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Tiivistelmä 

Lisääntyvä ympäristötietoisuus ja jokapäiväisissä sovelluksissa käytettävien materiaalien ekologista kestävyyttä 

koskevan lainsäädännön tiukentuminen ovat johtaneet huomattaviin tutkimusinvestointeihin vaihtoehtoisten 

materiaalien kehittämiseksi. Erityisesti raakaöljyyn perustuvien tuotteiden korvaamista biopohjaisilla tuotteilla on 

tutkittu paljon. Materiaalitekniikan alalla huomio keskittyy yhä enemmän ekologisesti kestävien vaihtoehtojen 

löytämiseen perinteisille muoveille. Biopohjaisten polymeerien termomekaaniset ominaisuudet ovat kuitenkin 

huonommat kuin raakaöljypohjaisten. Ominaisuuksien parantamista käyttämällä lujitteena luonnonkuituja on pidetty 

potentiaalisena keinona. Viime aikoina mielenkiinto on kuitenkin siirtynyt luonnonkuiduista nanokuituihin ja niiden 

yhdistämiseen polymeerimatriisien kanssa. Erityisen mielenkiintoinen lujitemateriaali on nanoselluloosa, jota saadaan 

kaikista kasveista mekaanisesti, kemiallisesti tai entsymaattisesti erottamalla, ja jota voidaan myös tuottaa eräiden 

bakteerien avulla. 

 

Suurin ongelma käytettäessä nanoselluloosaa lujitteena komposiiteissa on riittävän hyvän dispersion aikaansaaminen 

kuituihin. Kuidut ovat vahvasti hydrofiilisiä ja sopivat huonosti yhteen hydrofobisten polymeerien kanssa. Niillä on 

myös voimakas taipumus muodostaa aggregaatteja kuitujen välisen vuorovaikutuksen seurauksena. Tämä johtaa 

heikentyneisiin lujiteominaisuuksiin ja sitä kautta huonoihin ominaisuuksiin valmiissa komposiittimateriaaleissa. 

Tämän diplomityön tavoitteena oli löytää tehokas tapa valmistaa lujia komposiitteja sellupohjaisista nanokuiduista ja 

polymeerimatriisista. Aluksi suoritettiin kirjallisuuskatsaus nanoselluloosamateriaaleihin ja niiden komposiitteihin 

liittyen. Painopiste oli erilaisissa tavoissa valmistaa eri huokoisuusasteen selluloosananokuituverkostoja ja niiden 

impregnoinnissa polymeerihartsilla. Kirjallisuuskatsauksen pohjalta kehitettiin soveltuva menetelmä huokoisten ja 

kevyiden nanoselluloosaverkostojen valmistamiseksi ja näiden verkostojen ominaisuuksia tutkittiin käyttämällä 

kenttäemissiopyyhkäisyelektronimikroskopiaa, mikrotomografiaa, kuva-analyysiä ja permeabiliteettimittauksia. 

Näytteiden impregnoitavuutta arvioitiin tutkittujen ominaisuuksien pohjalta ja parhaiten soveltuvat näytteet täytettiin 

polymeerilla ja puristettiin komposiittilevyjen muodostamiseksi. 

 

Huokoiset nanoselluloosaverkostot, joita voidaan kutsua myös aerogeeleiksi, valmistettiin jäädytysvalumenetelmällä. 

Näin saatiin aikaiseksi yhdensuuntaisia kanavia sisältäviä rakenteita. Nämä huokoiset verkostot täytettiin 

epoksihartsilla tyhjiöinfuusion avulla ja valmiiden komposiittien ominaisuuksia tutkittiin 

kenttäemissiopyyhkäisyelektronimikroskopialla. Jäädytysvalumenetelmällä saatiin valmistettua yllättävän vahvoja 

huokoisia näytteitä. Huokoskanavat olivat enimmäkseen yhdensuuntaisia ja verkostot muodostivat hartsi-

impregnointiin soveltuvia rakenteita. Impregnointi ei kuitenkaan onnistunut odotetulla tavalla ja näytteitä ei saatu 

täytettyä kokonaan hartsilla. Näytteet eivät ilmeisesti soveltuneet sellaisenaan tyhjiöinfuusiossa käytettäviksi. 

Jatkossa tulee tutkia erimuotoisten ja -kokoisten näytteiden käyttöä, kehittää valmistusmenetelmää ja muokata 

impregnointiprosessia paremmin aerogeeleille soveltuvaksi. 
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Abstract 

The increasing environmental awareness and tightening legislative regulations concerning the ecological 

sustainability of the materials used in everyday applications has led to a significant research effort being targeted on 

finding new alternatives to previously used materials. Especially the replacement of petroleum-based products with 

novel bio-based ones has been of great interest. More specifically, in the field of materials science, a significant 

amount of attention is being paid on finding ecologically sustainable substitutes to the traditional petroleum-derived 

plastics. However, the bio-based polymeric materials suffer from inferior thermomechanical properties compared to 

the petroleum-based ones. To improve the properties, the use of natural fibers from various plants as reinforcement 

has been widely studied. More recently, the interest has been in combining various nanometer scale fibers with 

polymer matrices to obtain materials with more favorable characteristics. A particularly potential reinforcement 

material is nanocellulose that can be derived from plants mechanically, chemically or enzymatically and is also 

synthesized by some bacterial species.  

 

The most significant problem in using nanocellulose as a reinforcement in composites is achieving a sufficient fiber 

dispersion. The fibers are strongly hydrophilic and have a poor compatibility with hydrophobic polymers. They also 

have a strong tendency to form aggregates through interactions between the fibers. This leads to a less than ideal level 

of reinforcement and poor properties in the final composite materials. The main objective of this master’s thesis was 

to find an efficient way of preparing a strong composite material from pulp-based cellulose nanofibers and a polymer 

matrix. A literature survey was first conducted on nanocellulosic materials and their composites. The main focus was 

on the various ways of producing cellulose nanofiber networks with varying porosity and impregnating them with a 

polymeric resin. Based on the literature survey, a suitable method to prepare porous low-density cellulose nanofiber 

networks was then developed and the properties of the resulting samples were studied with field emission scanning 

electron microscopy, micro-computed tomography, image analysis and permeability measurements. Based on these 

characterizations the suitability of different types of samples for resin impregnation was evaluated and the most 

promising structures were filled with a polymer and pressed to form composite sheets.  

 

The porous nanocellulose networks, also called aerogels, were prepared via a freeze casting method. With this 

method, aerogels with unidirectionally aligned channel structures could be obtained. The resulting porous networks 

were filled with an epoxy resin using a vacuum infusion process. The final composite materials were studied with 

field emission scanning electron microscopy. The cellulose nanofiber network preparation process led to surprisingly 

strong porous structures. The pore channels were mostly unidirectionally aligned and the networks formed templates 

suitable for subsequent resin impregnation. However, the impregnation could not be easily accomplished and the 

filling of the templates was incomplete. This was due to incompatibility of the samples with the vacuum infusion 

method. In future, the use of different sample dimensions should be studied in addition to improving the aerogel 

preparation process and modifying the impregnation method. 

Additional Information 

 

 



 

PREFACE 

The work leading to this master’s thesis was mostly conducted in the Fibre and Particle 

Engineering research unit at the University of Oulu during summer and autumn of 2016. 

A small portion of the total working time was also spent at the Luleå University of 

Technology (LTU), Division of Materials Science. The thesis work was a part of a 

Finland Distinguished Professor Programme (FiDiPro) project “Novel high performance 

wood and biocomposites”. The programme is funded by the Academy of Finland and 

Tekes.  

I would like to thank professor Mirja Illikainen for initially giving me the opportunity to 

start working in the Fibre and Particle Engineering research unit. Without this important 

step this work would have never been realized. I would also like to thank all the people 

who have been involved in the process by giving me invaluable advice and by 

withstanding my ignorance of even the most basic level laboratory work at the 

beginning of the project. In no special order these people include Farooq Muhammad, 

who introduced me to the world of nanocellulose and nanopaper, Miikka Visanko, 

whom I relied on in many of the problems I faced during the work, Jarno Karvonen, 

Jani Österlund and Elisa Wirkkala, who were always willing to help with everything 

related to laboratory work, Tuomas Stoor, who made all the practical aspects easy by his 

commitment, Jatin Sethi, who was always ready to listen and who kept me from 

starving during our visit to Luleå, Maiju Hietala, who kindly answered my questions 

and gave me advice when needed, Ilkka Miinalainen from Biocenter Oulu, who 

introduced me to electron microscopy, Sakari Karhula from Institute of Biomedicine, 

who provided me with outstanding 3D images of my samples, the staff at the Center of 

Microscopy and Nanotechnology, all the numerous other people with whom I have 

worked and the whole staff of the Fibre and Particle Engineering research unit, who 

created a friendly and collaborative atmosphere in which it was easy to work. 

A special thank you goes to my supervisor, professor Kristiina Oksman from LTU, for 

her guidance and feedback during the whole working process. Her enthusiasm and 

expertise in the field of biocomposites have been invaluable. It has been very rewarding 

and instructive to have an opportunity to work with someone who is so committed to 



 

her work. Without some of her inexhaustible passion also having infected me, the thesis 

would not have become what it is. 

I am also very thankful to my loved one, Henriikka, for keeping me on track during the 

less motivated moments and for giving me the strength to accomplish things I would not 

have been able to accomplish without her. 

Oulu, 21.12.2016 Tuukka Nissilä 



 

TABLE OF CONTENTS  

TIIVISTELMÄ 

ABSTRACT 

PREFACE 

TABLE OF CONTENTS 

SYMBOLS AND ABBREVIATIONS 

1 INTRODUCTION .............................................................................................................. 9 

2 NANOCELLULOSE ........................................................................................................ 11 

2.1 Cellulose .......................................................................................................................................... 11 

2.1.1 Structure ............................................................................................................ 12 

2.1.2 Morphology ...................................................................................................... 14 

2.2 Nanocellulosic materials ........................................................................................................... 16 

2.2.1 Cellulose nanofibers ......................................................................................... 17 

2.2.2 Cellulose nanocrystals ...................................................................................... 18 

2.2.3 Bacterial cellulose ............................................................................................. 20 

2.2.4 Properties of nanocellulose ............................................................................... 21 

2.3 Pretreatment ................................................................................................................................. 24 

2.3.1 Alkaline pretreatment ....................................................................................... 24 

2.3.2 Oxidation pretreatment ..................................................................................... 25 

2.3.3 Enzymatic pretreatment .................................................................................... 25 

2.3.4 Carboxymethylation ......................................................................................... 26 

2.4 Mechanical treatment ................................................................................................................ 26 

2.4.1 Refining and high-pressure homogenization .................................................... 27 

2.4.2 Grinding ............................................................................................................ 27 

2.4.3 Cryocrushing ..................................................................................................... 28 

2.4.4 Microfluidization .............................................................................................. 28 

2.4.5 High intensity ultrasonication ........................................................................... 28 

3 NANOCELLULOSE REINFORCED COMPOSITES .................................................... 30 

3.1 Introduction to bionanocomposites ..................................................................................... 31 

3.2 Nanocellulose composites of high strength ...................................................................... 35 

3.2.1 High-density nanocellulose networks ............................................................... 35 

3.2.2 Impregnation of high-density nanocellulose networks ..................................... 38 

3.2.3 Low-density nanocellulose networks ............................................................... 42 

3.2.4 Impregnation of low-density nanocellulose networks ...................................... 46 

3.2.5 Properties of nanocellulose reinforced composites .......................................... 46 



 

3.3 Cellulose nanofiber networks via freeze casting ............................................................. 50 

3.3.1 Freeze casting process ...................................................................................... 50 

3.3.2 Different types of ice growth ............................................................................ 54 

3.3.3 Controlling the porosity .................................................................................... 56 

3.3.4 Some freeze casting studies .............................................................................. 57 

3.4 A method for the preparation of cellulose nanofiber composites ............................ 58 

4 MATERIALS AND METHODS ...................................................................................... 60 

4.1 Materials ......................................................................................................................................... 60 

4.1.1 Cellulose nanofibers ......................................................................................... 60 

4.1.2 Polymer matrix ................................................................................................. 60 

4.1.3 Moulds .............................................................................................................. 60 

4.1.4 Cooling bath ...................................................................................................... 61 

4.2 Preparation of cellulose nanofiber aerogels ..................................................................... 61 

4.3 Characterization of aerogel properties ............................................................................... 62 

4.3.1 Porosity ............................................................................................................. 62 

4.3.2 FE-SEM imaging .............................................................................................. 63 

4.3.3 Micro-computed tomography ........................................................................... 63 

4.3.4 Pore size ............................................................................................................ 63 

4.3.5 Capillary action ................................................................................................. 64 

4.3.6 Permeability ...................................................................................................... 65 

4.4 Preparation of cellulose nanofiber composites ............................................................... 68 

5 RESULTS AND DISCUSSION ....................................................................................... 69 

5.1 Aerogel properties ...................................................................................................................... 69 

5.1.1 The samples ...................................................................................................... 70 

5.1.2 Porosity ............................................................................................................. 72 

5.1.3 Microstructure ................................................................................................... 73 

5.1.4 Micro-computed tomography ........................................................................... 77 

5.1.5 Pore size ............................................................................................................ 80 

5.1.6 Capillary action ................................................................................................. 85 

5.1.7 Permeability ...................................................................................................... 88 

5.2 Composite properties ................................................................................................................ 90 

6 CONCLUSIONS ............................................................................................................... 92 

7 REFERENCES .................................................................................................................. 93 

 

 



 

SYMBOLS AND ABBREVIATIONS 

BC bacterial cellulose 

CAB cellulose acetate butyrate 

CMC carboxymethyl cellulose 

CNC cellulose nanocrystal 

CNF cellulose nanofiber 

FE-SEM field emission scanning electron microscope 

HEC hydroxyethyl cellulose 

MF melamine formaldehyde 

MFC microfibrillated cellulose 

PDMS polydimethylsiloxane 

PF phenol formaldehyde 

PTFE polytetrafluoroethylene 

PLA polylactic acid 

PF phenol formaldehyde 

PU polyurethane 

PVA polyvinyl alcohol 

SEM scanning electron microscope 

vol% volume percentage 

wt% weight percentage 

 



9 

1 INTRODUCTION 

There is a growing demand for renewable and sustainable alternatives to petroleum-

based products. Cellulose has been serving as a versatile renewable raw material for 

various purposes because of the many favorable qualities it possesses. Modern high 

performance applications, however, place such high demands that natural cellulose does 

not meet all the needs without finding ways to gain access to the elementary building 

blocks intrinsic to cellulose and using these as components of novel materials. These 

cellulose nanoparticles, or nanocellulose, found in all cellulose sources are a promising 

raw material as they can be both chemically modified and combined with other 

materials to be used in a wide variety of applications. (Moon et al. 2010)  

Nanocellulose can be produced with top-down methods from plant fibers or with 

bottom-up methods by bacteria that are able to synthesize cellulose (Klemm et al. 

2011). Cellulose is a naturally occurring biopolymer found in plant structures as a 

reinforcing component (Siró & Plackett 2010). These kind of plant-based materials from 

agricultural sources have low cost, are widely available and renewable and could reduce 

dependence on oil together with having favorable impacts on rural economies (Dufresne 

et al. 2000). Producing nanocellulose from plants could also be integrated with other 

biorefinery processes to get a combination of various value-added products like 

chemicals and biofuels (Lee et al. 2014a). 

Materials based on nanocellulose can be used for example in biodegradable packaging 

materials (Dufresne et al. 2000), medicine, gardening, adhesives, rheological modifiers 

(Zimmermann et al. 2004), displays, optical devices, windows (Yano et al. 2005), 

loudspeaker membranes (Henriksson & Berglund 2007) and information storage as a 

replacement for conventional paper (Nogi et al. 2009).  

The main focus of this master’s thesis was on the use of nanocellulose as reinforcement 

in composite materials. This has become an interesting application area with the 

research starting in the 1990s and the number of publications increasing almost 

exponentially since then (Oksman et al. 2016). The increasing interest in replacing the 

widely used petroleum-based polymers is a major driving force in finding ways to 

improve the properties of the bio-based alternatives. Nanocellulose is a promising 

candidate for achieving this. (Lee et al. 2014b)  
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The thesis is divided into theoretical and experimental parts. The theory part consists of 

Chapters 2 and 3 that are based on the literature survey conducted prior to the 

experimental work. In Chapter 2, the properties, sources and various extraction methods 

of different types of nanocellulosic materials are covered, and in Chapter 3, their use in 

composites is discussed. The experimental part consists of Chapters 4 and 5, in which a 

method for the preparation of bionanocomposite materials is presented and the 

properties of the resulting nanocellulose templates and their composites are discussed. 
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2 NANOCELLULOSE 

Nanocellulosic materials are composed of nanometer scale cellulose fibers derived from 

plants or bacteria. They have many interesting properties to be utilized in different 

applications. The methods to obtain these fibers and the resulting properties and 

characteristics are discussed in this chapter. The discussion begins with an overview of 

cellulose as a raw material in section 2.1. The properties of nanometer scale cellulose 

fibers are then shortly presented in section 2.2 and an introduction to various methods 

used to obtain these fibers from plants is given in sections 2.3 and 2.4. 

2.1 Cellulose 

Anselme Payen was the first to discover cellulose in 1838 by separating it from plant 

tissues with an acid treatment and solvent extraction determining the molecular formula 

to be C6H10O5. The term “cellulose”, however, was not used until 1839. (Klemm et al. 

2005) Before its discovery, cellulose was already used for thousands of years in the 

form of wood and plant fibers for example as a source of energy, as building and 

clothing material and in papyrus as a medium for cultural transmission. As a chemical 

raw material it was first used in 1870 in the celluloid manufacturing process. Since then, 

the application of cellulose has been wide and varied. (Klemm et al. 2011)  

According to current knowledge, cellulose is the most abundant organic polymer on the 

earth and can be found as an important structure in the cell walls of all plants and is also 

present in some algae, bacteria and fungi (O’Sullivan 1997). The lignocellulosic cell 

walls of plants consist mainly of cellulose, hemicellulose and lignin in varying 

proportions depending on the plant (Lee et al. 2014a). The usual cellulose, 

hemicellulose and lignin contents vary between 35-50 %, 20-35 % and 15-20 %, 

respectively, the rest being ash and other compounds (Mood et al. 2013). Cellulose 

fibers form the basic structure, which is filled with lignin and hemicellulose (Pereira 

2003 & Gindl et al. 2004).  The structure and morphology of the cellulose polymer are 

discussed more closely in the following two subsections. 
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2.1.1 Structure 

The cellulose polymer consists of repeating β-D-glucopyranose units linked to each 

other by 1,4-glycosidic bonds to form a chain of as much as over 10 000 units. The 

number of the glucose units in the polymer chain is called the degree of polymerization. 

(O’Sullivan 1997) The links between the glucopyranose units are covalent acetal bonds 

of the C1 carbon atom and the hydroxyl group of the C4 carbon atom. Every 

glucopyranose contains three hydroxyl groups. Two adjacent β-D-glucopyranose units 

form a repeating disaccharide cellobiose by a rotation of 180° of every other unit. The 

structure of cellulose molecule is shown in Figure 1. The degree of polymerization of 

the molecule depends on the cellulose source and the treatment used for the separation, 

some common values being 300-1700 for wood pulp and 800-10000 for cotton fibers. 

At one end of the cellulose polymer chain, called the nonreducing end, is the original 

C4-OH group and at the other end, called the reducing end, is the original C1-OH group 

of the glucose molecule. Due to the aforementioned qualities, cellulose is a versatile 

molecule with properties including hydrophilicity, chirality, degradability, chemical 

variability and the ability to form networks via hydrogen bonding. (Klemm et al. 2005) 

Figure 1. The repeating cellobiose unit in cellulose polymer chain (adapted from 

O’Sullivan 1997, Klemm et al. 2005). 

 

The long polymer chains further form bundles called microfibrils by being linked to 

each other via intramolecular and intermolecular bonds that make untreated cellulose, 

despite the hydrophilicity of the cellulose polymer, hydrophobic and thus insoluble in 

water (Lee et al. 2014a). The intermolecular forces between the adjacent polymer chains 

are due to van der Waals forces and hydrogen bonding between hydroxyl groups and 

oxygen atoms (Moon et al. 2010).  

The free hydroxyl groups in the cellulose chain also allow the existence of different 

crystal structures, or polymorphs, of cellulose through various hydrogen bonding 
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schemes (Dufresne 2013). Native cellulose is present in two forms, cellulose Iα and Iβ, 

and is always a combination of both of these structures in varying proportions 

depending on the fiber source (Atalla & Vanderhart 1984). Cellulose synthesized by 

bacteria contains more cellulose Iα and plant cellulose is richer in cellulose Iβ (Lee et al. 

2014b). It was experimentally indicated by Sugiyama et al. (1991) that cellulose Iα has a 

triclinic crystal structure and that the structure of cellulose Iβ is monoclinic. The Iα phase 

is metastable and can be converted into the more stable Iβ
 
phase by hydrothermal 

annealing. The structures of cellulose Iα and Iβ have further been shown to consist of a 

one-chain triclinic unit cell (Nishiyama et al. 2003) and a monoclinic unit cell of two 

parallel chains (Nishiyama et al. 2002), respectively.  

Cellulose I can be irreversibly turned into a more stable crystalline structure, cellulose 

II, via mercerization, that is, treating cellulose with aqueous sodium hydroxide (NaOH) 

followed by washing and recrystallization. An alternative way to achieve this is via 

regeneration, that is, dissolving cellulose or using it to prepare an intermediate product 

followed by coagulation and recrystallization. (Langan et al. 2001) The crystal structure 

of cellulose II has been shown to consist of two antiparallel cellulose chains forming 

monoclinic unit cells with four glucose residues in each cell (Kolpak & Blackwell 

1976).  

Cellulose IIII and IIIII can be obtained from cellulose I and II, respectively, by treating 

with liquid ammonia, and have molecular chain packing structures similar to the 

corresponding starting materials being, however, metastable and thus reconvertible to 

cellulose I and II (Sarko et al. 1976). Cellulose IVI and IVII can in turn be prepared from 

cellulose IIII and IIIII, respectively, by treating with glycerol at high temperature 

(Dufresne 2013). Both forms have a two-chain unit cell but in cellulose IVI the chains 

are parallel and the structure can be converted to cellulose I, and in cellulose IVII they 

are antiparallel and the reconversion yields cellulose II (Gardiner & Sarko 1985). A 

schematic illustration of all the cellulose polymorphs and the conversion routes is 

shown in Figure 2. 
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Figure 2. A schematic diagram of the various cellulose polymorphs and the 
conversion routes. 

 

2.1.2 Morphology 

The intramolecular and intermolecular forces within and between the cellulose polymer 

chains act to form elementary fibrils of 2 to 4 nm diameter and microfibrils of 10 to 30 

nm diameter (Fengel & Wegener 1989). Hemicellulose, lignin and disordered cellulose 

molecules can be found between the aggregated fibrils (Fengel 1971, as cited in 

O’Sullivan 1997). Microfibrils are then further combined into microfibrillar bundles 

with lateral dimensions of about 100 nm. The microfibrils can be hundreds of 

nanometers long. (Klemm et al. 2005) It has been proposed that a single elementary 

fibril is composed of 36 (Ding & Himmel 2006) or 24 (Fernandes et al. 2011) cellulose 

polymer chains, both models being consistent with the experimental data depending on 

the used investigation methods. There are various models for the supermolecular 

structure of cellulose, one of the earliest being the so-called fringed micelle system 

(Fengel & Wegener 1989, O’Sullivan 1997). According to this model, there are 

amorphous, or disordered, regions in the cellulose polymer through which the molecules 

pass from one crystalline, or ordered, region to another. An illustration of the fibrillary 

structure of cellulose is shown in Figure 3. 

 

 

 
 

Liquid ammonia 

Glycerol + high temperature 

Mercerization/regeneration 

 

 

 

Cellulose I Cellulose II 

Cellulose IIII Cellulose IIIII 

Cellulose IVI Cellulose IVII 
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Figure 3. Supermolecular structure of cellulose (adapted from Klemm et al. 2011, 

Mood et al. 2013 & Lee et al.  2014a). 

 

In wood, the cell wall can be divided into three subunits, namely, middle lamella (ML), 

primary wall (P), secondary wall (S) and tertiary wall (T), with the secondary wall 

further subdivided into outer (S1), middle (S2) and inner (S3) layers (Fengel & 

Wegener 1989). All these layers contain both cellulose and hemicellulose but pectin is 

mostly present only in the primary wall and lignin in the secondary wall. (Miao & 

Hamad 2013). The S2 layer is most abundant with cellulose (Iwamoto et al. 2005). The 

S3 layer is only found in parenchyma cells and is absent in tracheids (Fengel & 

Wegener 1989). A schematic illustration of the wood cell wall structure is shown in 

Figure 4. 
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Figure 4. Wood cell wall structure (adapted from Fengel & Wegener 1989, Moon et 

al. 2010). 

 

2.2 Nanocellulosic materials 

The search for methods to produce smaller units of cellulose with qualities superior to 

native cellulose has led to various isolated materials with at least one dimension in the 

nanometer scale. These materials can be produced from plant sources enzymatically, 

chemically or physically, or with a combination of the three, or alternatively synthesized 

by bacteria from glucose, and are commonly called nanocellulose. (Klemm et al.  2011) 

Nanocellulose exhibits numerous qualities that make it a good reinforcement material in 

composites. Some of these qualities include high tensile strength (Hepworth & Bruce 

2000) and modulus (Hepworth & Bruce 2000), low coefficient of thermal expansion 

(Hori & Wada 2005), low density (Ishikawa et al. 1997), biodegradability (Taniguchi & 

Okamura 1998), renewability (Dufresne et al. 2000), high surface area (Sehaqui et al. 

2011b), unique optical properties (Taniguchi & Okamura 1998) and high crystallinity 

(Alemdar & Sain 2008). However, the separation of nanocellulose is a difficult process 

with high energy consumption (Siro & Plackett 2010) and, on the other hand, the 

cellulose biosynthesis by bacteria is very time consuming and may take weeks under 

laboratory conditions (Lee et al. 2014b). In addition, the polar and hydrophilic nature of 

cellulose makes it difficult to disperse in hydrophobic polymers leading to unfavorable 

properties in the resulting composites (Dufresne et al. 2000). The hydrophilicity also 

makes the materials susceptible to humidity (Wang et al. 2015). 
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Nanocellulose is a generic term for all the various terms found in literature, including 

for example microfibrillated cellulose (Herrick et al. 1983, Turbak et al. 1983 & 

Henriksson et al. 2007), cellulose microfibril (Andresen & Stenius 2007), cellulose 

microfibril aggregate (Henriksson & Berglund 2007), microfibrillar cellulose (Stenstad 

et al. 2008), cellulose nanofibril (Ahola et al. 2008), cellulose nanofiber (Abe et al. 

2007), nanofibrillar cellulose (Pääkkö et al. 2008), fibril aggregate (Hult et al. 2001), 

cellulose crystal (Tanaka & Iwata 2006), cellulose nanocrystal (Beck-Candanedo et al. 

2005), cellulose microcrystal and whisker (Favier et al. 1995a) and cellulose 

nanowhisker (Kvien & Oksman 2007). 

In the following three subsections, the various types of nanocellulose are discussed 

briefly with an emphasis on their sources and morphological characteristics. The terms 

cellulose nanofiber (CNF), cellulose nanocrystal (CNC) and bacterial cellulose (BC) are 

used to describe these types but it should be noted that the terms are in many cases 

interchangeable with several other terms as well. 

2.2.1 Cellulose nanofibers 

Cellulose nanofiber (CNF) is used here as a general term for nanoscale cellulosic 

material derived from various plant sources. CNFs can be prepared for example from 

sugar beet (Dufresne et al. 1997), bleached kraft pulp, cotton fibers, tunicin cellulose 

and silk fibers (Taniguchi & Okamura 1998), potato pulp (Dufresne & Vignon 1998), 

hemp fibers, flax bast fibers and rutabaga (Bhatnagar & Sain 2005), wheat straw and 

soy hulls (Alemdar & Sain 2008), banana fibers, jute fibers and pineapple leaf fibers 

(Abraham et al. 2011) by mechanically separating the fibers from the larger fiber 

aggregates, resulting in a gel-like solution with water (Klemm et al.  2011).  

Wood is the most abundant source of cellulose but many other plants have better 

qualities concerning the nanocellulose extraction process (Siro & Plackett 2010). The 

mechanical separation process is very energy consuming and recently the focus has 

been on finding ways to decrease the energy consumption by physical, chemical and 

enzymatic pretreatments (Klemm et al.  2011). The delamination of the plant cell wall 

into CNFs can be facilitated for example with a combined alkaline and acidic treatment 

(Bhatnagar & Sain 2005) or with an enzymatic treatment (Janardhnan & Sain 2007).  
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Dimensions of CNFs vary depending on the fibrillation methods and the used 

pretreatments. Some common values for the width and length of the fibers are shown in 

Table 1. The degree of crystallinity of the fibers has also been investigated in some 

studies. The crystallinity, usually studied with X-ray diffractometry (XRD), has been 

suggested to be an important indicator of the mechanical properties of the fibers 

(Bhatnagar & Sain 2005) and can be increased with dilute acid hydrolysis (Iwamoto et 

al. 2007).  

Table 1. Characteristics of cellulose nanofibers from various plant sources. 

Raw material 
Fibrillation 

method 

Fiber width 

(nm) 

Fiber length 

(nm) 

Crystallinity 

(%) 
Reference 

Bleached kraft 

pulp, cotton 

fibers, tunicin, 

chitosan, silk 

fibers, 

collagen 

Mechanical 20-90 - - 

Taniguchi & 

Okamura 

(1998) 

Softwood 

bleached kraft 

pulp 

Mechanical 50-100  - 
Iwamoto et al. 

(2005) 

Pulp fibers 

(Pinus 

radiate) 

Mechanical 20-50 
more than one 

thousand 
43.0 

Iwamoto et al. 

(2007) 

Pulp fibers 

(Pinus 

radiate) 

Mechanical + 

acid 

hydrolysis 

- - 53.2 
Iwamoto et al. 

(2007) 

Hemp and flax 

bast fibers, 

rutabaga, kraft 

pulp 

Chemical and 

mechanical 
5-60 - 54-64 

Bhatnagar & 

Sain (2005) 

Wheat straw 
Chemical and 

mechanical 
10-80 few thousand 77.8 

Alemdar & 

Sain (2008) 

Soy hulls 
Chemical and 

mechanical 
20-120  69.6 

Alemdar & 

Sain (2008) 

Softwood 

sulfite pulp 

Chemical and 

mechanical 
5-15 

Up to one 

thousand 
- 

Wågberg et al. 

(2008) 

Banana fibers, 

jute fibers, 

pineapple leaf 

fibers 

Chemical, 

mechanical 

and mild acid 

hydrolysis 

5-40 - 83.8-88.6 
Abraham et al. 

(2011) 

 

2.2.2 Cellulose nanocrystals 

The material composed of the crystalline parts of the cellulose molecule is called here 

cellulose nanocrystals (CNC). They can be produced by acid hydrolysis of native 

cellulose (Beck-Candanedo et al. 2005). This is based on the fact that the amorphous 

regions of cellulose are more easily hydrolyzed than the crystalline regions 

(Kargarzadeh et al. 2012). CNCs are shorter and thinner than CNFs and have a rod-like 
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shape (Klemm et al.  2011). The exact dimensions depend on the cellulose source and 

the corresponding degree of crystallinity (Klemm et al.  2011). CNCs have been 

produced for example from sea tunicate (Favier et al. 1995a, 1995b), bleached softwood 

and hardwood pulp (Beck-Candanedo et al. 2005) and commercial microcrystalline 

cellulose (Kvien et al. 2005, Oksman et al. 2006). The characteristics of CNCs are 

shown in Table 2. 

Cellulose fibers can be hydrolyzed by subjecting the fiber suspension to concentrated 

(55-65 wt%) sulfuric acid (H2SO4) at an elevated temperature (45-70 °C) for 10-120 

minutes (Favier et al. 1995b, Araki et al. 1998, Beck-Candanedo et al. 2005, 

Kargarzadeh et al. 2012). This may be followed by centrifugation, washing, dialyzing 

and a subsequent sonication of the suspension to achieve colloidal particles (Araki et al. 

1998, Beck-Candanedo et al. 2005). Hydrocloric acid (HCl) has also been used as a 

hydrolyzing agent instead of sulfuric acid (Araki et al. 1998). The hydrolysis reaction 

time must be carefully controlled to achieve the desired colloidal crystal size and to 

avoid the complete digestion of the cellulose polymer into glucose molecules (Beck-

Candanedo et al. 2005). Longer reaction time and higher acid-to-pulp ratio also lead to 

more narrow distribution of the lengths of the crystals (Beck-Candanedo et al. 2005). 

The sulfuric acid treatment causes esterification of the hydroxyl groups present in the 

cellulose chain by sulfate ions (Kargarzadeh et al. 2012). CNCs have also been prepared 

from microcrystalline cellulose by a combination of N,N-dimethyl acetamide/lithium 

chloride treatment and sonification (Oksman et al. 2006). 

In one of the earliest studies concerning the use of CNCs, Favier et al. (1995a) used acid 

hydrolysis of CNFs, which were obtained by bleaching, disintegration and 

homogenization of sea tunicate mantles. In a later study, a similar method was used for 

the CNC preparation and the resulting crystals had diameters of 10-20 nm and lengths 

varying from 100 nm to several micrometers and were found to have cellulose Ιβ crystal 

structure according to electron diffraction analysis (Favier et al. 1995b).  
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Table 2. Characteristics of cellulose nanocrystals from various sources. 

Raw material Fibrillation method 

Fiber 

width 

(nm) 

Fiber 

length 

(nm) 

Crystallinity 

(%) 
Reference 

Tunicate 

(Microcosmus 

fulcatus) 

Chemical/mechanical 

+ acid hydrolysis 
10-20 

100 to 

several 

thousand 

- 
Favier et al 

(1995b) 

Bleached 

softwood kraft 

pulp 

Acid hydrolysis ~3.5 180 ± 75 - 
Araki et al. 

(1998) 

Bleached kraft 

eucalyptus pulp 

Mechanical + acid 

hydrolysis 
4.8 ± 0.4 147 ± 7 - 

Beck-

Candanedo et 

al. (2005) 

Black spruce 

acid sulfite pulp 

Mechanical + acid 

hydrolysis 

4.5-5.0 ± 

0.3 

105-141 ± 

4-6 
- 

Beck-

Candanedo et 

al. (2005) 

Microcrystalline 

cellulose 
Acid hydrolysis 5 ± 2 210 ± 75 - 

Kvien et al. 

(2005) 

Kenaf fibers 
Chemical + acid 

hydrolysis 

11.3-13.1 

± 2.6-5.1 

124.3-166.4 

± 42.2-69.8 
75.1-81.8 

Kargarzadeh 

et al. (2012) 

 

2.2.3 Bacterial cellulose 

Bacterial cellulose (BC) is cellulosic material produced by various bacteria. It was 

discovered already in 1886 that in a favorable growth environment Bacterium aceti, a 

species of acetic acid bacteria sometimes called “vinegar plant”, formed a gelatinous 

membrane on the surface of the growth medium. The membrane had a thickness of up 

to 25 mm and was composed of cellulose similar to cotton wool. A temperature of 28 

°C was found to be the most favorable for the synthesis, and simple sugars, like glucose, 

mannitol and fructose, could be used as an energy source by these bacteria, named 

Bacterium xylinum by the author. (Brown 1886) Later, name Acetobacter xylinum has 

been widely used for these cellulose forming species (Brown et al. 1976, Watanabe et 

al. 1998, Guhados et al. 2005).  

The synthesized cellulose is in the form of a ribbon consisting of approximately 50 

nanofibers originating from the poles of the rod-shaped bacteria and the ribbons further 

form a network commonly called a pellicle (Brown et al. 1976). The width and average 

thickness of the ribbons have been reported to be 98-140 nm and 4.1 nm, respectively 

(Yamanaka et al. 2000), with the average cross sectional dimensions of the individual 

nanofibers being 1.6 x 5.8 nm (Brown et al. 1976). In addition to the aforementioned 

static culturing method, BC can also be produced as particles with varying shape and 

size (10 µm to 1 mm) in an agitated culture (Watanabe et al. 1998). Significantly high 

crystallinities have been reported for BC (Czaja et al. 2004) (Table 3). There exist many 
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possibilities in producing cellulose by this fermentation process, including the ability to 

control the shape and structure of the resulting network (Klemm et al.  2011). 

Table 3. Characteristics of bacterial cellulose. 

Source 
Culturing 

method 

Fibril width 

(nm) 

Fibril length 

(nm) 

Crystallinity 

(%) 
Reference 

Acetobacter 

xylinum 

Agitated 

culture 
- - 63 

Watanabe et 

al. (1998) 

Acetobacter 

xylinum 
Static culture - - 71 

Watanabe et 

al. (1998) 

Acetobacter 

xylinum 
Static culture 98-140 - - 

Yamanaka et 

al. (2000) 

Acetobacter 

xylinum 
Static culture - - 89 

Czaja et al. 

(2004) 

Acetobacter 

xylinum 
 35-90 - ~60 

Guhados et al. 

(2005) 

 

2.2.4 Properties of nanocellulose 

It is of great interest to be able to utilize the inherent mechanical properties of 

crystalline cellulose in the materials manufacturing (Lee et al. 2014b). However, the 

exact reinforcing ability of cellulose is difficult to measure and analyze without exerting 

chemical or physical stress that may simultaneously cause damage to the fibers 

(Hepworth & Bruce 2000).  Thus, there have been attempts at theoretically calculating 

the tensile strength and elastic modulus of a single cellulose fiber (Tashiro & Kobayashi 

1991, Hepworth & Bruce 2000). The crystalline component of the cellulose chain is 

more easily modelled than the amorphous regions and values very close to observed 

ones have been obtained by simulation studies (Tanaka et al. 2006). 

Sakurada et al. (1962) conducted the first experimental study to determine the elastic 

modulus of crystalline cellulose by measuring the lattice extension under a known stress 

with x-ray diffraction. The tensile strength of TEMPO-mediated cellulose from wood 

and sea tunicate has been estimated using sonication-induced fragmentation combined 

with statistical analysis and the more crystalline tunicate fibers were found to have a 

higher strength than the fibers extracted from wood (Saito et al. 2012).  Raman 

spectroscopy has been used for example by Hsieh et al. (2008) to determine the tensile 

modulus of BC. They observed the stretching of the cellulose polymer embedded in a 

pressed cellulose sheet and obtained a value lower than the theoretical ones. Atomic 

force microscopy is also a common method in nanocellulose characterization and has 

been used in various studies to estimate the elastic modulus of CNFs by performing a 
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nanoscale three-point bending test (Guhados et al. 2005, Cheng et al. 2009 & Iwamoto 

et al. 2009). Elastic moduli and tensile strengths of various nanofiber types are shown in 

Table 4 and compared with the properties of some natural and engineering fibers. 

Table 4. Mechanical properties of nanocellulose obtained via different 

characterization methods compared to properties of natural and engineering fibers. 

Source 
Fiber 

type 

Characterization 

method 

Elastic 

modulus 

(GPa) 

Tensile 

strength 

(MPa) 

Elongation 

at break 

(%) 

Reference 

Acetobacter 

xylinum 
BC 

Atomic force 

microscopy 
78 -  

Guhados et 

al. 2005 

Acetobacter 

xylinum 
BC 

Raman 

spectroscopy 
114 -  

Hsieh et al. 

2008 

Bleached 

ramie 
CNF X-ray diffraction 134 - - 

Sakurada et 

al. 1962 

- 
Cellulose 

I crystal 
Calculation 167.5 - - 

Tashiro & 

Kobayashi 

1991 

- 
Cellulose 

II crystal 
Calculcation 162.1 - - 

Tashiro & 

Kobayashi 

1991 

Potato tuber 

tissue 
CNF Calculation 130 7500  

Hepworth & 

Bruce 2000 

Lyocel 

microfibrils 
CNF 

Atomic force 

microscopy 
98 -  

Cheng et al. 

2009 

Pulp 

microfibrils 
CNF 

Atomic force 

microscopy 
81 -  

Cheng et al. 

2009 

Commercial 

MFC 
CNF 

Atomic force 

microscopy 
84 -  

Cheng et al. 

2009 

Tunicate CNF 
Atomic force 

microscopy 
145.2 -  

Iwamoto et 

al. 2009 

Tunicate CNF 
Atomic force 

microscopy 
150.5 -  

Iwamoto et 

al. 2009 

Wood CNF 

Sonication-

induced 

fragmentation / 

modelling 

- 
1600-

3000 
- 

Saito et al. 

2012 

Sea tunicate CNF 

Sonication-

induced 

fragmentation / 

modelling 

- 
3000-

6000 
- 

Saito et al. 

2012 

- 
Cellulose 

Iβ crystal 
Simulation 124-155 -  

Tanaka et 

al. 2006 

Flax 
Natural 

fiber 
- 27.6 

345-

1500 
2.7-3.2 

Bismarck et 

al. (2005) 
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Hemp 
Natural 

fiber 
- 70 690 1.6 

Bismarck et 

al. (2005) 

Jute 
Natural 

fiber 
- 13-26.5 393-800 1.16-1.5 

Bismarck et 

al. (2005) 

Kenaf 
Natural 

fiber 
- 53 930 1.6 

Bismarck et 

al. (2005) 

Nettle 
Natural 

fiber 
- 38 650 1.7 

Bismarck et 

al. (2005) 

Cotton 
Natural 

fiber 
- 5.5-12.6 287-800 7-8 

Bismarck et 

al. (2005) 

E-glass 
Synthetic 

fiber 
- 73 3400 2.5 

Bismarck et 

al. (2005) 

Kevlar 
Synthetic 

fiber 
- 60 3000 2.5-3.7 

Bismarck et 

al. (2005) 

Carbon 
Synthetic 

fiber 
- 240-425 

3400-

4800 
1.4-1.8 

Bismarck et 

al. (2005) 

 

The degree of crystallinity of the fibers can be estimated using X-ray diffraction studies 

in which the ratio of the crystalline portion of the fiber to the whole fiber is obtained 

(Alemdar & Sain 2008). The crystallinity of the cellulosic material is in close relation to 

the elastic modulus and both of these may be unintentionally decreased by excessive 

pretreatment of the fibers. The fiber crystallinity may also have a significant influence 

on the thermal properties of the materials prepared from the fibers with an increased 

coefficient of thermal expansion linked to a lower degree of crystallinity. The degree of 

polymerization is not directly related to the fiber length but provides information on the 

breakage of the polymer chains and has been found to influence the tensile strength of 

the material. (Iwamoto et al. 2007) The mechanical and chemical methods to isolate 

cellulose nanofibers for example from wood pulp have been found to decrease the fiber 

degree of polymerization by 50-80 % (Zimmerman et al. 2004). Another commonly 

used term in describing the fiber properties is the aspect ratio, that is, the ratio of the 

length and the width of the fiber. The aspect ratio is usually higher in CNFs than in 

CNCs. 
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2.3 Pretreatment 

The most widely used raw material for nanocellulose production is wood pulp. Also 

other plant sources are increasingly utilized and some of these may even have better 

properties than wood-based biomass. For example, the lignin content is lower in many 

non-wood plants making the fibrillation process easier. The biggest problem with the 

mechanical methods of nanocellulose production is the energy consumption, which may 

be as high as 20 000-30 000 kWh per tonne of nanocellulose. (Siro & Plackett 2010) To 

decrease the energy consumption, enzymatic or chemical pretreatment can be used prior 

to the mechanical treatment. Some of these pretreatment methods are discussed in this 

section. The various methods of mechanical fibrillation of the fibrous material derived 

from plants are presented in Section 2.4. The fibers obtained via routes to be described 

are called cellulose nanofibers, or CNFs. 

2.3.1 Alkaline pretreatment 

Alkaline pretreatment can be used to solubilize lignin, pectin and hemicellulose present 

in the plant fibers (Siro & Plackett 2010). Dufresne et al. (1997), for example, extracted 

these compounds from sugar beet pulp with 2 wt% sodium hydroxide (NaOH) solution 

and removed them with a subsequent filtration and rinsing. They pointed out that the 

extraction process has to be carefully controlled to avoid unnecessary degradation of 

cellulose. The CNFs are located inside a matrix of pectin and hemicellulose and a too 

high alkaline concentration or a too long treatment time can cause a decrease in the 

degree of polymerization of the cellulose in addition to the hydrolyzation of the pectin 

and hemicellulose layers.  

Bhatnagar and Sain (2005) used alkaline pretreatment of hemp and flax bast fibers and 

rutabaga in combination with acid hydrolysis. The rutabaga fibers were pulped with a 

blender and the hemp and flax bast fibers were soaked in 17.5 wt% sodium hydroxide 

(NaOH) in order to increase the surface area for the subsequent acid hydrolysis in which 

the hemicellulose was solubilized. After the hydrolysis the remaining lignin, pectin and 

hemicellulose was removed by treating with dilute (2 wt%) sodium hydroxide before 

the final mechanical treatment. The obtained CNFs had diameters of 5-60 nm. Similar 

pretreatment approach has also been used for fibrillation of wheat straw and soy hulls 

(Alemdar & Sain 2008). It was found that the cellulose content and crystallinity of the 

fibers could be significantly increased by the chemical treatment prior to mechanical 
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disintegration. The alkaline extraction procedure has to be very carefully controlled and 

the alkali concentration kept sufficiently low to avoid the “peeling” of the cellulose 

molecules in which the polymer chain begins to shorten from the reducing end by a β-

elimination process (Bhatnagar & Sain 2005). 

2.3.2 Oxidation pretreatment 

CNF suspensions can be prepared by adding functional groups with negative charges to 

the fiber surfaces leading to repulsive forces facilitating the disintegration of the fiber 

aggregates. This can be achieved by sulfuric acid treatment but the procedure causes a 

significant decrease in the length, and thus also in the aspect ratio, of the fibers. (Saito et 

al. 2006) Currently, the most common pretreatment method in CNF preparation is the 

so-called TEMPO-mediated oxidation, TEMPO being an abbreviation for 2,2,6,6-

tetramethylpiperidine-1-oxyl (Dufresne 2013). Isogai and Kato (1998) used a 

combination of the TEMPO radical, sodium bromide (NaBr) and sodium hypochlorite 

(NaClO) to oxidize samples of regenerated, mercerized and native cellulose. The 

oxidation of the regenerated and mercerized samples resulted in carboxylation of the 

alcohol groups in the cellulose chain and the cellulose was converted to polyglucuronic 

acid that is soluble in water. Native cellulose fibers oxidized without any chemical 

pretreatment have been found to retain their crystallinity and crystal sizes even when 

high numbers of carboxylate and aldehyde groups are introduced via TEMPO-

oxidation, suggesting that these functional groups are mostly present at the crystal 

surfaces and disordered regions (Saito et al. 2004). The negatively charged carboxyl 

groups facilitate the delamination of the fibers via repulsion forces and the typical 

resulting fiber width is 4-5 nm, corresponding to the smallest elementary fibrils, while 

the crystalline structure remains unaffected (Sehaqui et al. 2012). 

2.3.3 Enzymatic pretreatment 

Enzymatic hydrolysis is another pretreatment method to reduce the energy consumption 

of the CNF preparation process (Pääkkö et al. 2007). Pääkkö et al. used a combination 

of refining, homogenization and enzymatic pretreatment of bleached sulfite softwood 

pulp to prepare CNF suspensions consisting of 5-6 nm wide fibers and 10-20 nm wide 

fiber aggregates. The enzymatic hydrolysis with endoglucanases is milder than acid 

hydrolysis and thus allowed a higher aspect ratio and better mechanical properties of 

CNFs to be obtained.  
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Janardhnan and Sain (2007), on the other hand, used a fungus to produce the enzymes 

that were used to treat bleached kraft pulp prior to refining and cryocrushing. The fiber 

diameters in the resulting suspensions were significantly lower than in the suspensions 

only subjected to refining and cryocrushing steps. The fungus treatment was also found 

to have little impact on cellulose.  

When comparing acid hydrolysis and enzymatic hydrolysis in combination with 

mechanical treatments, Henriksson et al. (2007) showed that endoglucanase 

pretreatment results in a more favorable nanofiber structure than acid hydrolysis in 

addition to being a more environmentally friendly procedure. Fiber disintegration could 

be achieved even with very low enzyme concentrations and the degree of 

polymerization was only minimally affected. 

2.3.4 Carboxymethylation 

In carboxymethylation the hydroxyl groups in the cellulose polymer are substituted by 

charged carboxymethyl groups (CH2COOH) in a reaction carried out in isopropanol 

reaction medium with low concentrations of chloroacetic acid and sodium hydroxide 

(Walecka 1956). This procedure of charging the pulp makes the fibrillation process 

easier and leads to a more uniform end product (Wågberg et al. 2008). Wågberg et al. 

(2008) used carboxymethylated cellulose fibers to prepare nanofibers with a diameter 

from 5 to 15 nm and a length as high as 1 µm from sulfite softwood pulp. They 

suggested that the repulsion force between the charged fibers acted to prevent 

flocculation and thus increased the stability of the prepared suspension.  

2.4 Mechanical treatment 

Some of the most commonly used mechanical methods by which the cellulose fibers 

can be fibrillated into smaller units of CNFs are discussed in this section. The 

characteristics of the resulting fibers depend on the used method and the treatment time. 

The degree of fibrillation in the material can be evaluated for example by water 

retention using a centrifuge (Nakagaito & Yano 2004). 
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2.4.1 Refining and high-pressure homogenization 

The first reported cellulose fibrillation method was to use a mechanical homogenizer 

with a large pressure drop to decompose the larger fibers (Turbak et al. 1983 & Herrick 

et al. 1983, as cited in Siro & Plackett 2010). Nakagaito and Yano (2005) in turn used a 

combination of a refiner and a homogenizer to obtain highly fibrillated cellulose from 

kraft pulp. In their study, the pulp was passed through the refiner for 30 times before 

exposing it to the pressure drop of the homogenizer for 14 times.   

A disk refiner consists of two disks, a stator and a rotor disk, with a gap between them 

through which the pulp is passed subjecting it to stress and leading to disintegration of 

the fiber aggregates (Nakagaito & Yano 2004). Refining is usually used before 

homogenization to break the outer P and S1 layers of the cell wall to gain access to the 

inner S2 layer (Siro & Plackett 2010) in which most of the nanofibers are located 

(Iwamoto et al. 2005). Homogenizer consists of a spring-loaded valve assembly through 

which the fiber-containing suspension is passed and thus exposed to a large pressure 

drop as the valve opens and closes rapidly (Iwamoto et al. 2005). 

2.4.2 Grinding 

Cellulose fibers can be fibrillated by treating cellulose containing pulp with a grinder 

normally consisting of two grinding stones, one static and the other rotating, that break 

the cell wall structure into smaller constituents (Siro & Plackett 2010). This method has 

been used in several studies to obtain CNFs with 20-100 nm diameter (Taniguchi & 

Okamura 1998, Iwamoto et al. 2005 & Iwamoto et al. 2007). In these studies, the pulp 

was passed through the grinder up to thirty times. The fibrillation mechanism in grinder 

treatment has been suggested to be due to the breakage of the multilayered cell structure 

and hydrogen bonds by the grinding stones (Iwamoto et al. 2007).  

The mechanical process imposing shear forces on the fibers leads to a decrease in the 

degree of polymerization and the degree of crystallinity. This degradation in turn causes 

a subsequent decrease in the mechanical properties and an increase in the thermal 

expansion of the material. It has been suggested that passing the fiber suspension 

through the grinder more than five times has no significant effect on the nanofiber 

morphology. (Iwamoto et al. 2007) Thus, the degradation could be avoided by 

optimizing the treatment time. 
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2.4.3 Cryocrushing 

Cryocrushing is a less common fibrillation method reported for example by 

Chakraborty et al. (2005). They used a combination of refining and cryocrushing to 

produce fibers with diameters of 1 µm and below. The black spruce pulp used as a raw 

material was first sheared in a refiner to induce fibrillation on the surface of the fiber 

bundles and subsequently frozen by immersing in liquid nitrogen. The frozen pulp was 

ground with iron mortar and pestle to form low diameter nanofibers. Finally, the 

material was either made into a water suspension or freeze-dried. Pretreating the fibers 

with a fungus prior to refining and cryocrushing is a potential way of decreasing the 

diameter of the resulting nanofibers (Janardhnan & Sain 2007). Cryocrushing has also 

been combined with chemical treatments carried out prior to the mechanical treatment 

(Dufresne et al. 1997, Bhatnagar & Sain 2005, Alemdar & Sain 2008) 

2.4.4 Microfluidization 

A microfluidizer can be used as an alternative to a homogenizer. In microfluidizer the 

pulp suspension is passed through a z-shaped chamber in which it gets impacted by 

shear forces at high velocities and a pressure as high as 2760 bars (Dufresne 2013). 

Zimmermann et al. (2004) used a microfluidizer to produce CNFs with diameters well 

below 100 nm from sulphite pulp. During the treatment, the longitudinal axis of the 

cellulose fibers was said to have been exposed to shearing-stress that separated the 

nanofibers.  

López-Rubio et al. (2007) used a combination of refining, enzymatic treatment and 

microfluidization to prepare CNFs from bleached softwood pulp. Qing et al. (2013a) in 

turn passed refined bleached eucalyptus kraft pulp through a microfluidizer for 15 times 

at 150 MPa pressure. The obtained CNFs had diameters between 4.7 and 31 nm, while 

the original average diameter and length were 18 µm and 1 mm, respectively. Zhu et al. 

(2011) also used a microfluidizer with varying chamber sizes to produce CNFs from 

enzymatically hydrolyzed bleached eucalyptus Kraft pulp. The diameter and length of 

the fibers were approximately 20 nm and 500 nm, respectively. 

2.4.5 High intensity ultrasonication 

In high intensity ultrasonication electronically generated mechanical high-frequency 

oscillation is used to break the plant cells in the sample to be treated. The energy is 
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transmitted through a metal probe that is placed in the sample and acts to disintegrate 

the cell walls. Some drawbacks related to this method include noise, yield variability 

and the generation of free radicals. (Dufresne 2013) Zhao et al. (2007) produced CNFs 

from various natural sources including spider and silkworm silks, collagen, chitin, 

cotton, bamboo, wood and hemp fibers. The obtained fibers had diameters of 25 to 120 

nm. The fibrillation process was said to be due to acoustic cavitation caused by the 

oscillating probe breaking the bonds between the fibers. Cheng et al. (2010) used this 

method to produce CNFs from cellulose fibers without prior chemical treatment 

resulting in fibers with diameters varying from 20-30 nm to several micrometers. A 

more uniform diameter distribution of 5-20 nm was attained by Chen et al. (2011) who 

used a combination of chemical treatment and ultrasonication to fibrillate cellulose 

fibers from poplar wood. 
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3 NANOCELLULOSE REINFORCED COMPOSITES 

To be able to reduce the reliance on petroleum in polymer manufacture, the 

thermomechanical properties of the bio-based polymers should be improved to match 

those of the petroleum-based ones. This can be achieved for example by combing them 

with natural fibers acting as a reinforcing phase. The fibers may be used either 

individually or as network structures, or mats, that are impregnated with resin and 

possibly laminated to form composite materials. One early application of the latter is 

Papreg, a combination of phenolic resin and waste cotton with high strength developed 

in the 1940s and 1950s. (Lee et al. 2014b)  

Natural fibers have many favorable properties such as low density, good availability, 

renewability and good mechanical properties. However, they also possess some notable 

undesirable properties that have to be targeted including low moisture and bacterial 

resistances, low thermal stability (Bismarck et al. 2005) and variations in quality 

(Oksman 2001). Composites of thermoset resins reinforced with natural fibers with high 

elastic moduli have been prepared but the strength of these materials has mostly been 

lower than that of glass fiber composites (Oksman 2001). The stress transfer between 

the natural fibers and the matrix material is not ideal due to weak interfacial bonding 

and can be enhanced by mechanically treating the fibers to reduce their size (Nakagaito 

& Yano 2004, 2005). It has been shown that the reinforcing ability of cellulose fibers 

could be increased by approximately 50 % via fibrillating the native fibers to nanoscale 

fibers (Nakagaito & Yano 2004). 

CNFs described in the earlier sections are thus a promising bio-based alternative to the 

commonly used natural and synthetic fibers as reinforcement in composite materials. 

They have good mechanical properties and are widely available from various natural 

sources. The preparation and the mechanical properties of composites based on CNFs 

are discussed in this chapter. An introduction to bionanocomposites is first given in 

Section 3.1. Section 3.2 provides a more detailed consideration on methods of preparing 

nanocellulose networks and on their impregnation with polymers as a specific way of 

obtaining strong composite materials. In Sections 3.3 and 3.4 the theory behind 

preparing porous CNF networks via freeze casting and a method to produce composites 

using these networks as templates for resin impregnation are presented, respectively. 
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3.1 Introduction to bionanocomposites 

Nanocomposites are polymeric materials containing filler particles with at least one 

dimension under 100 nm. It is not uncommon to achieve a high reinforcement effect 

even with considerably low filler concentrations due to the defect-free nature of the 

nanoscale particles. The high specific surface area of such materials also leads to high 

amounts of interfacial area between the matrix and the reinforcement phase. 

Bionanocomposites in turn are commonly described as nanocomposite materials 

containing either a bio-based polymer as the matrix phase, or bio-based nanoparticles as 

the reinforcement phase. The use of nanocellulose in such bionanocomposite materials 

has been studied for little over 20 years. (Siqueira et al. 2010)  

Because of the hydrophilic nature of nanocellulose, the fibers are difficult to disperse in 

a non-polar matrix and have thus mostly been used in aqueous and polar media 

(Oksman et al. 2006), in which the dispersion is more easily achieved (Oksman et al. 

2016). Solution casting is a common method used to prepare composites from 

nanocellulose. The simplest method consists of mixing a nanocellulose suspension with 

a polymer dissolved in water and subsequently evaporating the water to obtain a 

composite film. However, also polymers not soluble in water may be used. This can be 

achieved by preparing an emulsion of water and the polymer in which the nanofibers 

can be dispersed. (Siqueira et al. 2010) Despite being a widely studied method, solution 

casting has not been adapted to larger scale yet (Oksman et al. 2016). 

In one of the earliest reported studies on using nanocellulose in composite materials a 

water/polymer emulsion system was utilized. In this study, Favier et al. (1995a) 

produced composites from latex and CNCs obtained from sea tunicate. The preparation 

was carried out by mixing the CNC suspension with a copolymer of styrene (35 wt%) 

and butyl acrylate (65 wt%) and evaporating the water for several weeks at room 

temperature to get 1-2 mm thick films. The composites had significantly higher shear 

moduli than the neat polymer and an improved thermal stability with a low nanocrystal 

concentration of 6 wt%. The reinforcing effect was suggested to be a result of hydrogen 

bonding between the crystals. In a later study (Favier et al. 1995b), similarly prepared 

suspensions were cast in moulds and again a strong reinforcing effect was achieved by 

the addition of CNCs into the polymer. It has been suggested that a mechanical 

percolation phenomenon, in which the latex particles affect the formation of the 
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nanocrystal network by imposing geometrical constraints on the fibers, plays an 

important role in determining the strength of the resulting composites (Dubief et al. 

1999). 

Dufresne and Vignon (1998) prepared composites from CNFs and water-soluble starch 

obtained from potato pulp. A CNF suspension (3.3 wt%) and a solution of gelatinized 

starch (3.1 wt%) were mixed in varying proportions with glycerol, acting as a 

plasticizer, and homogenized prior to being cast in a mould and stored at 37 °C. The 

thermomechanical properties of the resulting starch films were improved and the water 

sensitivity decreased even with a few percent addition of CNFs. A similar approach was 

later used to study the mechanical and water sorption properties of the materials with 

CNF contents of up to 50 % (Dufresne et al. 2000). The elastic modulus was found to 

increase with increasing CNF content. Starch-based composites were also prepared by 

López-Rubio et al. (2007). In their study, gelatinized amylopectin was reinforced with 

CNFs to obtain composite films. The CNFs significantly increased the tensile properties 

of the films. The reinforcement ability of both CNFs (Zimmermann et al. 2004, 

Bhatnagar and Sain 2005) and CNCs (Kvien & Oksman 2007) when combined with 

polyvinyl alcohol (PVA), a hydrophilic polymer, has been demonstrated in several 

studies. Zimmermann et al. (2004) noticed a connection between the degree of 

polymerization of the fibers and better mechanical properties of the resulting 

composites. This indicates that a stronger network may be associated with longer fibers. 

Alignment of the nanoparticles in the polymer matrix has been studied as a possible way 

to enhance the reinforcing ability. Kvien and Oksman (2007) prepared CNC/PVA 

composites using magnetic field to align the nanocrystals in a suspension prior to drying 

to obtain a unidirectional fiber network. The storage modulus of the material was 

significantly higher in the direction perpendicular to the magnetic field, that is, the CNC 

alignment direction. Sehaqui et al. (2012) prepared nanocomposites with oriented fibers 

from CNFs and hydroxyethyl cellulose (HEC) by mechanically drawing the wet cakes 

obtained by vacuum filtration. The elastic modulus and the tensile strength were 

increased from 8.2 to 13.3 GPa and from 200 to 355 MPa, respectively, by aligning the 

fibers via stretching of the material prior to drying. A drawing method was also used by 

Wang et al. (2015). Dried cast CNC/CMC (carboxymethyl cellulose) films were 

mechanically drawn at 99 % relative humidity to orient the crystals in the polymer 

matrix. The elastic modulus and tensile strength of the materials were increased with 
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increasing CNC content until about 70 wt% after which the effect was decreasing. The 

strain at break was decreased with increasing CNC concentration. With over 50 wt% 

CNCs the composites were very brittle with a low calculated work to fracture value 

suggested to be caused by an insufficient amount of polymer and a presence of possible 

CNC aggregates. The alignment of the crystals was confirmed by SEM imaging and X-

ray diffraction studies. The elastic modulus and tensile strength values of the samples 

with 50 wt% CNC content and with the highest 2.5 drawing ratio were twice as high as 

the values for the samples with randomly oriented CNC networks.  

The dispersion of nanocellulose fibers in hydrophobic polymers can be improved by 

using surfactants or by modifying the surface of the cellulose molecule (Oksman et al. 

2016). For example, the modification of CNF surface with acetylation has been 

investigated as a potential method to improve the fiber dispersion in a hydrophobic 

polylactic acid (PLA) matrix (Tingaut et al. 2009). However, these methods demand the 

use of organic solvents and intensive solvent exchange procedures. Greener, solvent-

free methods should be developed for the functionalization of cellulose fibers. (Oksman 

et al. 2016) 

Another method commonly used for bionanocomposite production is melt 

compounding. This is a process that has a potential to be quite easily applied for larger 

scale production. Usually the nanocellulose is dispersed in a thermoplastic polymer melt 

and processed either as a batch or continuously. (Oksman et al. 2016) In an early work, 

Oksman et al. (2006) prepared fully bio-based CNC/PLA nanocomposites via extrusion. 

The commercial microcrystalline cellulose (MCC) used as raw material was swollen 

with a solution of N,N-dimethylacetamide (DMAc) and lithium chloride (LiCl) and 

sonicated to separate the CNCs. The CNC suspension was concentrated and 

compounded with PLA polymer in a co-rotating twin screw extruder and compression 

moulded. The effects of modifying PLA with maleic acid and using polyethylene glycol 

(PEG) as a processing aid were also studied. The CNCs were fed into the extruder in the 

form of a suspension to avoid the aggregation of the crystals during drying and this was 

expected to result in good dispersion in the polymer matrix. Transmission electron 

micrographs showed an increased nanocrystal dispersion when PEG was used. Tensile 

tests showed an increase in mechanical properties when CNC reinforced samples were 

compared to PLA with DMAc but pure PLA was still superior to the composites which 
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was possibly a consequence of the used additives. Poor dispersion and the tendency of 

CNCs to form aggregates was found to be a problem.  

To improve the dispersion of CNCs in a PLA matrix the use of PVA as a carrier has 

been attempted but the results showed no notable improvements in the polymer 

properties and the CNCs were found to be dispersed primarily in a separate PVA phase 

(Bondeson & Oksman 2007). In another study CNFs and PLA were premixed and the 

dried particles were used as a feed for an extruder (Jonoobi et al. 2010). Improvements 

in the mechanical properties of the matrix were achieved with low CNF concentrations 

but at the highest 5 wt% concentration fiber aggregates were present in the final 

composites indicating a non-homogenous dispersion. Twin-screw extrusion was also 

used by Hietala et al. (2013) to prepare composites of thermoplastic starch reinforced 

with CNFs. At 10 wt% CNF content the tensile strength and modulus could be 

increased to nearly double that of neat thermoplastic starch. However, no significant 

improvement was observed by further increase of CNF concentration. This was 

suggested to be caused by aggregation of the fibers with higher concentrations. Melt 

processing has also been used to disperse CNFs in molten polyethylene and 

polypropylene with ethylene-acrylic oligomer as a dispersant (Wang & Sain 2007). The 

mechanical properties of the polymers could be only slightly improved.  

The major drawbacks of solution casting and melt processing techniques are the time-

consuming nature of the former and the difficulty of achieving good dispersion with 

either of the methods. In addition, the glass transition temperature and the thermal 

decomposition temperature of cellulose are quite low, approximately 200-230 °C and 

260 °C, respectively. This reduces, along with the hydrophilicity, the number of the 

polymers that can be used with nanocellulose fibers in melt processing. (Oksman et al. 

2016) 

In general, a nanocellulose volume fraction of over 30 % is needed for the mechanical 

properties of the composite material to exceed those of the neat polymer matrix (Lee et 

al. 2014b). This is not easily achieved by the methods described above. Alternative 

ways to prepare strong CNF composites are the various methods of impregnating a 

preformed CNF network with a polymer matrix discussed in the next section. 

 



35 

3.2 Nanocellulose composites of high strength 

Bionanocomposites with the best mechanical properties have thus far been prepared via 

impregnation of preformed nanocellulose networks acting as templates (Oksman 2016). 

The various methods of obtaining such networks, the impregnation procedures utilized 

and the properties of the resulting composites are discussed in this section. The 

networks are categorized here according to their porosity as high- and low-density 

networks.  

3.2.1 High-density nanocellulose networks 

Nanocellulose suspensions can be used to prepare films or sheets, also called 

nanopapers, of varying thickness formed by a network of nanofibers. The nanofiber 

networks have good mechanical properties with relatively high porosities, an important 

fact considering the reinforcement ability of the fibers in composites which has been 

suggested to rely heavily on the properties of the network instead of those of separate 

fibers (Oksman et al. 2016). These networks have also been resin impregnated with 

low-viscosity thermosetting resins to form strong composite materials (Nakagaito & 

Yano 2004, 2005, Iwamoto et al. 2005, Yano et al. 2005, Henriksson & Berglund 

2007).  

A notable problem with nanocellulosic materials is that they are difficult to process on a 

larger scale. The high viscosity of the gel-like water suspensions leads to filtering times 

as long as 3-24 h, compared to only few seconds that are needed with larger native 

fibers commonly used in papermaking. The high water content also causes problems 

with transportation and storage, and on the other hand, the concentration of the gels 

often leads to agglomeration. In addition, the disintegration of the fibers to nanofibers is 

energy intensive. (Ansari et al. 2015) Also, the nanocellulose networks with the best 

mechanical properties are very dense and thus difficult to impregnate, taking up to 

several days to accomplish the whole filling process (Aitomäki et al. 2016). 

Dufresne et al. (1997) were the first to report the preparation of solid films by casting a 

CNF suspension obtained from sugar beet pulp to form a dense nanofiber network. Air 

was removed from the nanofiber suspensions with vacuum before casting them in 

plastic molds and drying at 37 °C for 48 h. The chemical treatment used to remove 

lignin from the cellulose fibers was found to decrease the elastic modulus of the 
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resulting cellulose nanofiber films. The elastic modulus, on the other hand, increased as 

a function of the mechanical treatment suggested to be a result of a stronger network 

being present due to better fiber individualization.  

Taniguchi and Okamura (1998) produced homogenous and translucent films with 

thickness varying from 3 to 100 µm and with good mechanical properties. Films were 

prepared by simply air-drying the mechanically treated fiber suspensions. The tensile 

strength of the films prepared from bleached kraft pulp was 2.4 times higher than that of 

commercial print paper and 2.7 times higher than the value for low-density 

polyethylene. This was suggested to be a result of the high surface area of the small 

fibers leading to strong hydrogen bonding network, as also stated by Dufresne et al. 

(1997). Cellulose sheets have also been prepared from BC by drying the gelatinous 

pellicles produced by bacteria (Watanabe et al. 1998, Yamanaka et al. 2000). The high 

network formation tendency and reinforcing ability of CNFs has also been shown by 

Zimmermann et al. (2004). 

Vacuum filtration has later been used instead of evaporation to make the nanopaper 

preparation process faster. Nanopaper sheets have been obtained from CNF suspensions 

or from BC by filtering the material under vacuum resulting in a wet cake which can be 

dried, resulting in nanopaper (Iwamoto et al. 2005, 2007, Nogi et al. 2009, Lee et al. 

2012). Iwamoto et al. (2005) used vacuum filtration of CNF suspension to prepare thin 

mats which were oven dried before being further utilized in composite material 

production. A similar approach was later used by Iwamoto et al. (2007). The fibers were 

found to be isotropically, that is, randomly oriented in the sheets. Although a denser and 

more closely packed fiber network in the sheets could be obtained by decreasing the 

fiber size using a mechanical treatment prior to the preparation, the elastic modulus of 

the sheets was found to decrease. This was said to be resulting from the degradation of 

the fibers caused by the shear forces imposed on them (Iwamoto et al. 2007). Optically 

transparent sheets have also been prepared from CNFs (Nogi et al. 2009). The very 

densely packed networks were translucent and could be made transparent by surface 

polishing.  

Lee et al. (2012) compared the properties of nanopapers prepared from CNFs and BC. 

The mechanical properties of the papers were found to be similar even though the 

samples made from BC had higher porosities. The crystallinity of CNFs (41 ± 5 %) was 
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lower than that of BC (72 ± 1 %) but on the other hand, the hemicellulosic fractions still 

present in CNFs were suggested to act as binders increasing the strength and stiffness of 

the material. The strain at break and work of fracture were higher for the BC papers said 

to be caused by fewer cross-linkages between the fibers. In addition to this, the 

brittleness of hemicellulose could have been affecting the toughness of the CNF papers. 

The drying process significantly affects the structure of the resulting film and the 

porosity can be controlled by solvent exchanging the water before drying (Oksman et al. 

2016). Capillary action of water during the drying leads to a compact nanopaper with a 

porosity of approximately 20 % and a specific surface area as low as 10
-2

 m
2
/g, but 

exchanging the water to an organic solvent decreases the capillary effects allowing 

significantly higher porosities and specific surface areas to be achieved (Sehaqui et al. 

2011b). These methods can be utilized to facilitate the resin impregnation process. 

Henriksson et al. (2008) obtained nanopapers with porosities of 19-40 % by using 

solvent exchange. The wet CNF filter cakes were immersed in either ethanol, methanol 

or acetone for a total of 26 hours to replace the water inside the network with the 

solvent before drying at 55 °C for 48 hours under pressure. The average pore size of the 

networks varied between approximately 10-50 nm. The prepared nanopapers were 

tougher than conventional paper suggested to be caused by the high strength and 

uniform distribution of the fibers along with a supposed good adhesion between the 

fibers. Sehaqui et al. (2011b) in turn achieved porosities of 40-86 % and a specific 

surface area as high as 482 m
2
/g. The water in the networks was first exchanged to 

ethanol (total of 48 hours) and then the networks were either dried with CO2, or the 

ethanol was further exchanged to tert-butanol and the samples were frozen and freeze 

dried. Supercritical CO2 drying resulted in the highest porosity but also liquid CO2 

evaporation was found to be an efficient way of decreasing the influence of the capillary 

action because of the low hydrophilicity of carbon dioxide. An interesting observation 

made in the study was the fact that the mechanical properties of the nanofiber networks 

were in some cases independent of the porosity. The samples prepared via solvent 

exchange to tert-butanol and subsequent freeze drying had higher tensile moduli and 

strengths than the liquid CO2 dried ones, even though the porosities were approximately 

the same. This was attributed to the differences in specific surface areas, lower surface 

area leading to higher modulus and strength and to lower strain at break. In general, the 

applicability of the nanopapers as network reinforcements in composites was clearly 
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indicated. The mechanical properties of the samples prepared from TEMPO-oxidized 

CNFs were comparable to those of polypropylene, even at a high porosity of 56 % and a 

low density of 640 g/cm
3
. The pore size of the CNF networks varied between 5.5 and 36 

nm. 

In order to better utilize the inherent mechanical properties of nanocellulose, oriented 

nanofiber networks have also been prepared. Using a cold drawing method, Sehaqui et 

al. (2012) prepared nanopapers with partially aligned fibers by stretching the CNF wet 

cakes obtained by a vacuum filtration method similar to the ones described above. The 

stretching was carried out on a tensile testing machine with 20, 40 and 60 % strains 

induced on the films prior to drying. Atomic force micrographs of the surfaces of the 

resulting nanopapers showed a preferred fiber orientation along the stretching direction. 

This was further confirmed by X-ray diffraction studies. The orientation of the fibers 

along the nanopaper plane was increased as the stretch was increased and with the 

highest 60 % draw the calculated fiber orientation was 81.7 %. The elastic modulus and 

the tensile strength were increased linearly with increased draw ratio and the strain at 

break was decreased.  

3.2.2 Impregnation of high-density nanocellulose networks 

The cellulose nanofiber networks described above have been impregnated with various 

polymeric resins to prepare composite materials. Mostly thermosetting resins have been 

utilized. The impregnation process is greatly dependent on the capillary action of the 

resin inside the CNF network. It is also further facilitated by the expansion of the gases 

in the resin caused by the reduced pressure which is typically utilized in the process. 

Other important factors affecting the impregnation include the viscosity and curing time 

of the resin. These properties greatly affect the ability of the resin to fill the whole 

network structure. (Oksman et al. 2016) 

Nakagaito and Yano (2005) were the first to use nanocellulose networks to prepare 

composites by resin impregnation. The nanopapers were formed by vacuum filtering a 

CNF suspension and drying the filter cakes in an oven. The dried nanopapers were 

impregnated with phenol-formaldehyde (PF) dissolved in methanol by immersing them 

in the solution and keeping first under vacuum and then under ambient pressure at room 

temperature. The impregnated nanopapers were air dried, put into an oven and hot 

pressed. The total preparation time was over 162 hours. The resulting composites had 
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significantly higher bending strengths than composites with non-fibrillated pulp fibers 

as a reinforcement. This was suggested to be caused by the unique properties of CNFs, 

including high strength and high surface area. The network of interconnected fibers may 

significantly enhance the toughness of the material by resisting the formation of 

fractures. The strength and toughness of the composites with high CNF concentrations 

were comparable to those of a commercial magnesium alloy. The advantage of 

mechanically fibrillating the pulp fibers into smaller nanoscale units was clearly 

indicated (Nakagaito & Yano 2004). The mechanical properties of the prepared 

nanocomposites increased with increasing degree of fibrillation. Even better mechanical 

properties were achieved by using BC instead of CNFs (Nakagaito et al. 2005). 

Especially the tensile modulus was significantly higher in the composites prepared from 

BC. This was suggested to be a result of the uniformly shaped, interconnected and 

continuous nature of the BC ribbons. 

Yano et al. (2005) prepared composites of BC and various thermosetting resins, such as 

epoxy, acrylic and PF. The BC pellicles were pressed and dried before impregnating 

with resin using vacuum to fill the porous networks. As a result, optically transparent 

nanocomposite sheets were obtained. The thermal expansion coefficient of the epoxy 

resin decreased to one twentieth when it was combined with BC, again indicating the 

strong reinforcement ability of nanocellulose. Similar effect on thermal expansion was 

also shown with transparent sheets prepared from acrylic resin reinforced with CNFs 

(Iwamoto et al. 2005). This approach was also used in a later study, in which the impact 

of the fibrillation procedure on the properties of the composites was studied (Iwamoto et 

al. 2007). A higher fiber content in the resulting composite material was achieved by 

passing the suspension through a grinder due to the decrease of the fiber size, but the 

effect was not significant after 3 passes. The mechanical strength and stiffness were 

both increased and the coefficient of thermal expansion was decreased in comparison to 

the neat acrylic resin. However, these effects were diminished as a function of the 

mechanical treatment, suggested to be due to shortening of the fibers, that is, a decrease 

in the aspect ratio in addition to the effect of fiber degradation caused by the mechanical 

shear forces. Henriksson and Berglund (2007) impregnated dried CNF networks with 

water-soluble melamine formaldehyde (MF). The impregnated films were dried in an 

oven and hot pressed. The moisture uptake of the networks was significantly reduced 

after impregnation. Also the mechanical properties could be slightly improved. 
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Various methods have been attempted to facilitate the impregnation process. These 

include the use of solvent exchange in which the water in the wet nanocellulose 

networks is replaced with an organic solvent. Barud et al. (2011), for example, 

impregnated chloroform-swollen BC membranes with poly(3-hydroxybutyrate) resin 

dissolved in chloroform. Significant improvements in tensile properties of the resin 

could be achieved, the highest values having been obtained for the composites with 75 

wt% BC content. Juntaro et al. (2012) impregnated dried BC sheets with polyurethane 

resin. The impregnation time was reported to be only 1 min followed by UV curing for 

3 min. By using different pressures during drying and by exchanging the water in the 

BC suspension to ethanol, the density of the resulting networks could be varied. Higher 

applied pressure led to denser networks and solvent exchange to ethanol resulted in the 

lowest density. The resin content of the composites was increased with decreasing 

network density as the structures were more porous and had more space for the resin to 

occupy. A significant improvement in the mechanical properties of the PU resin were 

achieved. 

Jonoobi et al. (2014) impregnated preformed CNF networks that were prepared using 

solution exchange to acetone prior to drying. The networks had a porosity of 67 %. 

Impregnation with a thermoplastic cellulose acetate butyrate (CAB) was carried out by 

mixing the resin with triethyl citrate (TEC) in acetone and keeping the networks in the 

solution for 12 hours under vacuum prior to compression moulding. The increased 

porosity of the acetone dried CNF network improved the impregnation with the resin. 

An epoxy/amine resin system was used by Ansari et al. (2014) to impregnate dried 

nanopaper prepared via solvent exchange to acetone. Good mechanical properties and 

moisture resistances were reported for the composites. The best relative improvements 

were achieved with 15 vol% CNF contents. This was suggested to be a result of a good 

fiber dispersion with the fibers being homogenously distributed and having strong 

adhesion to the matrix. The strong interaction between the fibers and the matrix resulted 

in a strong composite material with high strain and protected the CNFs from hydration. 

However, the highest absolute reinforcement effect was obtained with 50 vol% CNF 

addition. In a later study, TEMPO-oxidized dissolving pulp fibers were used instead of 

CNFs (Ansari et al. 2015). The oxidized pulp was made into sheets with Rapid Köthen 

sheet former and the wet sheets were solvent exchanged to methanol and impregnated 

with epoxy. The oxidation was said to open the inherently porous structure of the 
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cellulose fibers by inducing electrostatic repulsion due to the added carboxylate groups. 

This swelling would then be preserved by not drying the wet sheets before impregnation 

and the collapsing of the fiber walls would be prevented. Thus, a combination of micro- 

and nanoscale reinforcement could be achieved as a larger volume of fiber surface was 

accessible to the resin leading to stronger composites. The mechanical properties of the 

prepared samples were found to improve as a function of increased oxidation treatment. 

However, the properties were inferior to CNF reinforced composites with an equal filler 

volume fraction. On the other hand, the presented method allowed a significant decrease 

in processing time and energy consumption. 

Aitomäki et al. (2016) studied the effect of porosity on the permeability of CNF 

networks. Permeability is a major indicator of the ability of the networks to be 

impregnated. Networks with different porosities were prepared using solvent exchange 

methods and the dried networks were impregnated with epoxy resin using vacuum 

infusion. The porosities of the networks varied between 24-80 %. The permeability was 

increased with increasing porosity but the obtained values were several orders of 

magnitude lower than those obtained for a commercial reference product. The best 

impregnation was achieved with approximately 50 % porosity networks. 

Using water swelling of the CNF network to facilitate the resin impregnation has also 

been studied. A preliminary work concerning this procedure was conducted by Qing et 

al. (2013b) who used freeze-dried CNF networks swollen with water prior to resin 

impregnation. The water swollen networks were soaked in an aqueous phenol 

formaldehyde (PF) solution for 22 hours to prepare CNF composite films exhibiting 

good mechanical properties. The best results were achieved by using a high CNF 

content of 92 wt%. 

Film stacking and subsequent compression moulding as a method to incorporate a 

polymer matrix into preformed CNF networks has been studied by Seydibeyoğlu and 

Oksman (2008). The networks were prepared by filtering a CNF suspension and 

composites were formed by stacking them with polyurethane (PU) films and using 

compression moulding at varying temperature and pressure. The elastic modulus and the 

tensile strength of PU could be increased by approximately 3000 and 500 %, 

respectively, by the addition of 16.5 wt% CNFs. The thermal stability was also 
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significantly improved. However, it is difficult to achieve a high filling of the networks 

with film stacking methods (Oksman et al. 2016).  

Another alternative method of filling a nanocellulose network with a resin is vacuum 

assisted resin infusion (VARI). Lee et al. (2012) used this procedure to impregnate 

nanopapers prepared from BC and CNFs with epoxy resin. 11 nanopapers were stacked 

between release fabrics and polyester porous flow media and placed in a vacuum bag. 

Vacuum was applied to the outlet tubing of the vacuum bag above the nanopapers and 

the epoxy resin mixed with a hardener was fed through the inlet at the bottom of the 

flow medium under the nanopapers. When the nanopapers were fully impregnated, the 

inlet and outlet were sealed and the resin was left to cure for 24 hours at room 

temperature. The mechanical properties of the resulting composites were significantly 

better than those of the neat polymer. The impregnation time could be significantly 

reduced compared to the more commonly used impregnation methods. 

3.2.3 Low-density nanocellulose networks  

Highly porous nanocellulose networks with low densities can be formed by various 

methods and are commonly called foams or aerogels. The preparation and properties of 

such networks are discussed in this subsection. It has been suggested that these kind of 

aerogels could act as nanofiber networks for composite material preparation (Zhai et al. 

2015). The porous aerogels could be used as template structures to be filled with a 

polymer. The approach is similar to the impregnation of nanopaper structures. To 

increase the fiber content of the resulting composite material, the impregnated templates 

could be subsequently pressed into sheets. 

Pääkkö et al. (2008) prepared porous aerogels from 2.0 wt% bleached sulfite softwood 

pulp obtained by a combination of mechanical and enzymatic treatments. The aerogels 

were formed by applying the aqueous gel samples to moulds that were either plunged in 

liquid propane (-180 °C) followed by drying in a vacuum oven (at ~0.01 mbar pressure) 

or placed straight into the oven to freeze the water and to remove it from the structure 

by sublimation. The two methods resulted in different morphologies of the sponge-like 

structures. The slower freezing process of oven freezing led to more sheet-like 

nanofibers in the network suggested to be caused by water evaporation prior to freezing. 

The aerogels had low densities and high porosities with randomly oriented network 

structures shown in SEM micrographs. The specific surface area of the foams prepared 
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with the cryogenic freezing method (using liquid propane), measured via nitrogen 

adsorption, was 66 m
2
/g. 

Sehaqui et al. (2010) prepared CNF aerogels via liquid nitrogen freezing. 

CNF/xyloglucan composites were also prepared with the same method as the neat CNF 

foams. CNF foams with various porosities were obtained by changing the initial 

suspension concentration. For lower porosities, the suspensions were concentrated in a 

centrifuge. The sample diameter and height were 5 and 1.5 cm, respectively. The pore 

size was found to be approximately order of magnitude higher at the horizontal cross 

section between the bottom and the top of the sample than at the bottom surface. The 

specific surface area was decreased with increased sample density suggested to be 

caused by aggregation of the nanofibers during the preparation. The values varied 

between approximately 15-42 m
2
/g. The mechanical properties could be improved by 

mixing CNFs and xyloglucan to form composite foams. 

To decrease the surface tension effects during the drying that affect the surface area of 

the resulting aerogels, solvent exchange method has been studied by Sehaqui et al. 

(2011a). They used CNF suspensions prepared from softwood sulfite pulp. The water in 

the suspensions was solvent exchanged to tert-butanol via two different methods using 

centrifugation. The obtained CNF-tert-butanol suspensions were placed in cups, frozen 

with liquid nitrogen and freeze-dried overnight at -53 °C and 0.05 mbar. The specific 

surface area was studied using nitrogen adsorption and was found to be 284 m
2
/g at 

most. Lower values were obtained with less efficient solvent exchange methods 

suggested to be caused by the water still present in the dispersion causing fiber 

aggregation during drying. This was less obvious when using TEMPO-oxidized 

nanofibers with smaller lateral dimensions. The diameters of the fibers forming the 

aerogel network were estimated to be 10-40 nm and those of the pores were well below 

1 µm. 

Preparing cellulose nanofiber foams with a unidirectional porous structure has been 

investigated in several studies (Lee & Deng 2011, Köhnke et al. 2012, Munier et al. 

2016). In unidirectional freezing, the fiber suspension is frozen so that the ice crystals 

growing in the direction of the temperature gradient form a template for the fibers in 

which they are directionally oriented. The water can then be sublimated from the 

structure leaving only the porous cellulose aerogel. 
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Lee and Deng (2011) prepared porous CNF aerogels with a unidirectional freezing 

method in which a nanofiber suspension obtained by homogenizing bleached kraft 

softwood pulp was frozen using liquid nitrogen. The suspension with CNF 

concentration varying between 1.0 and 8.0 wt% was put into a high density 

polyethylene tube with an inner diameter of 10 mm. An aluminum sheet was attached to 

the bottom and the sides of the tube were insulated with polystyrene foam. The 

insulation was used to allow the freezing to occur only vertically when the sample was 

immersed in the liquid nitrogen bath. After the whole suspension had been frozen, the 

sample was put in a freeze-drier for 48 hours to remove the ice from the cellulose-water 

structure. With 1.0 wt% nanofiber concentration the resulting structure was a cross-

linked network without clearly visible orientation. When the concentration was 

increased to 2.75 wt% lamellar channel structures parallel to the freezing direction were 

formed and the effect was further magnified by increasing the concentration to 8.0 wt%. 

The porosities of the aerogels were found to decrease as a function of the nanofiber 

concentration. As the pore walls grow thicker the channels between the walls get 

smaller and at the same time the structures become more clearly defined and oriented. 

The pore channel sizes varied between 2.8 and 11.2 µm. There were also bridges 

formed across the channels from a wall to another which were found to be completely 

absent from the structures prepared for comparison from CNCs. This was suggested to 

be due to the higher length of CNFs (10-30 µm) compared to that of CNCs (~200 nm), 

the crystals being too short to form bridges. The temperature gradient between the ice 

front and the suspension was found to influence the channel size with smaller channels 

and narrower channel walls resulting from higher gradients and faster ice growth. When 

using ethanol as a secondary freezing medium, the temperature of the bottom plate 

could be increased compared to the temperature of liquid nitrogen leading to a smaller 

temperature gradient and slower ice growth. With 0 °C initial suspension temperature 

the resulting structure wavelengths were 8.7 µm and 11.2 µm for liquid nitrogen and 

ethanol as freezing media, respectively. By changing the temperatures of both the 

freezing source and the suspension the pore size could be controlled. 

In another study, Köhnke et al. (2012) prepared both pure xylan and xylan-cellulose 

composite aerogels with a similar procedure. For pure xylan aerogel a 2.5 wt% solution 

was used and for the composite aerogel an equal volume of a 1.25 wt% CNC suspension 

and a 5 wt% xylan solution was mixed. The solutions and suspensions were then put 

into glass ampules which were either put in a freezer (-80 °C), immersed in liquid 
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nitrogen (-196 °C) or, in the case of directional freezing, insulated using polystyrene 

foam and placed in contact with the nitrogen only through the bottom of the ampule. 

The polystyrene insulation was used to prevent horizontal heat transfer, a method also 

applied by Lee and Deng (2011). Freeze drying was then used to sublimate the ice 

crystals and to allow a porous network to be formed. The pore structure and 

morphology of the cylindrical xylan foam samples were studied using scanning electron 

microscopy (SEM) and micro-computed tomography (micro-CT). By faster cooling, 

that is, using the lower freezing temperature of liquid nitrogen compared to that of the 

freezer, smaller microstructures could be produced and the resulting pore size was 

several times smaller. The structures obtained via freezing in a freezer were completely 

randomly oriented. Unidirectional freezing with liquid nitrogen, on the other hand, 

allowed the formation of clearly visible, and few micrometers thick, lamellae oriented in 

the freezing direction and separated from each other by 20 to 50 micrometer spaces. 

This was suggested to be caused by the growth of the water crystals in the direction of 

the temperature gradient. The porosity of the xylan samples was found to be 92-95 %. 

A more sophisticated method to produce directional networks is the so called cold 

finger setup used for example by Munch et al. (2009). In this method, the freezing with 

liquid nitrogen is accomplished via a copper rod (cold finger) on top of which a mold 

containing the suspension to be frozen is placed. The copper rod is attached to a heater 

and a temperature controller allowing the control of the freezing rate. Recently, Munier 

et al. (2016) studied the fiber orientation in aerogels produced by unidirectional freezing 

using the cold finger method. They used suspensions of CNFs prepared via TEMPO-

oxidation and CNCs prepared via sulfuric acid hydrolyzing. After freezing the 

suspensions with the described method the resulting aerogels were dried at 0.8 mbar 

pressure for 2 days. The pore structure of the aerogels was investigated with SEM and 

the pores in the freeze cast aerogels were found to be unidirectionally oriented 

compared to the random orientation in the crash-frozen reference samples. The pores of 

the oriented CNF aerogels were found to have circular cross sections in contrast to the 

more elongated pores of the CNC aerogels. This was said to be due to the entanglement 

and network formation tendencies of CNFs. The diameter of the pore walls was 

approximately 100 nm. The nanofiber orientation in the aerogels was estimated with X-

ray diffraction studies and the maximum calculated orientation indices were 0.75 ± 0.03 

and 0.79 ± 0.01 for CNF and CNC aerogels, respectively. The higher values for the 

CNC based aerogels was suggested to be caused by the straighter shape and the higher 
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gelation threshold of CNCs. It was also found that the orientation index decreased with 

increasing fiber concentration and the pore wall density, studied by gas adsorption, 

increased. When high CNF concentrations of up to 1.1 wt% and high cooling rates of up 

to 15 K/min were used, a small amount of the fibers were not incorporated in the wall 

structure but were found in the open spaces of the pores. This was, however, supposed 

not to significantly affect the orientation index. The highest specific surface area 

reported for a 0.2 wt% fiber concentration was 38 m
2
/g and the value decreased to 10 

m
2
/g for 1.2 wt% concentration.  

3.2.4 Impregnation of low-density nanocellulose networks 

There have not been many reported cases on using CNF aerogels described in the 

previous subsection for resin impregnation. In one such study, Zhai et al. (2015) used 

unidirectional freeze-drying of solution containing TEMPO-oxidized CNFs and PVA to 

produce oriented aerogels which were subsequently filled with polydimethylsiloxane 

(PDMS) matrix. The aerogels were prepared by gradually immersing a centrifuge tube 

containing the CNF/PVA solution in a dry ice-acetone cooling bath at -78 °C 

temperature and freeze drying the resulting sample at -87 °C and 0.0014 mbar for 4 

days. The microtubular pores in the CNF/PVA aerogel acted as channels for the PDMS 

to flow through and to fill the CNF network. To facilitate the filling with the 

hydrophobic PDMS polymer, the hydrophilic surface of the aerogel was made 

hydrophobic by silanization using chemical vapor deposition of methyldichlorosilane. 

The hydrophobic aerogel was then filled with liquid PDMS by using vacuum 

backfilling. The aligned porous structure of the aerogels was suggested to be an 

important factor determining the ability to fill the samples with the polymer molecules 

from one end to the other. The compressive strength and tensile modulus of the unfilled 

aerogels were significantly higher parallel to the freezing direction than perpendicular to 

it. In aerogel/PDMS composites the difference was only minor. The tensile strength, 

tensile modulus and compressive strength were all improved in the composites 

compared to pure PDMS polymer. Only the strain at break decreased. 

3.2.5 Properties of nanocellulose reinforced composites 

Mechanical properties are in many applications the most important characteristics of the 

bionanocomposite materials. Values for elastic modulus, tensile strength and strain at 

break are of great interest in these situations. For the nanocellulose networks used in the 
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impregnation procedures, also the characterization other properties like porosity and 

density may be useful. Properties of several high-density and low-density nanocellulose 

networks are presented in Tables 5 and 6, respectively. For high-density networks 

(subsection 3.2.1) the mechanical properties along with the porosities are provided but 

for the low-density ones (subsection 3.2.3) only the porosities and densities are given. 

The mechanical properties of the more porous and lighter structures were seldom 

studied and when studied, the values were very low compared to the denser networks. 

Table 5. Mechanical properties of high-density nanocellulose networks. 

Raw 

material 

Fibrillation 

method 

Film 

preparation 

method 

Elastic 

modulus 

(GPa) 

Tensile 

strength 

(MPa) 

Strain 

at 

break 

(%) 

Porosity 

(%) 
Reference 

Sugar 

beet pulp 

Chemical 

and 

mechanical 

Casting 2.5-3.2 - -  
Dufresne  et 

al. (1997) 

Bacterial 

cellulose 
- Casting 33.3 - -  

Watanabe et 

al. (1998) 

Bacterial 

cellulose 
- Casting 13.7 - -  

Yamanaka et 

al. (2000) 

Sulfite 

pulp 
Mechanical Casting ~6 ~100 ~1-2  

Zimmermann 

et al. (2004) 

Sulfite 

pulp 

Chemical 

and 

mechanical 

Casting ~5.5 ~80 ~1-2  
Zimmermann 

et al. (2004) 

Bleached 

softwood 

pulp 

Mechanical 

and 

enzymatic 

Vacuum 

filtration 
14.7 205 6.9 19 

Henriksson 

et al. (2008) 

Bleached 

softwood 

pulp 

Mechanical 

and 

enzymatic 

Vacuum 

filtration 
7.4 95 6.2 40 

Henriksson 

et al. (2008) 

Wood 

flour 

Chemical 

and 

mechanical 

Vacuum 

filtration 
13 223 -  

Nogi et al. 

(2009) 

Softwood 

sulfite 

pulp 

Mechanical 

+ enzymatic 

Vacuum 

filtration 
0.15 7.4 9.6 86 

Sehaqui et al. 

(2011b) 

Softwood 

sulfite 

pulp 

Mechanical 

+ enzymatic 

+ TEMPO 

Vacuum 

filtration 
1.4 83.7 16.6 56 

Sehaqui et al. 

(2011b) 

Bleached 

birch 

kraft pulp 

Mechanical 
Vacuum 

filtration 
12.8 103 4.2 38.4 

Lee et al. 

(2012) 

Bacterial 

cellulose 
- 

Vacuum 

filtration 
12.0 123 7.5 52.3 

Lee et al. 

(2012) 

Softwood 

sulfite 

pulp 

Chemical 

and 

mechanical 

Vacuum 

filtration/cold 

drawing 

33.3 397 1.79  
Sehaqui et al. 

(2012) 
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Table 6. Properties of low-density nanocellulose networks. 

Raw 

material 

CNF 

concentration 

(wt%) 

Preparation 

method 

Density 

(g/cm
3
) 

Porosity 

(%) 
Reference 

Bleached 

sulfite 

softwood 

pulp 

2.0 Freeze-drying 0.03 ~95-98 
Pääkkö et al. 

(2008) 

Bleached 

sulfite 

softwood 

pulp 

2.0 
Cryogenic freeze-

drying 
0.02 ~98 

Pääkkö et al. 

(2008) 

Softwood 

sulfite pupl 
0.7-10.0 

Cryogenic freeze 

drying 
0.007-0.103 93.1-99.5 

Sehaqui et al. 

(2010) 

Bleached 

kraft 

softwood 

pulp 

2.0 
Unidirectional 

freezing 
- 98.7 

Lee & Deng 

(2011) 

Bleached 

kraft 

softwood 

pulp 

8.0 
Unidirectional 

freezing 
- 94.7 

Lee & Deng 

(2011) 

Softwood 

sulfite pulp 
- 

Cryogenic freeze-

drying/Solvent 

exchange 

0.014 99.0 
Sehaqui et al. 

(2011a) 

 

In Table 7, the mechanical properties of nanocellulose reinforced composites are shown. 

The properties are greatly dependent on the fiber type, the preparation method, the used 

resin and the fiber content. The best tensile properties have mostly been obtained via 

impregnation. For comparison, properties of composites reinforced with several natural 

fibers (NF) and glass fibers are presented. These composites have been produced by 

resin impregnating mats prepared from aligned hemp fibers (Islam et al. 2011), aligned 

flax fibers and glass fibers (Oksman 2001), and oil palm fibers (Sreekala et al. 2000). 

High stiffness has been achieved with flax fibers but the strength of glass fiber 

reinforced epoxy has not been reached with any type of bio-based fibers. 

Table 7. Mechanical properties of nanocellulose reinforced composites compared to 

the reinforcement provided by several other fibers.  

Fiber 

type 

Preparation 

method 
Resin 

Fiber 

content 

(wt%) 

Elastic 

modulus 

(GPa) 

Tensile 

strength 

(MPa) 

Strain 

at 

break 

(%) 

Reference 

Oil palm 

NF 
Impregnation PF 40 1.2 37 4 

Sreekala et 

al. (2000) 

Flax NF Impregnation Epoxy 54 39 279 0.8 
Oksman 

(2001) 
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Glass 

fiber 
Impregnation Epoxy 66 31 817 2.8 

Oksman 

(2001) 

Hemp NF Impregnation Epoxy 65 17 165 - 
Islam et al. 

(2011) 

CNF 
Solution 

casting 
 PVA 10 Above 1.5 ~60 100 

Zimmerma

nn et al. 

(2004) 

CNF 
Solution 

casting 
 PVA 10 6.10-10.13 76-178  

Bhatnagar 

& Sain 

(2005) 

CNF 
Solution 

casting 

Amylope

ctin 
10 1.8 38.8 3.0 

López-

Rubio et 

al. (2007) 

CNF 
Solution 

casting 
PVA 10 6.6 108 2.1 

Wang & 

Sain 

(2007) 

CNC 
Melt 

processing 
PLA 5 3.9 78 2.7 

Oksman et 

al. (2006) 

CNC 
Melt 

processing 
PLA 5 3.7 67 2.3 

Bondeson 

& Oksman 

(2007) 

CNF 
Melt 

processing 

Acrylic/P

P 
5 0.48 26 256 

Wang & 

Sain 

(2007) 

CNF 
Melt 

processing 
PLA 5 3.6 71 2.7 

Jonoobi et 

al. (2010) 

CNF 
Melt 

processing 
Starch 20 1.3 18 1.9 

Hietala et 

al. (2013) 

CNF 

Impregnation 

(vacuum + 

ambient) 

PF 80 19 
370 

(bending) 
2.5 

Nakagaito 

& Yano 

(2005) 

BC 

Impregnation 

(vacuum + 

ambient) 

PF 88 28 
400 

(bending) 
2.2 

Nakagaito 

et al. 

(2005) 

CNF Impregnation Acrylic 70 7 - - 

Iwamoto 

et al. 

(2005) 

BC 
Vacuum 

impregnation 
Epoxy 60-70 20-21 325 2 

Yano et al. 

(2005) 

CNF 

Impregnation 

(vacuum + 

ambient) 

MF 95 16.1 142 1.4 

Henriksso

n & 

Berglund 

(2007) 

CNF Impregnation Acrylic 86 8.1 94 4.8 

Iwamoto 

et al. 

(2007) 

BC Impregnation PHB 75 15.5 142 1.4 
Barud et 

al. (2011) 

BC Impregnation PU 51 11.6 151 6.2 
Juntaro et 

al. (2012) 

CNF 

Vacuum 

assisted resin 

infusion 

Epoxy 58 8.5 96 5.3 
Lee et al. 

(2012) 

CNF 

Vacuum 

filtration/dra

wing 

HEC 80 13.3 355 6.1 
Sehaqui et 

al. (2012) 

CNF 

Impregnation 

(water 

swelling) 

PF 92 4.9 248 14.7 
Qing et al. 

(2013b) 

CNF Impregnation 
Epoxy/a

mine 

50 

(vol%) 
9.8 162 8.4 

Ansari et 

al. (2014) 
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CNF 
Impregnation 

(vacuum) 
CAB 60 6.5 71 3.9 

Jonoobi et 

al. (2014) 

CNF Impregnation 
Epoxy/a

mine 
18 4.8 54 2 

Ansari et 

al. (2015) 

CNC 

Solution 

casting/drawi

ng 

CMC 50 15 187 5.6 
Wang et 

al. (2015) 

CNF 
Vacuum 

infusion 
Epoxy 

38 

(vol%) 
8.8 87 1.9 

Aitomäki 

et al. 

(2016) 

 

3.3 Cellulose nanofiber networks via freeze casting 

Freeze casting as a potential way of preparing CNF networks for resin impregnation is 

presented in this section with discussion on the physical phenomena underlying the 

process. Freeze casting is an ice templating process in which unidirectionally aligned 

porous structures can be prepared from various solid particles. This method has been 

extensively studied by Deville et al. (2006a, 2006b, 2007, 2008). Most of the studies 

have been concerned with the use of particles other than CNFs, mainly ceramics. 

However, the process is almost purely physical in nature (Wegst et al. 2010) and the 

phenomena presented here can thus be applied to a wide variety of solid particles, 

including CNFs. 

3.3.1 Freeze casting process 

Freeze casting, also called ice templating (Wegst et al. 2010), is a process in which a 

liquid suspension is first solidified and subsequently removed by sublimation at a 

reduced pressure. A porous structure with channels that are a replica of the crystals 

formed by the solidification of the liquid can thus be obtained. The channel walls are 

formed when the suspended particles get rejected to the spaces between the crystals 

(Figure 5). (Deville 2008) For example, when sea ice is formed, pure ice platelets with 

randomly oriented horizontal c-axes are formed and salt along with other impurities 

present in the water gets trapped between the growing ice crystals (Worster et al. 1997). 

The phenomenon behind the process is similar to unidirectional solidification of cast 

materials and binary alloys (Deville et al. 2007). If the solidification is directional the 

porous channels may proceed through the whole structure (Deville et al. 2007). The 

pore channels can be oriented by placing the bottom of the mould containing the 

suspension in contact with a cooling surface that creates a thermal gradient along which 

the ice grows (Deville 2008). The liquid can be for example water, camphene or tert-
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butyl alcohol and the solidification conditions have to be chosen according to the 

properties of the used liquid (Deville et al. 2008). With water, the most commonly used 

liquid, hexagonal ice crystals grow 10
2
 to 10

3
 times faster in the crystallographic a-axes 

directions than the c-axis direction. This leads to anisotropic ice platelets aligned 

perpendicular to the c-axis with a thickness depending on the freezing rate. (Deville et 

al. 2006a, Deville 2008) During the freezing, there may also be bridge formation 

between the lamellae caused either by ice dendrites growing across the pores or by 

particle interactions. (Deville 2008). 

 

In practice, the slurry with desired properties is usually degassed to remove any 

dissolved air, poured into a mould and frozen with a freezing medium, e.g. liquid 

nitrogen. A heater is commonly used to control the velocity of the freezing front and a 

resting period may be applied before freezing to adjust the temperature of the sample 

close to that of solidification and to obtain a desired temperature gradient. The freezing 

of the sample is controlled by gradually reducing the heating of the copper cold finger 

and the cooling rate is measured at the interface of the sample and the copper rod. When 

the temperature has been decreased below the solidification temperature of the liquid, a 

freezing front starts to develop and proceed across the sample. The ice crystals grow 

anisotropically forming lamellar structures parallel to the freezing direction. The 

freezing front velocity, defined by the rate at which the ice crystals grow, is an 

important factor determining if the particle gets trapped inside the ice or is rejected 

outside of it. Another factor is the balance between the repulsive force arising from the 

liquid’s resistance to surface energy changes and the attractive force due viscous drag 

acting at the solid-liquid interface. (Wegst et al. 2010) After freezing the solidified 

solvent is turned into gas by sublimation, which can be carried out in a freeze dryer in 

the case of water and at room temperature in the case of camphene, and a porous 

structure is thus formed (Deville 2008). With water suspensions, the samples are 

typically freeze-dried for 24-48 hours. The freeze drying process parameters have not 

been found to have a significant effect on the structure of the resulting material. (Wegst 

et al. 2010) The sublimation time depends on the dimensions of the sample and the 

controlling of the process may become difficult for larger samples (Deville 2008). 
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Figure 5. Formation of ice crystals during the freeze casting process (adapted from 

Deville et al. 2008). 

 

The interaction between the particles and the solid front is the basis of the freeze casting 

process and has been suggested to be dependent on the size, size distribution and shape 

of the particles along with surface roughness and surface tension. The used solvent has a 

significant effect on the processing conditions and the resulting structure. The pore 

morphology can be changed with the right choice of solvent, suspension composition 

and freezing conditions. (Deville 2008) To prepare homogenous materials by freeze 

casting, it is of great importance to obtain a homogenous particle dispersion by taking 

into account the crystal structure and growth of the liquid and the interaction between 

the liquid and the suspended solid particles. Aggregation and flocculation are 

undesirable phenomena leading to heterogeneity and changing physical properties in the 

final product. (Wegst et al. 2010) The particle concentration affects the microstructure 

of the resulting material and the porosity can thus be varied by varying the 

characteristics of the suspension. When preparing ceramic slurries for freeze casting, 

solid particle concentrations between 10 and 40 vol% have been commonly used 

depending on the desired porosity of the resulting material. Cooling with a constant rate 

a more homogenous lamellar structure can be obtained, particularly in the case of water 

being the solvent. (Deville 2008)  

 

Viscosity is an important parameter greatly affecting the freeze casting process and 

depends on the particle size and the type of interaction between the particles, including 
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hydrogen bonding, van der Waals forces and polar interactions. Particle size and volume 

fraction both have a direct impact on viscosity with increasing values leading to higher 

interaction forces and thus increasing viscosity. Viscosity determines the rate of 

sedimentation and the critical velocity at which the freezing front begins to trap the 

particles. (Wegst et al. 2010) The sedimentation velocity of a spherical particle can be 

calculated as (Wegst et al. 2010) 

 𝑣𝑃 =
2(𝜌𝑝−𝜌𝑙)𝑔

9

𝑟2

𝜂
,    (1) 

where  vP is the sedimentation velocity [m/s], 

ρp is the density of the particle [kg/m
3
], 

ρl is the density of the liquid [kg/m
3
],  

g is gravitation [m/s
2
],  

r is the radius of the particle [m] and  

η is the dynamic viscosity of the liquid [Pas].  

 

For small particles with diameters between 100 nm and 2 µm the sedimentation 

velocities may be as low as 26 nm/s – 11 µm/s (Wegst et al. 2010).  

 

As stated earlier, porous structures can only be obtained if the suspended particles get 

rejected from the freezing front and end up in between the solid crystals (Deville 2008). 

For the particle to be rejected by the solid, the change in the free energy of the system 

has to be positive (Deville et al. 2007) 

 ∆𝜎 =  𝜎𝑠𝑝 − (𝜎𝑙𝑝 + 𝜎𝑠𝑙) > 0,   (2) 

where  Δσ is the change in free energy [J/m
2
], 

σsp is the surface energy between the solid and the particle [J/m
2
], 

σlp is the surface energy between the liquid and the particle [J/m
2
] and 

σsl is the surface energy between the solid and the liquid [J/m
2
].  

 

To keep the particle from getting trapped inside the ice front, a liquid film with a high 

enough thickness should exist between the growing solid and the particle allowing the 

transportation of liquid molecules to the solid surface. If the freezing rate exceeds a 
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critical velocity vc the film thickness is insufficient to keep the crystal growing and the 

particle gets trapped inside the solid. (Deville 2008) The critical velocity for the ice 

growth above which the particles get trapped inside the ice instead of being rejected can 

be calculated as (Zhang et al. 2005, Deville et al. 2007) 

 𝑣𝑐 =
∆𝜎𝑑

3𝜂𝑟
(

𝑎0

𝑑
)

𝑧

,    (3) 

where  vc is the critical velocity [m/s], 

 Δσ is the change in free energy of the system [J/m
2
], 

d is the thickness of the liquid film [m],  

η is the liquid viscosity [Pas],  

r is the particle radius [m],  

z is an exponent varying from 1 to 5 and  

a0 is the mean distance between the liquid layer molecules [m].  

 

At velocities below the critical value the particles stay outside the growing ice. A 

concentration gradient due to the rejection of the particles from the solid-liquid interface 

is formed leading to constitutional supercooling because of the increased local particle 

concentration and a decreased solidification point. (Wegst et al. 2010) Critical velocity 

values of 1 to 10 µm/s have been reported for particles with 1 to 10 µm diameters. An 

estimation of vc ≈ 0.1-1 m/s has been made for particles with radii of 100 nm, meaning 

that it could be expected that almost no particle trapping at all occurs with small enough 

particles. (Deville et al. 2007) 

3.3.2 Different types of ice growth 

For a porous structure to be formed, the morphology of the freezing front has to be non-

planar. During the initial stage of freezing the front advances as a plane and thus has to 

go through a transition to anisotropic morphology. This transition occurs due to 

thermodynamic instabilities at the solid-liquid interface via mechanisms not clearly 

understood. (Deville 2008) The two conditions for lamellar structures to be formed are 

thus the rejection of the particles from the ice front, as discussed in the previous 

subsection, and the columnar or lamellar growth of the ice crystals (Deville et al. 2007). 

 



55 

The transition from a planar freezing front to columnar and lamellar ones has been 

suggested to be influenced by both the constitutional supercooling phenomenon and the 

presence of particles in the suspension. The constitutional supercooling zone is created 

at the solid-liquid interface as the particles rejected from the freezing front are locally 

concentrated lowering the freezing point of the liquid. This may cause the planar 

structure to be broken into a columnar one. If the freezing front velocity is decreased, a 

further transition from columnar to lamellar growth takes place. (Deville et al. 2007) 

 

At the initial stage of the freeze casting process the freezing is fast and the planar 

freezing front traps the suspended particles forming a homogenous layer of several 

micrometers at the bottom of the sample. When the velocity decreases below the critical 

value vc the particles begin to pin the ice front and columnar structures emerge as a 

result. (Deville et al. 2007) The freezing velocity at which the transition from planar to 

lamellar ice growth occurs is affected by the particle concentration, the velocity being 

decreased linearly with increasing concentration. (Waschkies et al. 2011). The thickness 

of the columns gradually increases and after several hundred micrometers a constant 

lamellae thickness and a completely vertical orientation is reached. This is due to the 

growth of ice crystals with crystallographic c-axis perpendicular to the temperature 

gradient being easier and the growth along the a- and b-axes being up to three orders of 

magnitude faster than along the c-axis as already noted earlier. At this stage, an almost 

constant velocity can be reached and the growing ice crystals become continuous 

sometimes passing through the whole sample length. (Deville et al. 2007)  

 

Particles with size above a few hundred nanometers have been suggested to influence 

the ice growth kinetics. It has been found that with lower temperature gradients and 

higher freezing front velocities, such as those present at the beginning of the freezing 

process, the ice crystals grow tilted and have dendrites emerging from one side that are 

aligned with the temperature gradient. This may be due to interfacial energies between 

the particles, the water and the ice front affecting the growth direction when the driving 

force imposed by the temperature gradient is not strong enough. The effect is 

significantly diminished as the temperature at the bottom of the sample decreases. In 

addition to the small dendrites on the side of the lamellae, bridges running through the 

spaces between two adjacent lamellae have been found to form with high particle 

concentrations. A possible explanation is the influence of the highly concentrated 
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particles and particle agglomerates causing the tips of the ice crystals to split and change 

direction. (Deville et al. 2007) 

3.3.3 Controlling the porosity 

The freezing front velocity depends on the temperature gradient between the bottom 

plate of the mould and the solidifying layer along with the thermal properties of the 

formed ice. The solidification on the ice front can only happen as fast as the 

solidification enthalpy released as heat can be transferred to the cooling medium. 

(Wegst et al. 2010) If the solidification is carried out without applying a temperature 

gradient the nucleation can occur at any location and the resulting structure is randomly 

oriented. With a defined temperature gradient, the crystals grow along the gradient 

direction and pores running through the whole sample, up to few centimeters long, can 

be formed. Homogenous freezing starting at room temperature and cooling at a constant 

rate is necessary to ensure homogenous nucleation and pore formation. (Deville 2008) 

To keep the velocity of the freezing front constant, the temperature of the bottom plate 

has to be constantly decreased. (Wegst et al. 2010) When using a constant temperature 

at the bottom of the sample, the freezing velocity decreases as the distance between the 

solidification front and the bottom plate increases, leading to higher wavelength of the 

lamellae in the top of the sample (Waschkies et al. 2011). 

 

The wavelength of the microstructure, that is, the thickness of the lamellae and the 

pores, can be controlled via the ice-front velocity with faster cooling rates leading to 

smaller structures (Deville 2008). Deville et al. (2007) were able to vary the wavelength 

and the lamellae thickness of the prepared alumina structures with 64 % porosity from 7 

to 130 µm and from 2 to 44 µm, respectively, by varying the cooling rate between 0.1 

and 10 °C/min. The wavelength has been empirically found to be dependent on the 

freezing front velocity according to a power-law (Deville 2008) 

λ = Av
-n

,     (4) 

where  λ is the wavelength of the porous structure [m], 

 v is the velocity of the freezing front [m/s] and 

n and A depend on the particle size and concentration (Deville et al. 

2007).  
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The value of n decreases with decreasing particle size making the resulting wavelength 

less dependent on the freezing front velocity, and thus thicker lamellae may be obtained. 

The solid particle concentration of the suspension is also directly related to the resulting 

structure, higher water content leading to higher porosity (Deville et al. 2007). On the 

other hand, the freezing rate has not been found to influence the total porosity, the ratio 

of pore thickness and layer thickness being more or less determined by the particle 

concentration. The upper and lower limits for the particle concentration, and with it the 

porosity, are defined by the physical properties of the system. At high concentrations 

the particle interactions become so significant that the particles cannot be rejected by 

the growing ice crystals and a porous structure is impossible to obtain. At low 

concentrations, on the other hand, the resulting structures are too fragile to keep their 

shape. (Deville et al. 2006b). 

 

When the freezing front advances and the particles get rejected between the growing 

crystals the particle concentration in the remaining liquid increases. As a certain particle 

volume fraction is reached the ice grows into the interparticle spaces and the 

redistribution of the particles ceases. The mean particle diameter should be smaller than 

the structure wavelength and a value under one micrometer has been suggested to be 

desirable. The critical velocity of particle entrapment is also affected by the particle size 

and is decreased with increasing particle diameter. The freezing time depends on the 

desired wavelength and the size of the sample. A few centimeters thick sample with 100 

micrometer pore size takes a few minutes to freeze. A linear increase in the freezing 

time is expected with increasing sample sizes but the controlling of the temperature 

gradient and the freezing rate becomes distinctly more difficult. (Deville 2008) 

3.3.4 Some freeze casting studies 

In the first reported study on freeze casting as a method to produce porous structures, 

Fukasawa et al. (2001) prepared porous ceramics from an aqueous alumina slurry. The 

33.3 and 40.0 vol% slurries were poured into a cylindrical plastic container with a metal 

bottom and frozen with -50 °C ethanol by immersing only the bottom of the container to 

facilitate vertical ice formation. The frozen samples were dried under reduced pressure 

and sintered at 1400 and 1550 °C for 2 hours to obtain structures with macroscopic 

pores formed throughout the sample length. The pores were vertically aligned and were 

over 10 µm in size with smaller dendritic structures growing out of the walls.  
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Deville et al. (2007) used a setup with two copper rods, one at the bottom of the PTFE 

mould and the other on top of it, to produce porous alumina structures from two 

suspensions with average grain sizes of 400 nm and below 100 nm. Only the bottom 

cold finger was used for lower freezing rates. The wavelength of the lamellae was 

measured from the top two-thirds of the sample in which their thickness was constant. A 

steady freezing could not be achieved by pouring the suspension on a cold copper rod at 

a constant temperature and the orientation of the channels was random. Instead, 

homogenous freezing starting from room temperature led to continuous lamellar 

structures that ran through the whole 30 mm long and 18 mm wide sample.  

 

Fu et al. (2008) found that the porosity, the pore width and the thickness of the lamellae 

of the porous hydroxyapatite structures could be controlled by changing the particle 

concentration and the freezing substrate temperature. Increasing the particle 

concentration from 5 to 20 vol% the thickness of the lamellae increased from 8 to 25 

µm and the porosity and the pore width decreased from 85 to 55 % and from 50 to 15 

µm, respectively. A decrease in the freezing temperature led to finer pore structures 

caused by an increase in both the number of ice nuclei and the freezing rate. Using a 

mixture of water and glycerol as the solvent decreased the pore size and the porosity 

and a water-dioxane mixture in turn led to an increase in both of the values, the pore 

width reaching approximately 100 µm. The formation of different structural zones, that 

is, planar, cellular and lamellar, reported in other studies was not observed. This was 

suggested to be due to the rather small particle size (< 0,5 µm) reducing the settling 

tendency and thus the interaction with the ice front. 

3.4 A method for the preparation of cellulose nanofiber composites 

Based on the literature describing the earlier work conducted on nanocellulose fibers as 

well as various networks and composites made of these fibers, a method for the 

preparation of composite materials reinforced with CNFs is presented in this study. 

CNF aerogels were produced via a freeze casting method resembling the ones used by 

Lee and Deng (2011) and Köhnke et al. (2012). CNF suspensions were directionally 

frozen in PTFE moulds with copper plates attached to the bottom. Dry ice-acetone 

cooling bath was used as a freezing source instead of liquid nitrogen due to the higher 

temperature. It was supposed that a smaller temperature gradient and thus a lower 

freezing rate would lead to larger pore structures in the resulting samples. The aerogels 
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thus obtained were then used as templates for resin impregnation and pressed to form 

composite sheets with an anisotropic reinforcement phase. The motivation behind using 

this kind of procedure was to achieve a good dispersion of unidirectionally aligned 

nanofibers inside a polymer matrix. This was supposed to maximize the reinforcement 

ability of the fibers and result in composite materials that are very strong in the fiber 

alignment direction. To the author’s knowledge, this kind of procedure has not been 

reported before. 
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4 MATERIALS AND METHODS 

The composite material preparation process was studied in two separate steps. First, a 

suitable method for preparing the aerogels was developed and evaluated along with the 

optimal mould dimensions and suspension concentration. The properties of the prepared 

samples were characterized and the suitability of the samples for resin impregnation was 

evaluated based on these properties. Second step consisted of impregnating the samples 

with epoxy resin and pressing them to form composite sheets. The structure of these 

sheets was then studied. 

4.1 Materials 

4.1.1 Cellulose nanofibers 

At the initial stage of the aerogel preparation, ground birch pulp was used as a CNF 

source. After the first 15 preparations, however, all the samples were prepared from 

bleached softwood kraft pulp (90 % pine, 10 % birch). The pulp was mechanically 

fibrillated by grinding it with a disk mill (Super Masscolloider MKCA 6-2J CE, 

Masuko Sangyo Co, Ltd. Japan). The starting material was passed through the mill for 

20 or 22 times to obtain nano- and microsized cellulose fibers in an aqueous gel with 

1.76 wt% cellulose concentration. 

4.1.2 Polymer matrix 

The resin used in the capillarity and impregnation studies was an ultra-low viscosity 

epoxy infusion system (PRIME
TM

 20ULV, Gurit) consisting of a resin (PRIME
TM

 

20LV) and a slow hardener. 

4.1.3 Moulds  

Two distinct cylindrical mould types were used in the aerogel preparation (shown in 

Figure 6), one with an inner diameter of 2.5 cm and a height of ~10 cm (type 1), and the 

other with an inner diameter of 8.0 cm and a height of ~2.5 cm (type 2). The moulds 

were made from polytetrafluoroethylene (PTFE) and had a copper plate attached to the 

bottom. 
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Figure 6. The moulds used in the freeze casting process. (a.) The higher one is 

called here type 1 and (b.) the lower one type 2 mould. 

 

4.1.4 Cooling bath 

A dry ice-acetone cooling bath was used as the freezing source. The dry ice (solid 

carbon dioxide) grains were mixed with technical grade acetone to obtain a bath with a -

78 °C temperature.  

4.2 Preparation of cellulose nanofiber aerogels 

The freeze casting was carried out by pouring the CNF suspensions into PTFE moulds 

with copper bottom plates and submerging the moulds in a dry ice-acetone bath. Only 

the bottom plate of the moulds was in contact with the freezing source and the cooling 

bath was kept at -78 °C temperature. The frozen samples were freeze dried for 

approximately 24-72 hours. The freeze casting setup is shown in Figure 7. 

b. a. 
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Figure 7. The freeze casting setup. 

 

The 0.5 wt% and 1.0 wt% CNF suspensions for sample preparations 1-15 were obtained 

by diluting a ground birch pulp suspension with a 1.1 wt% CNF concentration. The 

diluted suspensions were dispersed with an ULTRA-TURRAX disperser for 10 minutes 

at 10000 rpm and degasified until no visible bubbles were arising from the suspension, 

typical times for degasification being 15-60 minutes. The amount of suspension used 

with the type 2 mould was either 40 or 60 grams and with type 1 mould either 20 or 30 

grams.  

In preparations 16-51, a 1.76 wt% CNF suspension produced by ultrafine grinding was 

used as a raw material. To obtain 3.0 and 5.0 wt% suspensions, the 1.76 wt% 

suspension was concentrated using a centrifuge and diluted to the desired values. The 

gel-like composition of the more concentrated mixtures made it inconvenient to use a 

similar dispersing and degasifying procedure as with the lower concentrations. The 

mixing and degasification were instead carried out using a “planetary” mixer (THINKY 

ARE-250) operated at two steps, the mixing step set at 2000 rpm for 3 minutes and the 

degasification step set at 1500 rpm for 3 minutes. This resulted in homogenous gel-like 

suspensions. 

4.3 Characterization of aerogel properties 

4.3.1 Porosity 

The porosity of the aerogels was calculated by measuring the weight and dimensions of 

the sample and using the density thus obtained to calculate the porosity as 
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𝜑𝑎𝑒𝑟𝑜𝑔𝑒𝑙 = (1 −
𝜌𝑎𝑒𝑟𝑜𝑔𝑒𝑙

𝜌𝐶𝑁𝐹
) ∗ 100 %,   (5) 

where  φaerogel is the porosity of the aerogel [%], 

ρaerogel is the density of the aerogel [kg/m
3
] and  

ρCNF is the density of cellulose nanofibers [kg/m
3
].  

 

To calculate the volume of the samples five measurements at different locations were 

made with a digital caliper for both the diameter and the height and the average values 

were used in the calculations. The weighing was performed immediately after the 

samples had been removed from the freeze drier. A cellulose nanofiber density of 1.5 

g/cm
3
 was used in the calculations (Lee & Deng 2011, Aitomäki et al. 2016). 

4.3.2 FE-SEM imaging 

The microstructure of the prepared aerogel samples was studied with field emission 

scanning electron microscope (Sigma HD VP FE-SEM, ZEISS). The samples were 

broken into two pieces and the fracture surface of the vertical cross section was sputter 

coated with platinum prior to imaging to avoid charging. The microscope was operated 

using 5 kV acceleration and 50x, 100x and 250x magnifications. The working distance 

varied between 8.4 mm and 11.0 mm depending on the studied specimen. 

4.3.3 Micro-computed tomography 

Micro-computed tomography was used to study the 3-dimensional structure of the 

samples. Only a sample prepared from 5.0 wt% suspension which could be cut into a 

small enough specimen was used in the imaging. 

4.3.4 Pore size 

The average and median pore diameters of a type 2 sample prepared from 1.0 wt% 

suspension were estimated using ImageJ image analysis software and the FE-SEM 

images of the vertical cross sections. Images of the top, middle and bottom parts of the 

sample were used to study the evolution of the pore structure during the freezing and to 

obtain an average value representing the structure as a whole. 
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ImageJ is an open source program that can be used for example in particle and pore size 

analysis. To analyze the pore size distribution of a sample the image used in the analysis 

has to be first converted into a binary black and white image. This is achieved by setting 

a threshold value which classifies all the pixels in the image according to their intensity. 

All pixels with a value lower than the threshold are turned to black and all pixels with a 

value higher than the threshold are turned to white, or vice versa. The thresholding can 

be performed either manually or automatically. (“Particle Analysis”, 2016) 

The images used in the analysis were manually thresholded in this case and the value 

was chosen based on the visual appearance of the pore structures. The pore diameter 

was calculated as the Feret diameter. Feret diameter is equal to caliper diameter, that is, 

the distance between two parallel lines touching the edges of the measured particle 

(Pabst & Gregorova 2007). ImageJ can be used to estimate both the minimum and the 

maximum Feret diameter. It should be noted that the maximum Feret diameter was used 

in this study and the values obtained may thus be higher than the actual average 

diameters of the analyzed pores. 

4.3.5 Capillary action 

The ability of various liquids to fill the aerogels via capillary action was studied by 

putting samples in a petri dish containing a small amount of water, ethanol, hexadecane 

or epoxy resin. The capillary action of the liquids was qualitatively evaluated by visual 

inspection of the advancing of the liquid inside the structure. This is based on the fact 

that the light transmittance of the material changes as the sample is filled with a liquid. 

Capillary action depends on the ratio of the cohesive forces between the liquid 

molecules and the adhesive forces between the liquid molecules and the solid material 

they are in contact with. In case of a liquid in a container the liquid rises on the walls of 

the container if the intermolecular forces at the liquid-solid interface are greater than 

those inside the liquid. This leads to the formation of a concave surface, or meniscus, 

between the liquid and air. The pressure below the liquid surface decreases and to 

restore the equilibrium, atmospheric pressure acts to push the liquid upwards. If the 

diameter of the container, or the tube, is small enough the surface level starts rising over 

the level outside the container. (Petrucci & Harwood 1997, pp. 420-422) The height of a 

liquid column inside a capillary can be calculated as (Atkins & de Paula, 2002, p.153) 
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ℎ =
2𝛾

𝜌𝑔𝑟
,     (5) 

where  h is the height of the liquid column [m], 

γ is the surface tension of the liquid [J/m
2
], 

ρ is the density of the liquid [kg/m
2
],  

g is the gravitational acceleration [m/s
2
] and 

r is and the radius of the capillary [m].  

 

The viscosity of the liquid also affects the flow through the samples. Viscosity is the 

liquid’s resistance to flow caused by the intermolecular forces acting as an internal 

friction (Petrucci & Harwood 1997, p. 422). Viscosity values for the used liquids found 

in literature are shown in Table 8. 

Table 8. Viscosities of the liquids used in the capillarity tests (Haynes 2017). 

Liquid Viscosity at 25 °C (mPas) 

Water 0.890 

Ethanol 1.074 

Hexadecane 3.03 

Epoxy* 600-640 

Epoxy with hardener* 139 (initial) 

*values given by the manufacturer 

 

4.3.6 Permeability 

The impregnation of the samples is greatly affected by the permeability of the material 

to the used resin. The permeability properties were studied by filtering ethanol through 

the aerogel samples under vacuum pressure with a system shown in Figure 8. Ethanol 

was used instead of water to keep the cellulose from dissolving in the water, which 

happens very easily due to the hydrophilicity of the material. With ethanol, this was not 

found to be a problem.  

By using a constant pressure difference obtained by the vacuum system and measuring 

the time for a certain volume of the liquid to permeate the sample, the permeability 

could be calculated according to Darcy’s law 
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𝑄 = −
𝜅𝐴

𝜇

(𝑝𝑏−𝑝𝑎)

𝐿
,    (6) 

where  Q is the volumetric flow rate through the sample [m
3
/s],  

κ is the sample permeability [m
2
],  

A is the surface area of the sample [m
2
],  

(pb-pa) is the pressure difference over the sample [Pa],  

µ is the dynamic viscosity of the liquid [Pas] and  

L is height of the sample [m].  

 

Only samples prepared with the lower type 2 mould from 5.0 wt% CNF suspension 

were tested because they were strong enough to keep their shape when wetted with 

ethanol and could easily be fitted inside a filter funnel. Three samples were tested at -

10, -20 and -30 kPa pressures and 5 test runs were completed for every pressure 

difference giving a total of 15 runs for every sample. All the test runs consisted of 

filtering 100 ml of 96 vol% ethanol through the sample and measuring the time for 

every 10 ml to flow into a measuring glass kept under the filter funnel. The tightness of 

the sample fitting was confirmed by pouring ethanol on top of the sample with the 

vacuum system unattached to make sure there is no leakage through the edges of the 

sample (Figure 9). 
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Figure 8. The filtering system used in the permeability measurements. 

 

Figure 9. A sample fitted inside a filter funnel with ethanol poured on top. 
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4.4 Preparation of cellulose nanofiber composites 

The CNF networks were further used to prepare composite materials. The templates 

prepared via freeze casting were impregnated with epoxy resin by a vacuum assisted 

resin infusion (VARI) method. After the impregnation, the samples were pressed to 

form composite sheets. The microstructure of a composite sheet formed by 

impregnating a type 1 sample prepared from 1.0 wt% CNF suspension with epoxy resin 

and by compressing the filled network was studied with FE-SEM (Zeiss ULTRA plus). 

A 5 kV accelerating voltage was used and the working distance varied between 2.2 and 

6.3 mm. Magnifications of 100x and 1000x were applied to obtain the images. 
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5 RESULTS AND DISCUSSION 

5.1 Aerogel properties 

In the first aerogel preparation, 40 grams of 0.5 wt% CNF suspension was weighed into 

a type 1 mould and the mould was plunged in dry ice-acetone bath as described earlier. 

The temperature of the bath was kept at approximately -75 °C. After almost two hours 

of freezing the top 2-2.5 cm of the suspension were still not frozen and the experiment 

was terminated by transferring the mould into a freeze drier. The sample was freeze 

dried for approximately 24 hours, after which it was not, however, completely dried. In 

the second test, 40 grams of the same suspension as used in the first one was poured into 

a type 2 mould and the freezing was carried out as earlier. The whole sample was frozen 

in approximately 3 minutes and was transferred into a freeze drier. After 24 hours in the 

freeze drier, the sample was thoroughly dried and a sponge-like elastic structure with a 

cylindrical shape was obtained. The structure could be stretched and compressed gently 

without losing its original dimensions.  

In the third test, the higher type 1 mould was again used, but this time a polyurethane 

insulation covering the sides and the top of the mould was used to prevent horizontal 

heat transfer. Again, the experiment had to be terminated after approximately 1.5 hours 

because the top 2 or 3 cm of the sample were not yet frozen despite the use of 

insulation. The sample was put into freeze drier for 72 hours. The structure was severely 

deformed after freeze drying because of the incomplete freezing during casting and a 

supposed subsequent explosion caused by the evaporation of the water in the freeze 

drier. Later on, it was found out that 30 grams of CNF suspension could be frozen in the 

type 1 mould in approximately 1.5 hours and this amount was then used in the 

following preparations. 40 grams were used with the type 2 mould. The amount of dry 

ice was gradually increased after the first experiments to make it sufficient to keep a 

constant temperature of -78 °C. 

During the earlier sample preparations, there occurred cracking on some of the type 2 

samples and some samples were even broken in several pieces after freeze drying. The 

occurrence of this kind of macroscopic cracking during the freezing process has been 

reported in several studies (Sehaqui et al. 2010, Zhai et al. 2015).  To solve the 

problem, the suspensions were kept at 4 °C overnight to lower the initial temperature. 
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However, this procedure was not found to have any effect on the freezing process. The 

cracks continued to appear on some of the samples with no specific reason regardless of 

the initial suspension temperature. 

The samples prepared from suspensions with higher CNF concentrations did not suffer 

from as severe a cracking as the ones prepared from 0.5 and 1.0 wt% suspensions. In 

addition, the resulting dried preparations were easier to handle due to being less fragile. 

However, they were more difficult to make uniformly shaped because of the gel-like 

properties of the suspensions. Surprisingly, even the 1.0 wt% samples did not have any 

significant fractures after changing the raw material and the suspension preparation 

procedure. The properties of the aerogel samples are discussed in the following 

subsections. 

5.1.1 The samples 

The average diameter and height of the samples prepared with type 2 molds were 

approximately 79 and 9 mm, respectively, and the values for the type 1 samples were 

approximately 23 and 64 mm, respectively. Pictures of typical samples are shown in 

Figure 10. The samples prepared from 0.5 and 1.0 wt% CNF suspensions were soft and 

elastic (Figure 11) compared to the samples prepared using 3.0 and 5.0 wt% 

suspensions which were much more rigid and showed only a small ability to be bent. 

Although very light, the aerogels were surprisingly strong (Figure 12) and could be 

stretched and compressed quite firmly without breaking, especially in the freezing 

direction. This can be seen as an indication of an anisotropic alignment of the fibers and 

pores inside the structure. 



71 

Figure 10. The cellulose nanofiber aerogel samples. 
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Figure 11.  A sample being bent and after bending. 

 

Figure 12. A sample supporting approximately 400 times its weight. 

 

5.1.2 Porosity 

The calculated porosities of the samples prepared with the wider type 2 mould are 

shown in Table 9. The values are in good accordance with those reported by Lee and 

Deng (2011) with only a minor deviation that can be seen in the value for the samples 

prepared from 3 wt% CNF suspension. However, to obtain the exact values for the 

porosities a more sophisticated method should be considered for the measurements. The 

calculated values given here should only be treated as good approximations. 
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The volumes of the samples measured with a digital caliper were higher than the initial 

suspension volumes. This suggests that even though the samples shrunk in the freeze 

drier the expansion of water during freezing was not completely countered. The 

diameters of the dried samples were smaller than the mould diameters but the height 

was noticeably increased in the freezing process. Thus, the shrinkage had occurred 

mostly along the horizontal plane. A possible explanation for this is the orientation of 

the pores providing higher strength in the vertical direction and keeping the structure 

from collapsing. 

Table 9. The effect of CNF concentration on the porosity of the aerogels. 

CNF concentration (wt.%) Sample porosity (%) Reference 

1.0 99.4 This study 

3.0 98.1 This study 

5.0 97.1 This study 

2 98.7 Lee and Deng (2011) 

3 98.0 Lee and Deng (2011) 

4 97.3 Lee and Deng (2011) 

6 96.0 Lee and Deng (2011) 

 

5.1.3 Microstructure 

FE-SEM images of the aerogels prepared from 1.0 wt% CNF suspensions showed some 

cellular or lamellar pore structures as can be seen in Figures 13 and 14. An inclination 

of the structures to be aligned along the ice growth direction is present but the effect is 

not as strong as would have been assumed based on theory. The nanofiber networks are 

apparently anisotropic but uniform and continuous pore walls are not clearly visible. 

Initially, this was assumed to be due to the very low fiber concentration in the used 

suspensions being insufficient to provide enough material for complete pore formation. 

Based on this assumption the use of higher CNF concentrations was also studied. 

However, as shown later, the assumption could not be verified.  

In spite of the structures being less clearly formed as expected, the three distinct zones 

of different types of ice growth suggested by Deville et al. (2006b, 2007) can be seen in 

the figures showing the FE-SEM images of the top, middle and bottom parts of a 

sample prepared from 1.0 wt% suspension with the type 2 mould (Figure 13). The pore 

orientation in the bottom part is mostly random and in the middle and top parts pore 

structures aligned along the freezing direction can be observed. The relation between 
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the freezing front velocity and the structure wavelength can be seen when comparing 

the pore diameters. As the thickness of the frozen part of the sample increases during 

the freezing process, also the thermal resistance between the bottom plate of the mould 

and the suspension increases. This decreases the heat flux from the suspension to the 

freezing source and lowers the freezing rate leading to larger pores and thicker pore 

walls according to Equation (1). The phenomenon can be even more clearly seen in 

Figure 14 showing FE-SEM images of a sample prepared from 1.0 wt% suspension 

with the type 1 mould. The type 1 samples were much higher and took approximately 

1.5 hours to freeze completely which is a lot longer than the approximately 3 minutes it 

took for the type 2 samples. This slowing down of the freezing rate was surprisingly 

drastic and obviously sets certain limitations to the applicability of the process.  

To see how the CNF concentration affects the aerogel morphology, samples were 

prepared also from 3.0 and 5.0 wt% suspensions. FE-SEM images of these samples are 

shown in Figure 15. The images are more difficult to interpret than the ones taken of the 

1.0 wt% samples. This is related to the difficulties in preparing the samples for imaging. 

To obtain a cross section for imaging the samples had to be broken in two pieces and 

the resulting surface was much more uneven in the higher concentration samples 

making any existing channel structures almost impossible to detect. The samples could 

not be cut with a blade or any other instrument without causing changes in the structures 

to be studied. One potential way of preparing the samples for imaging could be to cut 

them in a frozen state to avoid the deformation of the pore channels and should be taken 

into consideration in future studies. What can be seen from the images in spite of the 

difficulties with sample preparation is the presence of multiple fiber aggregates not seen 

in 1.0 wt% samples. This is suggested to be caused by the centrifugation process used to 

concentrate the CNF suspensions. Centrifugation was chosen as the most convenient 

method to achieve the desired concentrations but some other routes should also be 

considered in the future. For example, evaporation either in an oven or at room 

temperature could be a viable alternative for the more aggressive centrifugation process, 

although a very time consuming one. 

b. 
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Figure 13. FE-SEM images of vertical cross sections of the (a.) top, (b.) middle and 

(c.) bottom parts of a type 2 sample prepared from a 1.0 wt% CNF suspension. 

 

a. 

c. 

b. 

a. 
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Figure 14. FE-SEM images of vertical cross sections of the (a.) top, (b.) middle and 

(c.) bottom parts of a type 1 sample prepared from a 1.0 wt% CNF suspension.  

 

c. 

a. 

b. 
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Figure 15. FE-SEM images of vertical cross sections of type 2 samples prepared from 

(a.) 3.0 wt% and (b.) 5.0 wt% CNF suspensions. 

 

5.1.4 Micro-computed tomography 

Images of a 3D reconstruction based on micro-CT scanning of a sample prepared from 

5.0 wt% CNF suspension is shown in Figure 16. It can be clearly seen that most of the 

fibers are unidirectionally aligned.  There also exists a large variance in the fiber size. 

There are larger fibers present with smaller fibers dispersed between them. Some of the 

larger fibers seem to be folded and entangled with the other fibers. The wide fiber size 

distribution is expected as mechanical grinding was used as the only fibrillation method. 

To obtain smaller fibers and a narrower size distribution, the grinding should be 

combined either with some type of enzymatic or chemical pretreatment, or with another 

mechanical treatment method. The existence of a significant degree of interaction 

between the fibers and the growing ice crystals is quite obvious. The fibers have most 

likely been pushed by the advancing ice front and kept their position and orientation 

after the ice was removed in a freeze drier.  

However, the alignment direction differs from the freezing direction indicated by the 

white arrow in the images. A possible explanation for this has been suggested by 

Deville et al. (2007). It was supposed that large enough particles could interfere with the 

freezing process in such a way that the ice crystals would grow tilted. This might be the 

case especially at the beginning of the freezing process when the freezing rate is high 

but the temperature of the bottom plate is not yet low enough to provide a sufficient 

temperature gradient. The particle interactions could then be significantly affecting the 

growth direction. Even though Deville et al. used a freeze casting setup that allowed the 

freezing temperature to be constantly decreased, the heat capacity of the copper bottom 

a. b. 
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plate of the moulds used in the current study may have acted as a buffer. This would 

lead to a similar effect of a small temperature gradient at the beginning of the freezing. 
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Figure 16.  Images of a 3D reconstruction based on micro-CT scanning of a sample 

prepared from 5.0 wt% CNF suspension with a type 2 mould. The white arrow 

indicates the freezing direction. 
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5.1.5 Pore size 

The procedure followed in the image analysis process is illustrated in Figure 17. The 

threshold was manually set at an appropriate level based on the visual appearance of the 

pores. The black areas in Figure 17 b. were interpreted as pores and used in the 

calculations by the program. In Figure 17 c. the pores are shown as ellipses and there 

seems to be a tendency for the pores suggested by the software to be smaller than the 

ones detected by visual inspection of the binary image. This may be due to several 

reasons. First, visual inspection may not be the most reliable method considering its 

accuracy. It is easy to favor the larger and more regularly shaped patterns over the 

smaller and more irregular ones. The software, on the other hand, is not influenced by 

this kind of bias and only evaluates each of the pixels in the image based on their 

intensity. It is not affected by the illusion of seeing anything more than the measurable 

differences between the pixels. However, this may also cause inaccuracies in the 

calculations due to the limited resolution of the images. The program can interpret some 

minor variances in the intensity as small pores and thus cause the smaller end of the size 

spectrum to be overemphasized. 

The average and median pore sizes of the top, middle and bottom parts of a type 2 

sample prepared from 1.0 wt% CNF suspension are shown in Table 10 and the pore size 

distribution of the same sample can be seen in Figure 18. The overall average and 

median pore sizes of the whole sample were 10.9 µm and 5.4 µm, respectively. The 

theoretical tendency for the pore size to increase as a function of the distance from the 

bottom plate, also evident in the Figures 13 and 14 in subsection 5.1.3, cannot be seen 

in the calculated pore diameters of the different parts of the sample. There exist minor 

differences but they are not very significant. This further confirms the uncertainty 

involved in the measurement method. However, on an average level the estimated pore 

size seems to be realistic and agrees well with the values reported by Lee and Deng 

(2011). They studied the relationship between the magnitude of the temperature gradient 

and the resulting pore size of CNF aerogel samples. The reported pore diameters of 

samples prepared from 3.0 wt% CNF suspension varied between 2.8 and 11.2 µm. Both 

the diameter and the height of the studied samples were 10 mm, the height being close 

to the approximately 9 mm height of the type 2 samples in the current study. This makes 

the results of the two studies relatively comparable apart from the difference in the CNF 

concentration which was 1.0 wt% in this study instead of 3.0 wt% used by Lee & Deng. 
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The dependence of the average pore size on the used freezing source and the initial 

suspension temperature is illustrated in Figure 19.  
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Figure 17. An FE-SEM image used in the image analysis shown (a.) before and (b.) 

after thresholding and (c.) as a drawing with ellipses representing the pores. 

 

a. 

b. 

c. 
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Table 10. The average Feret diameters of the pores in different parts of a type 2 sample 

prepared from 1.0 wt% CNF suspension. 

 Top part Middle part Bottom part 

Average pore diameter (µm) 11.28 11.13 10.23 

Median pore diameter (µm) 6.3 5.0 5.0 

 

Figure 18. Pore size distribution of a type 2 sample prepared from 1.0 wt% CNF 

suspension as estimated with image analysis of FE-SEM images. 
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Figure 19. The dependence of the average pore size on the temperature gradient. 

 

The average pore diameter obtained in this study is close to the value obtained by Lee 

and Deng (2011) for the samples prepared from a 20 °C suspension using liquid 

nitrogen with ethanol as a secondary freezing medium. The exact temperature of ethanol 

was not reported and most likely lies somewhere between 0 and -114 °C (the ethanol 

melting point). Considering the use of -78 °C freezing temperature and a suspension at 

approximately room temperature in this study, it is not that surprising that the two pore 

size values are so close to each other. This is especially true if the ethanol was near its 

melting point temperature in Lee and Deng’s study, in which case the temperature 

difference in the two studies would have been of similar magnitude. Using only liquid 

nitrogen as a freezing source resulted in significantly smaller pore diameters. The ability 

to change the pore structure by varying the freezing temperature was thus clearly 

demonstrated in their study. In addition, the quite surprising fact that the structure may 

also be controlled by the suspension temperature was shown. Using a warmer 

suspension leads to higher temperature gradient and smaller pores. 
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5.1.6 Capillary action 

The capillarity of the aerogels was studied with various liquids. Great differences 

between the capillary actions of the used liquids could easily be observed by a very 

simple experiment. Placing the samples in colored water resulted in rapid filling in a 

matter of seconds causing also a noticeable deformation and shrinking of the samples 

(Figures 20 and 21). It seems that water very easily dissolves the hydrophilic CNFs and 

this was later on found to be a problem during the permeability measurements. Ethanol, 

on the other hand, did not have the same effect on the material even though it also filled 

the samples very quickly (in about 20 seconds) (Figure 22). The samples shown in 

Figure 22 have almost completely maintained their shape during the process, the most 

visible effects of ethanol being seen on the sample with the lowest fiber content and the 

densest one having practically no signs of deformation. Hexadecane, despite being more 

hydrophobic than ethanol, still showed significant capillary action and the samples 

could be filled with it at practically the same rate as with ethanol (Figure 23).  

Figure 20. Samples prepared from 1.0 wt% CNF suspension in colored water. 

 

Figure 21. Samples filled with colored water. The first three samples from left to 

right are prepared from 1.0, 3.0 and 5.0 wt% CNF suspensions, respectively. 
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Figure 22. Samples filled with ethanol. The first three samples from left to right are 

prepared from 1.0, 3.0 and 5.0 wt% CNF suspensions, respectively. 

 

Figure 23. Samples filled with hexadecane. Samples from left to right prepared from 

1.0, 3.0 and 5.0 wt% CNF suspensions, respectively. 

 

The final capillarity tests were done with an epoxy resin, which has a significantly 

higher viscosity than the other used liquids (Figure 24). This led to a much slower 

filling rate taking approximately 2 hours for the densest sample to be completely 

impregnated with the resin. However, the fact that the samples could be filled with the 

polymer by mere capillary action was promising when considering the preparation of 

the final composite materials in which epoxy resin was to be used. Of course, the filling 

had to happen at a much higher rate when the resin was mixed with a hardener but the 

process was also planned to be facilitated by vacuum impregnation techniques that 

make the filling faster. 

b. 

a. 
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Figure 24. Samples in epoxy resin. Samples from left to right prepared from 1.0, 3.0 

and 5.0 wt% CNF suspensions, respectively. Pictures taken after (a.) 30 minutes, 

(b.) 1 hour and 25 minutes and (c.) 2 hours. 

 

a. 

b. 

c. 
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Figure 25.  Nanopaper capillarity test. 

 

For reference, capillary action of water was tested with a conventional nanopaper. As 

seen in Figure 25, water had not risen up inside the CNF network even after 2 hours of 

keeping the other end of the sample strip under colored water. This is caused by the 

dense structure of the nanopaper keeping the liquid from filling the fiber network.  

5.1.7 Permeability 

The out-of-plane permeabilities, measured along the vertical z-axis, of the type 2 

samples prepared from 5.0 wt% CNF suspension was calculated based on the 

measurements made with three samples at three different pressure differences. A value 

corresponding to a specific pressure (-10, -20 and -30 kPa) was obtained for each of the 

samples by performing five measurements at each pressure. Thus a total of 15 

measurements were performed for all the samples and the values were used to calculate 

the sample permeabilities shown in Table 11. An overall average value for the 

permeability (κ) of the samples was 4.0 * 10
-13

 m
2
. 
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Table 11. Out-of-plane permeabilities of three samples prepared from 5.0 wt% CNF 

suspension. 

Sample # 1 2 3 

Permeability (* 10
-13

 m
2
) 3.3 3.7 5.1 

 

The obtained permeability value is significantly high when compared to the values 

reported by Aitomäki et al. (2015, 2016) for CNF networks with porosities of 24-81 %. 

The reported out-of-plane permeabilities of the studied networks varied between 

approximately 1-10 * 10
-19

 m
2
. A value of approximately 10000 * 10

-19
 m

2
 was obtained 

for a commercial Kraft paper designed to be impregnated with a resin and used in 

composite materials manufacture. The permeability of the aerogels prepared in the 

current study is two orders of magnitude higher than the permeability of the Kraft paper. 

A value this high would mean that the impregnation of the samples with a resin could be 

performed quite easily. However, there exists a considerable level of uncertainty 

concerning the measurement method used. The measurements were performed using a 

custom-built filtering setup and it was not possible to make any control measurements 

with a reference material. For example, neither aerogel samples with a randomly 

oriented fiber structure prepared by freezing in a freezer nor commercial filter papers 

could be fitted inside the used filter funnel. Thus, to confirm the obtained values the 

measurements should be repeated with a more controllable system. 

However, the highest in-plane permeabilities, measured along the horizontal x- and y-

axes, reported for the nanofiber networks by Aitomäki et al. (2015, 2016) were as high 

as 3.7 * 10
-12 

m
2
 and 5.3 * 10

-12
 m

2
. These values are higher than the out-of-plane 

permeabilities of the aerogels obtained in this study, providing a valuable perspective 

for evaluating the validity of the measurements. The large difference between the out-

of-plane and in-plane permeabilities reported by Aitomäki et al. was suggested to be 

caused by the layered structure of the networks. It is easier for the liquids to flow 

between the layers along the x- and y-axes than to penetrate them in the z-direction. 

Considering the mostly vertical alignment of the structures in the aerogels it is thus 

possible that the permeability in that direction is quite high. It would be of great interest 

to be able to measure the permeability of the aerogels also in the xy-direction and 

compare the value with the one obtained for the z-direction permeability. However, this 

would require special equipment and may not even be possible to put into practice 

because of the fragility of the samples, especially when wet. 
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5.2 Composite properties 

The impregnation of the CNF networks, or aerogels, prepared via freeze casting was not 

successful. The resin could not be properly directed inside the porous structure but 

mostly flowed through the sides (Figure 26). Two samples with different porosities 

were tested. The sample prepared from a 1.0 wt% CNF suspension was soft and could 

easily be pressed during the process to form a flat composite sample. The sample made 

from a suspension with a higher 5.0 wt% CNF concentration was very hard and could 

not be properly pressed. This caused problems with achieving a sufficiently uniform 

wrapping of the vacuum bag around the sample. Despite the incomplete impregnation, 

the composite samples were quite strong. Composite materials with very good 

mechanical properties can potentially be prepared by improving the presented method to 

achieve a more complete filling of the CNF templates.  

The low CNF concentration composite sample was studied with FE-SEM. It can be seen 

from the images that the impregnation of the aerogel sample was not complete. A 

vertical, i.e. cut along the freezing direction, cross section shown in Figures 27 a. and 27 

b. shows a similar layered nanofiber structure as in neat nanofiber networks reported for 

example by Aitomäki et al. (2016). Any distinct areas filled with resin cannot be 

detected. Instead, the layers seem to be mostly composed of CNFs. This is also evident 

in Figures 27 c. and d. showing a horizontal cross section of a center part of the same 

composite sample. The structure is very porous and only a small number of the channels 

is impregnated. However, in Figures 27 e. and f. showing a horizontal cross section near 

the edge of the sample, a higher degree of impregnation has been achieved. There is a 

significantly smaller number of empty pores and the resin is more uniformly distributed. 

This indicates that the impregnation may have occurred through the sides of the sample 

instead of the pores having been gradually filled through the bottom. This is most likely 

a result of the difficulties to keep the sample properly sealed.  

In spite of the difficulties to impregnate the whole sample, it can be clearly seen in 

Figure 27 that the structure is very porous. There is a large number of open pores with 

diameters of up to several tens of micrometers. Such channels can be supposed to be 

quite easily filled with resin if no leaking would occur and if the sample would change 

its shape during the filling. 
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Figure 26. Vacuum infusion of the samples with an epoxy resin. Above, the low 

concentration sample and below, the sample with the higher CNF concentration. 

 

Figure 27. FE-SEM images of an impregnated sample showing (a., b.) a vertical cross 

section and horizontal cross sections (c., d.)  at the center and (e., f.) at the edge of 

the sample. 
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6 CONCLUSIONS 

The objective of this master’s thesis study was to develop a method to prepare 

bionanocomposite materials with good mechanical properties from CNFs and an epoxy 

resin. The motivation behind this is the increasing demand for finding bio-based and 

renewable reinforcement materials that could replace the more commonly used 

reinforcements such as carbon and glass fibers. CNFs are a promising candidate because 

of the numerous favorable properties they possess. 

A freeze casting process was successfully utilized in preparing highly porous CNF 

networks with unidirectionally aligned channel structures observed in FE-SEM and 

micro-CT images. The obtained aerogels were surprisingly strong and tough. The pore 

sizes of the samples prepared with the lower type 2 moulds were in the vicinity of 10 

µm implying, along with the permeability measurements, that the aerogels could be 

used in resin impregnation. The pores in the higher type 1 samples were even larger 

according to FE-SEM images.  

However, the impregnation of the nanofiber templates was not complete due to 

problems with the compatibility of the samples with the used vacuum infusion method. 

The resin mostly flowed through the sides instead of filling the pores inside the CNF 

networks. This resulted in a very non-homogenous composite material in which the 

nanofibers were mostly confined inside a separate epoxy phase that was present at the 

sides of the samples. A desirable fiber distribution inside the polymer matrix was thus 

not achieved. 

In spite of these difficulties, the presented method is a promising way of preparing 

strong bionanocomposites. The produced samples were quite strong and tough even 

with an incomplete impregnation with the resin. By further developing the method to 

achieve a better filling of the CNF networks the mechanical properties of the resulting 

materials can be improved. In future, the effect of changing the sample dimensions, 

improving the controllability of the CNF network preparation process and modifying 

the infusion method on the impregnation should be studied.  
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