining the mechanical properties of primary plant cell walls. Plant 
Physiology 1999;121:657. 
[93] Ishida O, Kim DY, Kuga S, Nishiyama Y, Brown RM. Microfibrillar carbon 
from native cellulose. Cellulose 2004;11:475. 
[94] Woignier T, Reynes J, Alaoui AH, Beurroies I, Phalippou J. Different kinds of 
structure in aerogels: relationships with the mechanical properties. Journal of Non-Crystalline 
Solids 1998;241:45. 
[95] Polymer data handbook, Oxford University Press I, 1999. 
[96] Arndt EM, Gawryla MD, Schiraldi DA. Elastic, low density epoxy/clay aerogel 
composites. Journal of Materials Chemistry 2007;17:3525. 

 

 


