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Abstract 

Cellulose-based materials are widely used in a number of important applications 
(e.g. paper, wood, textiles). Additional developments are suggested by the growing 
interest for natural fibre-based composite and nanocomposite materials. The 
motivation is not only in the economic and ecological benefits, but is also related 
to advantageous properties and characteristics. The objective of this thesis is to 
provide a better understanding of process-structure-property relationships in some 
novel cellulose network materials with advanced functionalities, and showing 
potential large-scale processability. An important result is the favourable 
combination of mechanical properties observed for network-based cellulose 
materials. 
Compression-moulding of cellulose pulp fibres under high pressure (45 MPa) and 
elevated temperature (120 – 180 oC) provides an environmentally friendly process 
for preparation of stiff and strong cellulose composite plates. The structure of 
these materials is characterized at multiple scales (molecular, supra-molecular and 
microscale). These observations are related to measured reduction in water 
retention ability and improvement in mechanical properties.  
In a second part, cellulose nanofibrils (NFC) are functionalized with in-situ 
precipitated magnetic nanoparticles and formed into dense nanocomposite 
materials with high inorganic content. The precipitation conditions influence 
particle size distributions, which in turn affect the magnetic properties of the 
material. Besides, the decorated NFC network provides high stiffness, strength and 
toughness to materials with very high nanoparticle loading (up to 50 vol.%). 
Subsequently, a method for impregnation of wet NFC network templates with a 
thermosetting epoxy resin is developed, enabling the preparation of well-dispersed 
epoxy-NFC nanocomposites with high ductility and moisture durable mechanical 
properties. Furthermore, cellulose fibrils interact positively with the epoxy during 
curing (covalent bond formation and accelerated curing). Potential large scale 
development of epoxy-NFC and magnetic nanocomposites is further demonstrated 
with the manufacturing of 3D shaped compression-moulded objects. 
Finally, the wet impregnation route developed for epoxy is adapted to prepare UV-
curable NFC nanocomposite films with a hyperbranched polymer matrix. 
Different chemical modifications are applied to the NFC in order to obtain 
moisture durable oxygen barrier properties.  
 
Keywords: compression-moulding, cellulose fibre, nanocomposite, magnetic 
nanoparticle, epoxy, UV curing, oxygen barrier 



 
 

Sammanfattning 

Cellulosabaserade material används brett och har medfört teknisk utveckling inom 
ett antal viktiga områden (t.ex. papper, trä, textilier). Intresse för att utveckla nya 
fiberbaserade cellulosamaterial har ökat på senare tid. Motivationen ligger inte 
endast i ekonomiska och ekologiska fördelar, utan kan även relateras till 
egenskaperna hos såväl kemisk massafiber som nanofibrillerad cellulosa (NFC). 
Målet med denna avhandling är att skapa bättre förståelse för bearbetning-struktur-
egenskapsförhållandet i material baserade på cellulosanätverk. Detta är en grund 
för framtida satsningar mot avancerade cellulosamaterial med skräddarsydda 
egenskaper. Upplägget av avhandlingen är fokuserat runt två nya 
materialframställningsmetoder. 
Formpressning av högren massafiber under högt tryck (45 MPa) och förhöjd 
temperatur (120-180 oC) är en miljövänlig process för att framställa styva och 
starka cellulosakompositplattor. Strukturen hos de resulterande materialen studeras 
på nanoskala (supramolekylär analys via NMR) och mikroskala via 
elektronmikroskopi. Arbetet relaterar strukturparametrar till mekaniska egenskaper 
och förmågan att hålla vatten. 
NFC har också dekorerats med magnetiska nanopartiklar och formats till 
kompakta membran. Detta nya tillvägagångssätt, baserat på oorganisk modifiering 
av cellulosa, öppnar för avancerade funktionella egenskaper. 
Utfällningsförhållanden påverkar partikelstorleken och därmed de magnetiska 
egenskaperna.  
En metod utvecklades för att impregnera poröst NFC-nanopapper med epoxi. NFC 
blir väldispergerat och kompositen får goda mekaniska egenskaper med hög 
duktilitet och fukttålighet.  Dessutom sker epoxins härdningsreaktionen mycket 
snabbt i närvaro av NFC, och mekanismerna för detta diskuteras.  Möjligheterna 
till mer storskalig produktion av materialen demonstrerades genom formpressning 
av tredimensionella komponenter. Metoden för våtimpregnering av poröst 
nanopapper användes också för att framställa UV-härdande nanokompositer 
baserade på en hyperförgrenad polymer och NFC. Materialet kan användas som en 
fukttålig syrgasbarriär.  
En intressant slutsats från avhandlingen är att cellulosa kan användas för att 
framställa duktila kompositer, där deformationsmekanismerna i det nätverk som 
cellulosafibrer och fibriller bildar kontrollerar egenskaperna. 
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1. Introduction 

   The objective of this work is to study the process-structure-property 
relationships for materials based on cellulose fibre networks, with the motivation 
to develop advanced multifunctional materials with potential large-scale 
processability. In a first part, an environmentally friendly compression-moulding 
process is elaborated for the preparation of high mechanical performance all-
cellulose pulp composites. Magnetic functionalization of cellulose nanofibrils is 
then demonstrated, allowing for versatile preparation of magnetic nanocomposites 
with interesting mechanical properties. Finally the cellulose nanofibril network is 
used to reinforce a polymeric resin (epoxy or UV-curable resin), demonstrating the 
numerous advantageous features of a nanostructured material in contrast with 
traditional natural fibre composites (e.g. low moisture sensitivity, high ductility, 
good gas barrier performance). Background to these topics is provided in the rest 
of this introduction. 

 

1.1. Wood fibres – structure, properties and applications 

   The complex machinery of the living tree resides on the smart arrangement of 
many different building blocks organized in a hierarchical manner at different 
length scales. Fig. 1 shows an overview of this multi-scale organization, starting at 
the micrometre-millimetre range where the wood tissue appears as a cellular 
structure. The hollow and elongated longitudinal cells make up most of the wood 
tissue and ensure the tree to fulfil its two main functions: mechanical function (to 
withstand its own weight and external forces) and biological function 
(water/nutrient distribution to the whole plant). These longitudinal cells are of 
mainly one type for the less complex softwoods (tracheid), while hardwoods 
present more diverse cell types that have specific functions (e.g. tracheid vs. 
vessel). Softwood resource is used in this work. In order to withstand high 
mechanical loads in the wet state, the cell wall relies on an inspiring multilayer 
nanocomposite structure that will be explored briefly in the next paragraph. 



2 
 

 

Fig. 1: Illustration of the hierarchical structure of wood (left) and cell wall layering 
(centre) with a zoom on a fibril aggregate cross-section (right) [1] 

 

Apart from the lignin rich middle lamella interfacing the adjacent cells, the cell 
wall can be separated into the primary (p) and the secondary cell wall (Fig. 1). The 
latter one is made up of a multi-layer arrangement (S1 and S2). The layers are 
differentiated by their nanostructure and chemical composition, i.e. the proportions 
in each of the main wood components (cellulose, hemicelluloses and lignin).  The 
S2 layer represents by far the largest fraction of the cell wall (about 65% in 
weight) [1]. A closer look at its nanostructure reveals that cellulose fibrils and 
their aggregates build up the cell wall’s “skeleton” in the form of elongated 
nanofibrils embedded in hemicelluloses and lignin. Due to their similar chemical 
structure, hemicelluloses and cellulose surfaces are strongly linked to each other 
by secondary bonds [1, 2]. 

Emerging from the structural features described above, the wood fibres exhibit 
mechanical properties that enable their utilization in various materials such as 
printing paper, packaging, and fibreboards for construction. A number of fibre 
extraction (pulping) technologies have therefore been developed to isolate the cells 
from the wood tissue. In general, delignification of the wood tissue is the first step 
in the process of releasing individual fibres. The delignification is reached by 
cooking in several steps at elevated temperatures in chemical baths (sulfate for 
Kraft process, sulfite, or other). During these cooking steps, the hemicelluloses 
and cellulose are also degraded to some extent. Cellulose degradation is known to 
result in decreased mechanical strength of the fibre [3]. This leads to pulps with 
different compositions and characteristics depending on the process [4]. 

Cellulose fibril
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Cell wall
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Source: University of Canterburry, 1996. Artwork by Mark Harrington
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Consequently, higher cellulose purity, i.e. extensive hemicelluloses removal, is 
synonymous with more degradation of the cellulose. Such high-purity pulp is 
generally intended for further usage in the production of cellulose derivatives and 
regenerated cellulose, and is traditionally called ”dissolving” pulp. On the other 
hand, “paper” grade pulps requiring higher mechanical strength are characterized 
by higher hemicellulose contents and higher cellulose molecular weight. Besides, 
the characteristics of the pulps are also dependent on the chemical route used 
during pulping [4]. The two most widely used chemistries in the pulping industry 
are the sulfate (Kraft) and the sulfite routes. In the sulfate process, sodium 
hydroxide and sodium sulphide are the chemicals used to remove the lignin and 
release individual fibres, in contrast to sulfite ions used in the other process. Long 
experience and numerous studies have established the main differences of these 
two pulping routes in terms of final pulp characteristics and paper properties. In 
short, Kraft pulps are known to provide papers with higher mechanical strength 
[5], while sulfite pulp fibres are more sensitive to mechanical beating [6, 7]. The 
beating process is a way to provide more flexible and fibrillated fibres by the 
application of mechanical forces in order to delaminate the cell wall layers and 
fibrillate the fibre surfaces. Beating is used to improve mechanical properties of 
the final fibre network material [8].  

The cellulose fibres are obtained as slurries (aqueous suspensions) after pulping, 
which dictate the possibilities for further processing into useful materials. Dead-
end filtration is the most straightforward way to obtain a mat of fibres (e.g. 
papermaking), which is the dominating industrial application for pulp fibres. 
Internally, the mat consists of a three-dimensional network of interconnected 
fibres with a strong 2D character. Its mechanical properties depend on numerous 
physical parameters of the network (porosity, inter-fibre bonding, fibre aspect 
ratio, anisotropy) [8] and modern papermaking processes consider these various 
aspects in the fabrication of paper. 

Beyond traditional paper-making, the good mechanical properties (up to 70 GPa 
stiffness and 0.9 GPa strength [9]), wide availability, accessible price and low 
environmental impact of natural cellulosic fibres make them attractive to other 
industries. Since the middle of the twentieth century, with the continuous 
expansion of the polymer composite markets, natural fibres have been envisaged 
as reinforcement in polymer matrixes for the reasons enumerated above [10]. 
Despite promising results and a range of new products based on this type of 
biocomposite materials (e.g. decking [11]), numerous issues are still limiting their 
development, such as processing problems and poor hygro-mechanical properties. 
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The high-temperature (>200 oC) melt processing techniques (extrusion, injection 
moulding) generally induce thermal degradation of the cellulosic fibres as well as 
mechanical breakage of the fibres into shorter segments, explaining to some extent 
why mechanical properties are lower than expected (strength below 40 MPa and 
Young’s modulus of only a few GPa). Another reason is the poor chemical 
compatibility between the cellulosic fibres and the traditional petroleum-based 
polymer matrixes, leading to weak fibre-matrix coupling. Finally, the intrinsic 
hygroscopicity of the fibre cell wall and its negative consequences cannot be 
eliminated. The moisture easily penetrates the cell wall, and adsorbed water acts as 
plasticizer inside the cell wall and at the fibre-matrix interface, reducing 
respectively the fibre’s stiffness and the reinforcement efficiency. Besides, the 
fibre swelling-shrinking cycles when exposing the composite to variations in 
relative humidity has been shown to lead to extensive fibre-matrix debonding and 
weakening of the material [12]. 

In this context, all-cellulose biocomposite materials present several advantages. 
This concept initially relied on the partial dissolution/regeneration of cellulosic 
fibres to form a continuous matrix of regenerated cellulose II [13]. Such materials 
were developed as early as in the 1800s with the so-called “vulcanized fibres” 
[14]. The cellulose II matrix obviously has excellent compatibility with the 
cellulose I crystalline fibres, providing efficient stress-transfer and high 
mechanical properties (ca. 100 MPa strength and 7-8 GPa stiffness [15]). Also, 
since no petroleum-based polymer matrix is used, the environmental impact is 
minimized. However, the main drawback resides in the use of environmentally 
hazardous solvents necessary to dissolve the cellulose. Therefore, there is strong 
interest in studying the possibility to form strong and stiff composite materials 
based solely on cellulosic fibres, through processes that avoid the use of any 
solvent and are applicable on a large scale. The compression-moulding route 
proposed in this thesis was developed to meet these expectations. 

 

1.2. Nanofibrillated cellulose (NFC) – extraction, characteristics and 
potential in bio-nanocomposite materials  

   The pioneering work by Turbak [16] demonstrated the possibility to partially 
liberate the cellulose fibrils from the wood cell wall. These fibrils, as mentioned 
above, are the main load bearing component in the cell wall. They are composed 
of nanocrystals typically 3-5 nm in width with well-ordered cellulose molecules in 
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a strongly hydrogen-bonded structure [17] showing excellent mechanical 
properties (> 100 GPa Young’s modulus [18]). These crystalline regions (several 
hundred of nanometres long) alternate with less ordered regions along the fibrils. 
These micrometre long fibrils form bundles and aggregates about 10-20 nm in 
width (Fig. 1) [19]. 

 

Fig. 2: Sketch of working principle of a microfluidizer (left), from Microfluidics Corp 
[20], used to prepare nanofibrillated cellulose (up-right: gel-like suspension; down-right: 
AFM image of individual nanofibrils) 

   

In order to extract the nanoscale fibril aggregates, the process generally starts from 
an industrial wood pulp, which is exposed to harsh mechanical disintegration. This 
mechanical treatment can be performed in e.g. a microfluidizer or homogenizer, 
both relying on high shear forces applied to the fibre suspension (Fig. 2). The 
rising interest for this bio-based nanomaterial in the last decade has resulted in 
major advances to both improve the efficiency of the process, and to provide better 
control of the chemistry and structure of the obtained nanofibrils. These 
approaches mainly concern the use of chemical [21] or enzymatic [22, 23] pre-
treatments of the pulp to weaken the native links keeping the fibrils together in the 
cell wall. Whereas enzymes mildly cleave disordered cellulose regions and some 
hemicelluloses, chemical treatments such as TEMPO-mediated oxidation were 
designed to introduce electrostatic charges at the fibrils’ surfaces to facilitate the 
disintegration. Depending on the pre-treatment conditions, the obtained fibrils can 

1 µm
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consist of well-individualized elementary fibrils (from the TEMPO process) or of 
larger aggregates and bundles of fibrils (from the enzymatic process). However, to 
facilitate the nomenclature of the extracted fibrillar material, it is preferred to 
regroup these “extracted materials” into a more general term, such as cellulose 
nanofibrils or nanofibrillated cellulose, abbreviated NFC. The enzymatic route 
provides NFC with unmodified chemistry, well-preserved cellulose molar mass 
and good processability (lower viscosity than e.g. TEMPO-NFC), and was 
therefore chosen for the material preparation in this thesis work. 

 

Fig. 3: Cellulose nanopaper (left) with stratified network micro-structure observed in SEM 
(centre) and its typical mechanical properties (right) 

 

The early works on material forming from NFC were naturally based on adapting 
the papermaking process to the nanoscale of the newly obtained fibrils. Utilizing 
very fine membranes (pore size below 1µm) in a vacuum filtration process, 
“nanopaper” were initially prepared [24]. The nanopaper consists of a dense 
network of cellulose nanofibrils with a strong 2D character (planar organisation 
into a stratified structure, Fig. 3) and whose properties are closely related to the 
physical characteristics of the network [25]. Thanks to the network of strongly 
interacting and entangled nanofibrils, mechanical properties of the nanopapers 
outperform not only conventional paper but also most of engineering plastics and 
some metals. Typical values are a tensile strength of about 220 MPa and a 
Young’s modulus above 10 GPa. Other interesting features are high transparency 
(Fig. 3) and thermal stability [26], broadening the range of possible applications 
for wood-based materials. The cellulose nanofibril network is also unique for its 
high ductility (strain-to-failure of ca. 7%). Indeed, its mechanical behaviour is 
characterized by a typical strain-hardening phenomenon in the plastic region of 
deformations (Fig. 3). At low deformations and up to a certain stress level, the 
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network undergoes perfectly elastic deformations due to reversible fibril stretching 
and bending. Above the yield stress (ca. 100 MPa) irreversible plastic 
deformations occur, most likely as fibril straightening and sliding, resulting in a 
continuously increasing resistance of the network to deformation (stress 
increases). These strain-hardening mechanisms provide high ductility and 
toughness (work of fracture of ca. 10 MJ/m3) to the NFC nanopaper network. 

The advantageous properties enumerated above have been attracting a growing 
attention on NFC. Beyond the initial nanopaper concept, NFC has been envisaged 
mainly as nano-reinforcement in polymer nanocomposites [27]. In contrast to the 
microscale plant fibres, NFC can provide much better mechanical reinforcement 
thanks to its high aspect ratio (> 100), strong network forming properties together 
with high ductility [28, 29]. Besides, nano-sized inclusions are also characterized 
by a high specific surface area (ca. 300 m2/g for NFC [30]) that gives the interface 
an overwhelming importance. For example, the nanoscale confinement of polymer 
chains in the nanofibril network is believed to explain observed enhancements in 
thermo-mechanical properties (increased glass-transition temperature, higher 
storage modulus in the rubbery plateau) [31]. While NFC-based nanocomposites 
have already been shown to exhibit mechanical properties superior to other 
biocomposite materials, several issues still prevent their use in large scale 
applications. The processing is obviously a hurdle because of the very high 
viscosity, preventing any melt-processing with more than a few percents of NFC. 
Lab-scale studies therefore relies either on low NFC loadings (i.e. only low 
property improvement), either on solvent casting methods requiring long drying 
times for only thin film preparation. Besides, the moisture sensitivity, already 
discussed in the previous section, is also affecting significantly the mechanical 
performance of NFC-based nanocomposites. Moisture adsorbs at the NFC-matrix 
interface, or within nanofibril bundles/aggregates, and acts as a plasticizer. The 
possibility to overcome these limitations is demonstrated in this thesis with the 
development of a wet impregnation route to prepare mouldable NFC-epoxy 
nanocomposites with high NFC loading and unprecedented moisture stability. 

It has also been shown that dense NFC networks (“nanopaper”) provide excellent 
gas barrier properties, owing to their high degree of crystallinity and density of 
hydrogen bonds. The main limitation of such systems is once again their high 
moisture sensitivity, resulting in severe degradation of the barrier properties at 
high relative humidity [32-35]. In spite of the promising barrier properties of NFC, 
to date little effort has been made to exploit them in polymer nanocomposites. 
Layer-by-layer deposition of NFC and a polyelectrolyte was previously shown to 
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give films with very good barrier properties in the dry state [36]. However, as in 
the case of a single NFC nanopaper, the oxygen permeability increased 
significantly under moist conditions. Another work reported the oxygen barrier 
properties of a bulk nanocomposite where NFC was mixed with a water soluble 
polymer [37]. This material also showed good barrier properties when dry, but was 
not studied in moist conditions.  However the microstructure revealed extensive 
aggregation of the NFC into 2D sheets. Such aggregates would certainly lead to 
extensive moisture uptake and loss of barrier properties at high humidity levels 
and should therefore be avoided. As discussed above, aggregation is generally 
observed with such preparation routes, i.e. direct mixing of the components in 
aqueous suspension, and becomes even more problematic in the preparation of 
nanocomposites from non-water soluble polymers in organic solvents (interesting 
for their lower moisture sensitivity). In this thesis, the wet impregnation route 
developed for epoxy-NFC composites is also used to prepare well-dispersed 
nanocomposites of NFC with a UV curable matrix (an acrylated hyperbranched 
polymer, HBP). Different NFC chemical treatments are envisaged to improve the 
NFC-matrix interface. The oxygen barrier properties of these materials were 
studied under various humidity conditions (from 0 to 80 % RH), demonstrating a 
strong reduction in the moisture sensitivity of the barrier performances, thanks to 
the low moisture adsorption of the matrix and limited aggregation of modified 
NFC. Besides, acrylated HBP resins have the advantages of low viscosity and very 
high curing rates (a few seconds under UV irradiation), which make them suitable 
for cost-effective processing of films and coatings. These characteristics are highly 
relevant to future potential applications of NFC nanocomposites, as one might 
envisage an adaptation of the lab-scale wet impregnation route to a continuous 
roll-to-roll process (similar to paper-forming) taking advantage of UV 
polymerization. There is nevertheless little existing literature on UV-cured NFC 
nanocomposites [38]. 

 

1.3. Functional inorganic nanoparticles for advanced nanocomposites – 
the example of magnetism 

   A promising approach towards enhanced value and added functionality in NFC-
based materials is the modification with inorganic compounds. Inorganic 
functionalities are numerous (e.g. dielectric [39], optical [40], electrical [41], 
mechanical [42], magnetic [43]) and their use with cellulosic materials is far from 
fully explored; some examples of efforts in this direction are antibacterial activity 
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with the introduction of silver nanoparticles [44] or hardness reinforcement of 
transparent cellulose films by calcium carbonate nanoparticles [45]. This approach 
is attractive since the mechanically serving cellulose nanofibrils with its excellent 
properties can support brittle and rigid inorganic phases, offering new 
functionalities and large, interactive surface area. The cellulose nanofibril network 
may therefore be envisaged to overcome some of the major limitations in the 
preparation of functional nanoparticle composites. The traditional approach of 
filling a polymer matrix with inorganic particles rises the problems of poor 
processability due to high viscosity [46] and extensive particle aggregation leading 
to embrittlement [47, 48]. The material’s functionalities are therefore restricted by 
low nanoparticle loadings (rarely above 10 vol.%). Alternative approaches such as 
surface initiated polymerization [49, 50] or physical adsorption of polymer 
monolayers onto the particles [51-53] allow obtaining homogeneous 
nanocomposites with as much as 50 vol.% nano-inclusion; but the methods have 
only been applied to small sample sizes and involve time- and energy-consuming 
preparation techniques (e.g. solvent casting).  

In this thesis, high loadings of ferrite nanoparticles are utilized to confer intense 
magnetic functionality to NFC-based nanocomposite materials with preserved 
mechanical functionality. Magnetic properties are interesting in a range of 
applications thanks to their specific interaction with static or dynamic 
electromagnetic fields (actuators, sensors, medical hyperthermia, microwave 
absorption, etc.). A first step toward these advanced applications is a good control 
of the basic magnetic properties of the prepared material. The basic concepts of 
magnetism and magnetic properties will therefore be provided in brief. 

Materials can be distinguished with respect to their behaviour in a magnetic field. 
The majority is paramagnetic or diamagnetic and exhibits a weak response due to 
induced magnetic dipoles at the atomic or molecular level; but a number of 
materials are interesting for their strong interaction with magnetic field and their 
inherent magnetism. In these materials, a specific crystalline arrangement of the 
atoms is responsible for strong magnetization when an external field is applied 
(high susceptibility). These materials are termed ferromagnetic, anti-ferromagnetic 
or ferrimagnetic depending on the type of magnetic organization at the atomic 
scale (parallel or anti-parallel alignment of atomic dipoles). In general, the 
magnetic behaviour in a static applied field is best captured looking at the 
magnetization hysteresis curve of the material (Fig. 4) which we will analyse in 
more detail. 
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Fig. 4: Schematic representation of typical hysteresis curves for “soft” and “hard” 
magnetic materials. For clarity, the first magnetization is not shown for the soft material  

 

A well-established representation [54] of the fine magnetic structure of this type of 
material consists in defining domains characterized by their magnetic moment 
orientation. These magnetic domains are generally associated to the crystal grains 
and are delimited by domain walls preferably situated on defects of the crystal 
(dislocations, inclusions). In the initial demagnetized state, the domains are 
randomly oriented so that the total moment is zero. When an external magnetic 
field is applied, the domains pointing in the field direction grow at the expense of 
others that are reoriented. Magnetic energy is required to move the domains wall, 
so that the total magnetic moment progressively rises as the field intensity 
increases. At saturation, all domains are oriented in the field’s direction. Because 
of energy barriers required to reorient the domains, the magnetization-
demagnetization of a ferromagnetic material leads to a hysteresis curve, defining 
the remanent magnetization at zero-applied field and the coercivity i.e. the field 
intensity required to induce zero-magnetization in the material. As can be inferred 
from the above description, coercivity and remanent magnetization are properties 
defined mainly by the elemental compositions and the crystalline structure of the 
material [54]. Generally, ferromagnetic materials are classified as “soft” or “hard” 
depending on the shape of the hysteresis (Fig. 4). 

A special case of interest in this work is the behaviour of materials composed of 
individual magnetic particles. When the particle sizes get down below the typical 
domain size of the material (in the order of nanometres to tens of nanometres, 
depending on the material), the magnetic response will no longer rely on domain 
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wall motions but instead on reorientation of the particle’s magnetization. Such 
particles are called “single domain”. For a given size of single domain particles, a 
“blocking temperature” is defined corresponding to the temperature above which 
thermal fluctuations are sufficient to spontaneously reorient the particle’s 
magnetization even in the absence of external field. In these conditions (particle 
small enough or temperature high enough) the coercivity of the material vanishes 
while the susceptibility rises; this behaviour is termed “superparamagnetism”. On 
the contrary, sufficiently large single domain particles may exhibit higher 
coercivity than a bulk material due to the larger energy required to reorient the 
magnetization of individual particles compared to domain wall motion (depending 
on shape and magnetocrystalline anisotropy) [54]. The accurate physical 
description of magnetism in nanomaterials is a complex subject, still at the core of 
intense research, and the overview given above is aimed at providing definitions 
used throughout this work. This also stresses the variety of magnetic properties 
that can be obtained when acting on the nanostructure of a ferromagnetic material; 
with the corollary that accurate control of this nanostructure is required for 
preparation of materials with predictable magnetic properties. 

Thus, based on the technical background on wood fibres and nanofibrils extraction 
in combination with the versatile chemistry (organic/inorganic) that can be applied 
to the fibres, the development of novel and advanced cellulose-based materials can 
be envisaged. These materials may have a considerable impact on our future 
society in terms of ecological and economic advantages due to the wide 
availability of the cellulose raw material. 

 

2. Experimental 

   The materials, experimental procedures and characterization methods involved 
in this work are summarized below. The aim of this section is to give an overview 
of the scientific methodology used to answer the thesis’ problematic; the reader is 
referred to the appended papers for more details on the experimental conditions. 

2.1. Material processing 

2.1.1. Compression moulding of all-cellulose composites (paper I,II) 

   A novel processing route was developed in order to prepare all-cellulose 
biocomposite plates with advanced properties. The raw materials were industrial 
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wood pulps of different types. The high purity cellulose source (>95%) was a 
never-dried sulfite “dissolving” pulp. Alternatively, Sulfite and Kraft pulps of 
“paper” grade were chosen for their higher hemicelluloses contents (ca. 15 %) as 
discussed in introduction. All pulps were of softwood origin. 

 

Fig. 5: Processing route for preparation of compression-moulded cellulose plate 

 

Hand-sheets were prepared from the dissolving pulp in a classical way, derived 
from standardized test methods for pulps (Tappi T205). The pulp slurry was 
always disintegrated in a standard apparatus to improve the dispersion prior to 
sheet formation by filtration; also an optional beating step in a PFI mill was 
introduced in order to study the effect of partial fibrillation of the pulp fibres. The 
as-obtained wet-cake was partially dewatered by low-pressure cold pressing.  The 
novelty of the process resides in the drying conditions of the wet hand-sheet, 
which was subjected to high-pressure (45MPa), high-temperature compression 
moulding. Different press temperatures of 120, 150, 170 and 180 oC were set with 
a constant pressing time of 20 min to completely dry the samples. The plates had 
final dimensions of 70x70x1 mm3 (see Fig. 5). The “paper” grade sulfite and Kraft 
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pulps were processed at a single temperature of 170 oC (determined as optimal 
from the first study with “dissolving” pulp). 

 

2.1.2. Magnetic functionalization of NFC and nanocomposite preparation (paper 
III-IV) 

   Cellulose nanofibrils (NFC) were prepared by enzymatic pre-treatment of a 
never-dried industrial bleached pulp (13.8% hemicelluloses, 0.7% lignin) followed 
by mechanical fibrillation through a microfluidizer, as described in the literature 
[22]. The aqueous nanofibril suspension was used as-obtained for magnetic 
functionalization. The method is based on in-situ aqueous co-precipitation of 
cobalt and iron species by forced hydrolysis to form substituted ferrite (XFe2O4, X 
= Co or Mn) magnetic nanoparticles. The inorganic chemistry and nanoparticle 
formation in a similar process has been described thoroughly by Olsson et al [55], 
but the novelty here resides in the introduction of NFC in the system. While the 
precipitation of magnetic nanoparticles on bacterial cellulose scaffold has been 
previously reported [56], the stable suspension of NFC is favourable for in-situ 
precipitation of the magnetic nanoparticles directly onto individual nanofibrils. 
The amount of metal salts (FeSO4 and CoCl2) was varied in this study (constant 
molar ratio 2:1), while the NFC amount was kept constant. In a first work, the 
concentrations were set to reach nanoparticle contents of 10, 30 and 60 wt.% (i.e. 
3, 10 and 21 vol.%) in the final hybrid magnetic composites, corresponding to 
initial metal salt concentrations of 3, 12 and 45 mM. In a second effort to reach 
very high inorganic content nanocomposites, the NFC was decorated with 90 
vol.% of nanoparticles. These highly functionalized fibrils were mixed with neat 
fibrils to prepare suspensions containing 36, 43, 46 and 51 vol.% nanoparticles. 

The black suspensions of magnetic NFC were then processed into thin membranes 
and sheets by a suitable vacuum filtration procedure [57]. The membranes could 
be up to 20 cm in diameter, with a thickness ranging from 50 to 150 µm. 
Membranes with 3, 10 and 21 vol.% nanoparticles were dried under a pressure of 
1 bar at 93oC, in a traditional procedure used for nanopaper preparation [57]. In 
contrast, very high loading nanocomposite sheets (>35 vol.%) were dried under 
high pressure (50 MPa) and temperature (120 oC) to maximize the packing density 
of the decorated nanofibril network and thereby limit the porosity. Remaining 
porosity (ca. 30%) was optionally impregnated with an epoxy:amine resin (see 
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below) cured at 80 oC for 2 h followed by 120 oC for 3h. The whole process is 
represented in Fig. 6. 

Reference nanoparticle samples were prepared in the same precipitation conditions 
but in the absence of NFC. These separately prepared particles were mixed with 
neat NFC suspensions and formed into membranes with 3, 10 and 21 vol.% 
particle.  

 

Fig. 6: Processing route for preparation of nanocomposite materials from cellulose 
nanofibrils decorated with magnetic nanoparticles. Instead of compression-moulding, the 
3, 10 and 21 vol.% nanocomposite membranes were dried under constraint in a vacuum 
oven at 93oC, and were not impregnated with epoxy. 

 

2.1.3. Epoxy-NFC bio-nanocomposite processing (paper V) 

   The epoxy resin was based on monomeric Bisphenol A Diglycidyl Ether 
(abbreviated as DGEBA) with a molecular weight of 340.41 g/mol, and 
Jeffamine® D-400 polyetheramine (abbreviated as PEA) with a molecular weight 
of 400 g/mol. 

The NFC suspension was diluted to 0.2 w/v% concentration and subjected to high-
shear mechanical stirring (in an Ultraturrax) for 10 minutes followed by degassing 
for 30 minutes under vacuum. The suspension was vacuum-filtered and the 
obtained template network contained ca. 80-85 wt.% water. The water in the NFC 
network was exchanged to acetone by successive dipping in an acetone bath. The 
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resin solution was then prepared by mixing DGEBA and amine (PEA) in acetone, 
at a predetermined ratio. The resin:acetone ratio governed the final NFC content in 
the material (15, 30 and 50 vol.%), while the epoxy:amine ratio influenced the 
curing of the thermosetting resin and its final thermo-mechanical properties. 
Furthermore, as will be discussed in the Results section, the cellulose nanofibrils 
affected the epoxy curing requiring adjustment of the epoxy:amine ratio for each 
NFC content to obtain optimal thermo-mechanical properties. These ratios are 
reported in Table 1. 

 

Table 1. Compositions of the impregnation solution and of the final epoxy-NFC composites 
impregnation solution (in wt.%) final composite 

Acetone DGEBA PEA NFC (wt.%) NFC (vol.%) 
0 
 

50 
 

70 
 

90 

60.0 
 

32.5 
 

20.4 
 

7.2 

40.0 
 

17.5 
 

9.6 
 

2.8 
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21 
 

39 
 

58 

0 
 

15 
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50 
 

 

 

Fig. 7: Processing route for NFC-epoxy nanocomposites through wet-impregnation of the 
nanofibril network template 

nanocomposite

Drying & CuringWet ImpregnationSolvent ExchangeFiltration

impregnated templateacetone templateaqueous template

NFC cake NFC cake with acetone

Acetone

Acetone

DGEBA Amine



16 
 

The wet NFC template was soaked in the epoxy-acetone solution and left 
overnight. The impregnated template was then freely dried at room and curing of 
the epoxy was done at 80 oC for 3h followed by 2 h at 120 oC. The overall 
preparation process is described in Fig. 7. 

 

2.1.4. UV-curable HBP-NFC bio-nanocomposite processing (paper VI) 
 

The wet impregnation route described above for the epoxy-NFC nanocomposites 
was adapted for the preparation of NFC composites with a hyperbranched polymer 
(HBP) matrix. The HBP oligomeric resin was initially mixed with 6 wt.% of a 
photo-initiator (2,4,6-Trimethylbenzoyl-diphenyl-phosphineoxide, TPO in short). 
The solvent used for impregnation was, in this case, a mixture of ethanol and 
toluene (95/5 weight ratio). The final NFC contents in the nanocomposites were 
10, 40 and 60 vol.%. After solvent evaporation (30 min at 60 oC + 2 h at 120 oC), 
photo-polymerization was performed under UV irradiation (3 minutes at an 
intensity of 50 mW/cm2). Two different chemical modifications of the cellulose 
were investigated, and applied directly onto the NFC network template. 

In a first case, a methacrylated organosilane (3-[(Methacryloxy)propyl]-
trimethoxysilane, MPS in short, pre-hydrolyzed in acetic acid at pH 3.5) was 
adsorbed onto the NFC network. It has been previously shown that the hydrogen 
bonded silanol and hydroxyl groups of the MPS and cellulose, respectively, may 
react to form covalent bonds when exposed to sufficiently high temperature [58-
61]. The drying step of 2 h at 120 oC ensures this (see the Results section).  

In a second case, ceric ammonium nitrate (CAN) was adsorbed to the NFC prior to 
filtration. Once the template formed, excess CAN was washed away with the 
solvent adjusted at pH 1 with nitric acid. CAN has been widely used as a free 
radical initiator for the modification of cellulosic fibres with acrylate monomers 
[62-64]. Through the formation of an organometallic chelate, the cellulose glucose 
ring is opened and grafting from cellulose surface is enabled. UV irradiation has 
been suggested to promote the free radical formation [64]. In the present work, 
CAN is locally adsorbed at the NFC surface in order to promote grafting reactions 
at the expense of homopolymerization in the bulk. The curing of the resin is 
therefore expected to involve both acrylate-acrylate and acrylate-cellulose 
reactions, which should lead to strong cohesion between the matrix and the in-situ 
grafted NFC. 
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The different preparation routes for modified and unmodified NFC – HBP 
composites are summarized in Fig. 8. 

 

Fig. 8: Processing route for NFC-HBP nanocomposites with different cellulose treatments 

 

2.2. Structural analysis 

2.2.1. Electron microscopy (paper I-VI) 

   The use of electron microscopy is an invaluable tool for material structure 
characterization, allowing for direct observation of topological and compositional 
features down to the nanoscale. In this work, secondary electron - scanning 
electron microscopy (SEM) of fractured cross-section surfaces provides structural 
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information on fibre networks’ arrangement (paper I-VI) and inorganic 
nanoparticle dispersion (paper III and IV). Due to the inherently low conductivity 
of cellulose I crystal, a nanometre-thin gold-palladium layer was sputtered onto all 
surfaces prior to observation in SEM. The samples were prepared by fracture in 
tension (paper I,II, V and VI), shearing (paper III and IV) or bending (paper IV). 

For the epoxy-NFC nanocomposites, it was possible to observe 40 nm-thin cross-
section slices in a transmitted electron microscope (TEM) allowing for high 
resolution images of the nanofibril distribution throughout the epoxy matrix. The 
nanocomposite samples were embedded in a stiff resin to enable smooth cutting 
with the ultra-microtome. The thin slices were then exposed to ruthenium tetroxide 
vapours in order to stain the matrix and fibril-matrix interfaces, and thereby obtain 
sufficient contrast between the two organic components. 

In order to gain more accurate information on inorganic nanoparticles size and 
geometry, transmitted electron microscopy (TEM) was also used to get high 
contrast and resolution without the need for a conductive coating. In this case, 
small amount of very dilute suspensions of magnetic nanofibrils was dried on the 
top of TEM grids in order to deposit individual decorated nanofibrils. 

 

2.2.2. Nuclear magnetic resonance (NMR) study of cellulose supramolecular 
structures (paper I,II) 

   Nuclear magnetic resonance is a powerful tool to study the supramolecular 
structure of organic materials, and solid state NMR has been used thoroughly in 
the characterization of cellulose structures. Based on previous developments of the 
technique [65], it is possible to fit the signal of the C4 region with one peak 
attributed to crystalline cellulose I (α+β) and four peaks corresponding to para-
crystalline cellulose and surfaces accessible and inaccessible to water (Fig. 9).  
Integration of the fitted peaks allows quantifying the fractions of crystalline, para-
crystalline, accessible and inaccessible cellulose chains. Relying on a simplified 
representation of square fibrils and fibril aggregates (Fig. 9), the lateral dimensions 
of these entities can be calculated. Indeed, fibril aggregate surfaces are represented 
by the accessible cellulose fraction, while fibril surfaces are represented by the 
sum of inaccessible and accessible cellulose fractions. 
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Experimentally, cross-polarization/magic angle spinning (CP/MAS) 13C NMR was 
performed on compression moulded pulp samples pre-swollen in deionized water. 
The spectra were recorded at room temperature with a field of 7.04T and a MAS 
rate of 5kHz. 

 

Fig. 9: Model of fibril aggregate (right) and typical NMR spectra fitting of the C4 region 
(up and left) 

 

2.2.3. Size exclusion chromatography (SEC) (paper I,II) 

   The extent of cellulose degradation after compression moulding of pulp fibres 
was assessed by size exclusion chromatography. Samples were dissolved in 
Lithium Chloride / N,N-dimethylacetamide prior to chromatographic 
characterization. The chromatograms were characterized by two broad peaks 
representing the hemicelluloses (low molecular weight) and cellulose (high 
molecular weight) fractions. 
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2.2.4. Sugar analysis (paper II) 

   In order to characterize the different monosaccharide units present in the 
different starting materials, and estimate the hemicelluloses and cellulose 
fractions, a carbohydrate analysis was performed. Samples of pulps were dissolved 
by strong acid hydrolysis, and the solubilized monosaccharides were quantified by 
high-performance anion exchange chromatography. 

 

2.2.5. X-ray diffraction (XRD) analysis (paper I,III) 

   X-ray interaction with ordered matter can provide valuable information on the 
crystalline phases of a material. In the scope of this work, XRD was used in two 
different ways to obtain the desired information on the material studied. Out-of-
plane orientation distribution of cellulose I crystals was analysed for compression-
moulded plates (paper I) by irradiating the sample with an X-ray beam parallel to 
the surface and recording the intensity profile of the main reflection in the 
diffractogram. On the other hand, diffraction spectra from dry NFC decorated with 
magnetic nanoparticles were acquired to identify the obtained inorganic phases by 
assignment of the different peaks (paper III,IV). 
 

2.2.6. Metal adsorption study on NFC (paper III) 

   As will be discussed in the coming sections, the decoration of cellulose 
nanofibrils with magnetic ferrite nanoparticles involved strong interactions 
between the cellulose hydroxyl rich surface and the inorganic metal compounds in 
aqueous medium. Therefore a study of iron/cobalt adsorption on NFC was carried 
out. NFC dilute suspensions (0.2 w/v%) were exposed to metal salt concentrations 
of 3 and 45 mM (similar conditions as for the precipitation in the 3 and 21 vol.% 
systems) for 1 h at room temperature. Non-adsorbed metal ions were washed away 
by rinsing several times with Milli-Q® water, and the amount of adsorbed metal 
was quantified by analysing the collected nanofibrils in an Induction Couple 
Plasma – Optical Emission Spectroscope (ICP-OES). 
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2.2.7. Fourier Transform Infra-Red spectroscopy (paper V and VI) 

   The curing kinetics of the epoxy:amine resin in presence or not of cellulose 
nanofibrils was monitored by real-time FTIR spectroscopy. Impregnated NFC 
templates (or the neat resin as a reference) were left at room temperature for 30 
min under air flow to evaporate most of the acetone. Afterwards, the samples were 
placed on the pre-heated crystal of the FTIR instrument and the analysis 
immediately launched. Spectra were recorded continuously over 1 h and averaged 
every 16 measurements. The absorption peak at 1582 cm-1 corresponding to the 
benzene ring in DGEBA was used as internal reference since it is not reacted 
during curing of the epoxy resin. The peak at 915 cm-1 was assigned to the 
oxirane group of DGEBA, disappearing over time as the epoxy reacts. After 
normalization, the evolution of this peak’s intensity allowed plotting epoxy 
conversion as a function of time. 

The FTIR analysis was also used to confirm the presence of acrylate groups on 
modified cellulose templates with both MPS and CAN. For MPS treatment, the 
organosilane was adsorbed onto the template and then the solvent was evaporated 
at 23 or 120 oC. After thorough washing with solvent, the presence of permanently 
bound MPS was checked by FTIR. For CAN treatment, the HBP was impregnated 
in the NFC template with adsorbed CAN. No other free radical initiator was 
introduced. The samples were dried and exposed or not to UV radiations, and then 
washed thoroughly. The presence of any grafted HBP in the NFC template was 
checked by FTIR. 

 

2.2.8. Density measurements and porosity estimation (paper I-IV) 

   The densities of compression moulded pulp plates, as well as of magnetic NFC 
membranes, were calculated based on mass measurement and volume estimation 
(thickness and surface area measured on flat specimens). In the case of magnetic 
membranes, the porosities could be back-calculated assuming the density of NFC 
and CoFe2O4 nanoparticles to be 1460 [66] and 4900 kg/m3 [55] respectively. 
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2.3. Material property characterization 

2.3.1. Mechanical testing and characterization (paper I-V) 

   Testing in tension was performed on all prepared materials in order to 
characterize mechanical properties such as stiffness, strength and strain-to-failure. 
Sample preparation is an important issue for such test in order to limit stress 
concentration and crack introduction, which would result in premature failure of 
the specimen. Therefore, dog bone shaped specimens were cut out from the thick 
compression moulded pulp plates by a laser-cutting technique. This was performed 
by a specialized company in Sweden. However, the dog bone shape was 
unsuitable for thin NFC membranes and nanocomposites (preparation problems) 
and narrow strips were preferred to improve cutting quality and reproducibility of 
the specimens. This choice is supported by current standards for mechanical 
testing of similar thin-film materials (ASTM D882). Accurate strain measurement 
was achieved using an external video extensometer (paper I-IV) or digital image 
correlation techniques (paper V) with appropriate marking of the test specimens. 

Furthermore, cellulose being known as a hygroscopic material, care was taken to 
condition the samples at given relative humidity for several days prior to testing 
(50 %RH if not specified otherwise). All tests were performed in a room with 
controlled climate (50 %RH and 23oC). 

 

2.3.2. Water retention values (WRV) (paper I,II) 

   For compression moulded plates, the water-holding capacity of the cellulose 
composites was evaluated following a modified procedure from the standard 
SCAN-C 62:00 for cellulosic materials. The method is based on estimation of 
retained amount of water in a solid cellulose sample that is first soaked in water 
and then centrifuged. This quantity is expected to be characteristic of the amount 
of hygroscopic compounds in the material, i.e. fractions of accessible cellulose 
surfaces and hemicelluloses, as will be discussed in the Results section. 

 

2.3.3. Thermogravimetric analysis (TGA) (paper III,IV,V) 

   In the case of nanoparticle decorated NFC, TGA was used in order to accurately 
measure the actual magnetic nanoparticle content in prepared hybrid magnetic 
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composites. By running TGA in an oxidative atmosphere up to 550 oC, cellulose is 
fully degraded while inorganic CoFe2O4 nanoparticles remain stable. The mass 
loss gives therefore the required information for the estimation of the inorganic 
weight fraction. 

 

2.3.4. Dynamic mechanical thermal analysis (DMTA) (paper IV,V,VI) 

   The samples impregnated with epoxy resin (with or without magnetic 
nanoparticles), or HBP resin, were subjected to DMTA in tensile mode, in order to 
assess their thermo-mechanical stability. Storage modulus, loss modulus and loss 
tangent (tan δ) were recorded on a broad temperature range across the glass 
transition (Tg), and the Tg was assimilated to the α-transition temperature, i.e. the 
temperature of the peak in tan δ. 

 

2.3.5. Magnetic properties measurements (paper III,IV) 

   A vibrating sample magnetometer (VSM) was used to record the hysteresis 
curves of prepared magnetic membranes. The technique allows magnetic moment 
(M) measurement as a function of applied magnetic field strength (H) [67]. The 
sample is placed in the gap of an electromagnet, i.e. in a region of uniform 
magnetic field. The set-up is represented in Fig. 10. The current flowing through 
the electromagnet’s coils controls directly the applied field strength H. As the 
magnetized sample is mechanically vibrated with a sinusoidal oscillation, a 
voltage is induced in adjacent pick-up coils, proportional to the magnetic moment 
M of the sample. Taking measures of M stepwise at different values of H 
eventually provides the static hysteresis curve for the material studied. The 
measurements were carried out varying H in the range ± 500 kA/m. 
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Fig. 10: Schematic illustration of the VSM setup for the recording of magnetic hysteresis 

 

2.3.6. Dynamic vapor sorption (DVS) (paper V) 

   The hygroscopicity of epoxy-NFC nanocomposites was assessed in a dynamic 
vapour sorption study. The sample weight was recorded at different relative 
humidity levels (0, 20, 40, 60, 80 and 90 %RH) providing sufficient time for 
equilibration at each step. The moisture content could then be plotted as a function 
of relative humidity in a typical sorption isotherm diagram. 

 

2.3.7. Oxygen permeability study (paper VI) 

A pair of identical nanocomposite samples was mounted in the two parallel 
chambers of an oxygen permeation analyzer using a steel mask with a circular 
opening of 5 cm2. The chambers were purged with nitrogen until baseline 
stabilization and the permeation test was then initiated by exposing one side of the 
film to a flow of pure oxygen gas. The oxygen transmission rate (OTR) was 
recorded at different relative humidity (0, 30, 50, 65 and 80 %RH) at a constant 
temperature of 23 oC. The permeability (P) was then expressed in cm3.100µm.m-

2.d-1.bar-1 by normalizing the OTR to a thickness of 100 µm. The time-lag method 
was used to determine apparent diffusion and solubility coefficients, which 
characterize the transient and steady state contributions to permeation [67]. The 
recorded oxygen flux is integrated to obtain the total transmitted oxygen through 
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the membrane as a function of time (Fig. 11). The time-lag  is determined 
graphically, and the diffusion coefficient  calculated according to equation 1, 

 = 6 ∙ 					(1) 
 
where  is the film thickness. The solubility coefficient may then be derived from 
equation 2 for the permeability of a polymer, 
 = ∙ 					(2) 

 

Fig. 11: Typical evolution of the recorded OTR as a function of time (left) and of the 
integrated amount of diffused oxygen (right), used to determine the time lag t0 

 

  

N2 purge

Permeation testbaseline
setpoint

L2

6D
t0 = P = D.S

timetime

P 
= 

O
TR

.L

P 
dt

P



26 
 

3. Results and Discussion 

   More results are available in the appended papers. Here are compiled the most 
important observations and their discussion with respect to the specific scope of 
this thesis, i.e. process-structure-property relationships in the materials studied. 

3.1. Compression moulded all-cellulose composites (paper I,II) 

3.1.1. Multi-scale structural characteristics 

 Molecular level 

   The sugar analysis carried out on the raw pulp fibres confirmed the expected 
trend in monosaccharide compositions for the pulps of diverse origins (Table 2). 
The total glucose content was higher in the “dissolving” than in the “paper” grade 
indicating higher cellulose purity (>95%). The total hemicelluloses contents in the 
two “paper” grade pulps are comparable, with a slightly higher value in the Kraft 
pulp. Besides, the Kraft fibres exhibit high arabinose and xylose contents due to 
large fraction of arabinoglucuronoxylan hemicelluloses, while the Sulfite fibres 
are dominated with galactoglucomannan hemicelluloses revealed by the large 
proportion of mannoses. 

 

Table 2. Carbohydrate composition of raw pulp fibres used for compression-moulding 

 
Glucose 
(wt.%) 

Xylose 
(wt.%) 

Mannose 
(wt.%) 

Arabinose 
(wt.%) 

Galactose 
(wt.%) 

THC 
(mol.%) 

Kraft       
“Paper” 84.9 7.7 6.3 0.7 0.3 18.2 
Sulfite       
“Paper” 
 

“Dissolving” 

88.8 
 

95.9 

3.3 
 

1.7 

7.8 
 

2.5 

0.0 
 

0.0 

0.0 
 

0.0 

14.4 
 

4.6 
THC: Total Hemicelluloses Content calculated from monosaccharide fractions [68] 

 

As expected from the differences in pulp origin, the cellulose molecular weight in 
the compression-moulded “dissolving” pulp fibres was significantly lower (about 
twice lower) than for the “paper” pulp fibres (Fig. 12). The reason is more 
extensive cellulose degradation in the pulping process to remove hemicelluloses 
and obtain high purity cellulosic fibres. The analysis of “dissolving” pulps 
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compression-moulded at different temperatures revealed a significant decrease in 
cellulose molecular weight at elevated temperatures (≥170 oC), explained by 
thermally enhanced rates of oxidative and hydrolytic degradation. The degradation 
of cellulose is generally initiated at around 250 oC and complete above 300 oC in 
dry conditions [69], but the presence of water promotes thermal hydrolysis starting 
at much lower temperatures [70]. A too strong degradation of the cellulose chains 
is not desired since it would result in reduced mechanical properties of the pulp 
fibre cell wall. Another side effect of thermal degradation is a yellowish-brownish 
colouring of the material due to the formation of coloured degradation products 
[71] and therefore a potential aesthetical problem in the final material. 

 

Fig. 12: Cellulose molecular weight against pressing temperature for the different pulps 

 

 Supramolecular level 

   NMR investigation of the compression-moulded cellulose gave information on 
the structural changes at the supramolecular level (nanoscale). The initial study 
with high-purity cellulosic fibres (“dissolving” pulp) revealed a phenomenon of 
fibril aggregation taking place during the drying under high temperature and 
pressure. The fibril aggregate size increases with compression-moulding 
temperature (Fig. 13), while reference tests carried out in the absence of one of the 
two factors (high pressure or high temperature) did not provide similar extent of 
aggregation. The plot in Fig. 13 demonstrates the trend, and the scheme provides 
an illustration for this aggregation phenomenon. It is therefore inferred that the 
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thermal energy conferred to the wet fibres during hot pressing provides significant 
mobility to the fibrils, sufficient for their partial rearrangement under high 
pressure into larger aggregates [19], through possible co-crystallisation of fibrils 
[72]. This supramolecular phenomenon doesn’t seem to be influenced by 
mechanical beating of the fibres, which is actually expected to act on larger 
features of the cell wall (delamination, surface fibrillation). 

 

Fig. 13: Schematic illustration of aggregation phenomenon during compression-moulding 
(up) and variations in aggregate size with pressing temperature (left) and hemicelluloses 
content (right) 

 

The aggregate size reached a maximum for the “dissolving” pulp at 170 oC, with 
advanced cellulose degradation being the proposed reason for reduced fibril 
aggregation at higher temperatures. Therefore, for further study of other factors 
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influencing this aggregation phenomenon (e.g. pulp origin), the press temperature 
was set to 170 oC. The main observation was a much lower fibril aggregate size 
for the “paper” grade compression-moulded pulps (Fig. 13). The initial fibril 
aggregate sizes were the same for all starting pulps. There is consequently a strong 
hindrance of fibril aggregation due to the presence of hemicelluloses. In the 
generally accepted model of the wood cell wall, hemicelluloses are found at the 
surface of fibrils and aggregates with strong secondary interactions with cellulosic 
surfaces [1] (Fig. 1). In this context, it is proposed that the intimate contact 
between cellulose chains required to form larger aggregates by co-crystallisation is 
prohibited for surfaces coated with amorphous branched hemicelluloses. 

 

 Microscale level 

   Direct SEM observation of the all-cellulose composites’ cross-sections revealed 
some important features at the microscale, as illustrated in Fig. 14. The effect of 
fibre beating on the final material’s microstructure is very pronounced resulting in 
more homogeneous fracture surfaces (individual fibres in the composite are less 
obvious). This can be explained by the partial fibrillation of the cell wall outer 
layer and interlayer delamination due to beating [8], which allows for more 
intimate bonding between the beaten fibres during drying. Comparatively, the 
effect of pressing temperature on the microstructure is not significant within the 
studied range (120-170 oC). Also, while the sole observation of micrographs could 
lead to the conclusion that non beaten pulp yields a fluffier and more porous 
material, actual porosity measurements showed no significant variation between 
all materials prepared by compression moulding (ca. 1.3 g/cm3). This is a 
consequence of the high pressure (45MPa) used in this process. The fluffy aspect 
is however an interesting characteristic of the fracture mechanism that will be 
further discussed in the next section. Furthermore, as expected from the processing 
method (filtration and planar pressing), the orientation of the fibres has a strong 
2D character, which is confirmed by XRD analysis showing a similar low degree 
of out-of-plane orientation of cellulose crystallites in all prepared composites. 

To summarize, a high density mat of cellulose fibres randomly distributed in-the-
plane is generally obtained by compression-moulding. At the microscale, a strong 
effect of beating was observed on the inter-fibre bonding, while at the nanoscale 
aggregation of cellulose nanofibrils is promoted in high-purity cellulose materials 
by drying at high temperature and under pressure. 
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Fig. 14: SEM cross-sections of all-cellulose composites prepared at 120 oC (upper left and 
right) and 150 oC (lower right), and corresponding out-of-plane crystallite orientation 
distribution obtained from X-Ray diffraction 

 

3.1.2. Properties of all-cellulose composite plates 

 Water retention values 

   The water retention capability was characterized for all prepared composites. In 
Fig. 15 the results are plotted against measured fibril aggregate size. For the high 
cellulose purity materials (“dissolving” pulp), there is a decrease in water retention 
value with pressing temperature that is directly correlated to the growth in fibril 
aggregate size because of reduced accessible surface area for binding of liquid 
water [73]. The situation is more complex for the materials from “paper” grade 
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pulps that contain significant amounts of hemicelluloses. In these materials a large 
fraction of the water binding capacity is imparted to the highly hydrophilic 
amorphous hemicelluloses, so that water retention values can be strongly 
influenced by differences in hemicelluloses structure (e.g. galactoglucomannan vs. 
arabinoglucuronoxylan) or distribution, and less influenced by the only modest 
cellulose fibril aggregation. 

 

Fig. 15: Water retention values plotted against cellulose fibril aggregate size for the 
different materials prepared 

 

 Mechanical properties 

   Tensile properties of compression-moulded plates were seen to depend strongly 
on the processing conditions and pulp origin as shown in Fig. 16 and Table 3. 
Looking first at the “dissolving” pulp all-cellulose composites, a general increase 
in strength (two-fold) and stiffness is observed with the application of a beating 
step, which has to be interpreted in terms of improved inter-fibre bonding due to 
higher contact area and stronger interactions between the fibrillated surfaces of the 
more flexible beaten fibres [8]. This is in-line with the observation of smoother 
fracture surfaces with less fibre pull-outs in the beaten pulp materials (Fig. 14). 
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Fig. 16: Typical stress-strain curves for the dissolving pulp materials (up) and Young’s 
modulus as a function of pressing temperatures for all materials (down) 

 

Table 3. Mechanical properties of compression-moulded beaten pulps (data with standard 
deviation in parentheses) 

 Young’s modulus 
(GPa) 

Ultimate tensile 
strength (MPa) 

Strain to failure 
(%) 

Kraft “Paper”    
170 oC 6.3 (3.0) 109 (7) 6.3 (1.4) 
Sulfite “Paper”    
170 oC 12.0 (2.1) 74 (3) 2.4 (0.3) 
Sulfite “Dissolving    
120 oC 
 

150 oC 
 

170 oC 
 

180 oC 

6.0 (1.5) 
 

12.8 (1.2) 
 

11.5 (2.4) 
 

11.0 (1.3) 

75 (9) 
 

76 (5) 
 

75 (5) 
 

76 (10) 

4.4 (1.4) 
 

3.0 (0.8) 
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Furthermore, an increase in pressing temperature has multiple effects on the 
mechanical behaviour of the composite. While strength seems to don’t vary 
significantly, an important stiffening and embrittlement of the material is observed 
at higher temperatures. The increase in stiffness is most pronounced in beaten 
pulp, for which the Young’s modulus doubles in the range 120-150 oC. This brings 
to an interesting discussion in relation with the structural observations developed 
above. Let remind that cellulose nanofibrils of the fibre cell wall are seen to 
aggregate into larger entities when the temperature rises up to 150-170 oC. A 
reasonable hypothesis would be that nanoscale aggregation results in less mobility 
between the nanofibrils and higher level of stress supported especially in the 
transverse direction. In the low strain region this would be reflected in terms of 
increased stiffness for the whole material. However, the transition from nanoscale 
structural features to macroscale properties needs to be treated carefully and the 
micron scale (fibre scale) is a crucial intermediate stage to be considered, due to 
the imperfect inter-fibre bonds [74]. It is important then to highlight the limited 
increase in stiffness observed for non-beaten fibres. These fibres were seen to bind 
only moderately with each other (low initial material stiffness, low strength and 
fibre pull-outs seen on SEM images), which results in poor stress-transfer 
throughout the composites. To a certain extent, this could explain why the 
nanoscale structural changes are poorly reflected at the macroscale due to the 
dominant effect of poor fibre interactions. It is therefore reasonable to propose that 
the beating step not only provides necessary fibrillation at the fibre surface to 
allow sufficient stress-transfer between the fibres, but also that the inter-fibre 
bonding itself is strongly influenced by pressing temperature as shows the two-
fold increase in stiffness from 120 oC to 150 oC. The nature of this improved 
bonding may be related to nanofibril aggregation or co-crystallization in the fibre-
fibre bond region; the more general term of “fusion bonding” was introduced to 
refer to this phenomena, a concept borrowed from traditional polymeric materials 
[75, 76]. This discussion is summarized and illustrated in Fig. 17. 

The discussion so far concerned only the mechanical properties of the sulfite 
“dissolving” pulp fibres, in which hemicelluloses are mostly absent. It is worth 
mentioning that sulfite “paper” grade pulp fibres gave materials with mechanical 
properties almost similar to the higher purity ones. The presence of large amounts 
of hemicelluloses, while influencing the nanoscale aggregation and water retention 
values, doesn’t affect the overall mechanical properties of the material. However, 
Kraft fibres provided a material with much lower stiffness and higher strain-to-
failure than the sulfite materials. The most reasonable explanation lies in the well-
known fact that sulfite fibres are easier to beat [6] leading to more fibrillated fibre 
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surfaces that can form stiff inter-fibre bonds. These observations supports the 
previous discussion on the decoupling between nanoscale aggregation (a 
supramolecular phenomenon) that can explain reasonably well the hygroscopic 
behaviour of the material (provided similar molecular compositions), and fibre-
fibre fusion-bonding governed mainly by micro-scale features (fibre surface 
fibrillation) that provides outstanding mechanical properties to the compression-
moulded plates (Fig. 17). 

 

Fig. 17: Illustration of nanoscale fibril aggregation (up) and microscale fibre “fusion 
bonding” (down) 

 

To finally comment on the embrittlement of all materials with increasing pressing 
temperature, several causes can be invoked based on above discussions. Moisture 
content was rejected as an explanation since no variation was observed between 
the different materials. Reduced sliding of possibly stiffer fibres in the 
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compression-moulded composites could account for some reduction in strain-to-
failure. At higher pressing temperatures (>150 oC), cellulose was seen to degrade 
significantly, also possibly leading to a less ductile material, but surprisingly the 
strength didn’t decrease as would be expected from molecular weight reduction 
[3]. These facts actually points towards a stress governed mode of failure, where 
the material’s strength is limited by the weakest feature characterized by a given 
maximum allowable stress. Such an event could be fibrils rupture in the cell wall 
or at the fibre-fibre interface. Accordingly, the materials processed at higher 
temperatures, being stiffer, reach this stress level at lower strain, leading to 
reduced strain-to-failure and a more brittle material. 

Thus, major lines of the process-structure-property relationship could be drawn for 
compression-moulded all-cellulose composite. This highlighted the complexity of 
material behaviour interpretation when various scales are involved, but several 
benefits from a structuring at the nanoscale were brought to light in this study: a 
decrease in water retention values from controlled fibril aggregation; and a sharp 
increase in mechanical properties due to fibre fusion-bonding enabled by fibre 
surface fibrillation. 

 

3.1.2. Towards applications: 3D moulding 

   The outstanding mechanical properties (stiffness up to 12 GPa) demonstrated on 
these all-cellulose composite materials, together with the straightforward 
compression-moulding process excluding the use of any solvents, make this 
material concept interesting for the development of bio-based green processed 
structural materials. The proof-of-concept was further validated by the research 
group at Innventia with the preparation of 3D shaped compression-moulded 
objects with high rendering quality (Fig. 18). Potential applications include 
construction panels, boards, or various moulded protective packaging with high 
stiffness requirements. 
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Fig. 18: Example of 3D shaped compression-moulded all-cellulose biocomposites (Images 
by Innventia) 

 

3.2. Magnetic cellulose nanocomposites (paper III,IV) 

   As mentioned in introduction and confirmed by the previous study, structuring 
of cellulosic materials at the nanoscale can prove beneficial, especially with 
respect to mechanical properties. In a second effort, individual cellulose 
nanofibrils were functionalized by decoration with magnetic nanoparticles to 
provide strong and tough magnetic nanocomposites. 

3.2.1. NFC decoration with magnetic nanoparticles 

   The formation of inorganic ferrite nanoparticles by aqueous co-precipitation 
methods has been the subject of numerous studies [55, 77], but the presence of 
individual cellulose nanofibrils in the reaction medium during particle 
precipitation can be expected to alter these mechanisms. Therefore, the different 
steps of the inorganic phase transitions from soluble metal salts to solid magnetic 
nanoparticles were analysed in different ways. In solution, the hydrated metal salts 
do not precipitate while the pH is kept sufficiently low [78]. The metal cations can 
however adsorb to cellulose surfaces thanks to their high density of hydroxyl 
groups; Belford et al [79] studied the adsorption of copper onto cellulosic fibres 
and reported a rapid adsorption following a Langmuir isotherm. The fibres were 
saturated with ca. 0.05 mmol/gcell copper for solutions of concentration higher than 
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10 mM. This corresponds to ca. 10% of the cellulose surface covered with metal 
cations. A similar approach was taken here to quantify the adsorption of iron and 
cobalt cations on the surface of cellulose nanofibrils. The adsorption sites at 
cellulose surface are assimilated here to pairs of hydroxyl groups since the metal 
cations are divalent. Based on the expected width of the nanofibrils (ca. 10 nm) 
[22] and cellulose crystal structure [80], estimation of theoretically available 
adsorption sites is possible. The results for the two solution concentrations studied 
(3 and 45 mM) are reported in Table 4. The data is coherent with previous results 
from Belford et al [79]. This also indicates that for the system of low inorganic 
concentration, fibrils were initially very sparsely covered by metal cations. Note 
that the pH at this stage was between 3 and 4, and the iron (II) and cobalt (II) 
cations used in this work did not form any precipitate. 

 

Table 4. Results of metal salt adsorption study on cellulose nanofibrils 
Metal salts initially 

introduced 
Adsorbed at room 

temperature 
Precipitated at 90 oC 

as oxo-hydroxides 
mM mmol/gcell mmol/gcell % of NFC “sites” mmol/gcell wt.% 

3 2 0.04 2.7 0.2 1.8 

45 10 0.20 15.7 0.33 3.0 

 

Upon heating to 90 oC, a transition from a pink translucent to an orange opaque 
solution indicated some chemical change. Indeed, the elevated temperature and 
oxygen rich atmosphere (air) promoted oxidation of a fraction of the iron (II) to 
iron (III), which is known to precipitate at lower pH than iron (II) [78]. Iron (III) 
oxo-hydroxides precipitates were formed through oleation-oxolation [77, 81, 82], 
as confirmed by XRD identification. These precipitates were quantified (Table 4), 
and observed in transmitted electron microscopy (Fig. 19). Despite their low 
amounts (ca. 2-3 wt.% of the cellulose mass at this stage), iron oxo-hydroxides 
acicular nanorods were seen to cover a large fraction of the fibrils, oriented 
preferably with their main axis parallel to the fibrils’ axis. Most likely, these rods 
were formed by precipitation of the metal cations already adsorbed at the cellulose 
surface. 
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Fig. 19: Nanoparticle decoration of NFC by in-situ forced hydrolysis of metal ions (10 
vol.% system), with intermediate formation of precursors (iron oxo-hydroxides nanorods) 
at nanofibril surface 

 

In the next step of particle formation, the pH is rapidly raised to a range where the 
magnetic cobalt-ferrite phase is the thermodynamically stable one. It is reasonable 
to think that the numerous nanorods serve as stable nucleation points for the 
transition to the ferrite phase. Conversion and growth of magnetic nanoparticles 
would therefore proceed from the cellulose surfaces. The final observation of 
homogeneously and randomly distributed nanoparticles along the nanofibrils 
supports this hypothesis. Despite efforts with different spectroscopic methods 
(infra-red, Raman), the nature of the interaction between nanoparticles and 
nanofibrils could not be identified. However, simple experimental observations, 
such as application of strong magnetic fields or sonication, indicate a firm and 
durable attachment. 
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Fig. 20: Particle size distributions for the different materials and typical XRD spectra  

 

While cellulose nanofibrils are not expected to be significantly influenced by 
precipitation conditions (90 oC, pH 10-12, 6h) the nanoparticles present very 
different characteristics depending on processing parameters. The particle size 
distributions as obtained from TEM images are found in Fig. 20. Note that all 
prepared particles had the expected cobalt-ferrite spinel phase as confirmed from 
XRD spectra. In the reference precipitation of separate nanoparticles in pure water, 
the size distribution is seen to shift toward larger dimensions as the metal salt 
concentrations increase in the aqueous system. A similar trend is observed with 
cellulose nanofibrils in the system. However, most interesting is the reduction in 
particle size in the presence of nanofibrils during precipitation, at identical metal 
salt concentrations. Two possible explanations are proposed for this phenomenon. 
Looking into the generally accepted mechanisms for ferrite nanoparticle 
precipitation [55, 77], as discussed above, the reaction goes through the formation 
of oxo-hydroxide precursors in the aqueous medium. These precursors are then 

30

20

10

200 80 100 1206040
0

N
um

be
r f

ra
ct

io
n 

(%
)

3 vol.%
10 vol.% 21 vol.%

Nanoparticle size (nm)
140

N
um

be
r f

ra
ct

io
n 

(%
) 30

20

10

0

3 vol.%

10 vol.%

21 vol.%

2θ (degrees)
100806040200

In
te

ns
ity

 (a
.u

.)

Cellulose I

In
te

ns
ity

 (a
.u

.) CoFe2O4

Separate precipitation

In-situ precipitation

200 80 100 1206040 140 100806040200



40 
 

forced to hydrolyse into the ferrite phase by the rapid increase in pH. It is 
reasonable to think that the cellulose nanofibril network in the colloidal suspension 
would limit the growth of these precursors and/or of the ferrite particle, thereby 
reducing final particle size. Besides, the cellulose nanofibrils provide very large 
specific surface area (> 300 m2/g [30]) available for heterogeneous nucleation of 
the precursors (see above). Lowered nucleation energy requirement is a direct 
cause for smaller particles since the same amount of inorganic compound 
precipitates in a larger number of individual particles. While it still needs to be 
confirmed which mechanism is dominant, the trend is obviously toward a favoured 
nucleation as compared to growth, which is leading to smaller particles and 
narrower size distribution. An even better understanding would lead to accurate 
control of the final particle size by acting on only few processing parameters. 

 

Fig. 21: Aqueous suspensions of pure nanoparticles (sedimenting, left) and NFC decorated 
with nanoparticles (stable, centre), and gel-formation upon water removal (right) 

 

Another benefit from the decoration of NFC with magnetic nanoparticles is that 
the nanofibril network provides advantageous properties to the aqueous 
suspensions. While high density (ca. 5 g/cm3) magnetic nanoparticles aggregate 
and sediment quickly in water (due respectively to magnetic dipolar interactions 
and gravity), the decorated nanofibrils form a stable magnetic suspension at 
concentrations superior to 0.1 wt.% thanks to the entanglement of long and slender 
nanofibrils. Even under a strong magnetic field gradient, the nanoparticles are 
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immobilized in the stable nanofibril network. Also, when water is progressively 
removed from the suspension (e.g. by vacuum filtration or evaporation) the 
viscosity rapidly increases to form a shapeable gel (Fig. 21), that eventually turns 
into a non-flowing wet paste and then into a dry porous magnetic solid 
nanocomposite.   

 

3.2.2. Nanopaper-like magnetic nanocomposite membranes 

   The dry nanocomposite materials formed from decorated nanofibrils exhibit 
interesting structural features. In Fig. 22, the SEM images reveal how 
nanoparticles are homogeneously distributed in the nanofibril network of a 
nanopaper-like membrane (ca. 50 µm-thick). Membranes with as much as 21 
vol.% of nanoparticles could be prepared with good particle dispersion at the 
nanoscale, thanks to their attachment directly to the network-forming nanofibrils. 
As a comparison, the reference nanoparticles prepared separately were simply 
mixed to a pure nanofibril suspension and the resulting membranes exhibit notably 
different nanostructure. Micron sized aggregates of nanoparticles are localized in-
between dense nanofibril sheets in a layered structure. On another hand, the bulk 
density and therefore the porosity did not vary significantly between the two 
preparation methods. However, porosity increases continuously with increasing 
amount of nanoparticles, indicating that round-shaped particles prevent to a certain 
extent the collapse of the nanofibril network into a dense membrane. 

 

Fig. 22: SEM images of fracture cross-sections of the 21 vol.% magnetic nanocomposite 
membranes based on decorated NFC (left) and on simple mixing of NFC and 
nanoparticles (right) 
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Mechanical properties of the membranes were measured in tension. As reported in 
Fig. 23 and Table 5, a general loss in strength and stiffness with the introduction of 
more nanoparticles can be related to the disruption of the nanofibril network. The 
measured stiffness was actually confirmed to decrease linearly with the addition of 
non-load bearing components (nanoparticles + porosity), following a rule of 
mixture. Despite this weakening and softening of the membranes, the ductility of 
the material is barely affected by the presence of well-dispersed nanoparticles in 
the network, yielding a high toughness material even at high inorganic loading. 
This is to be put in contrast with traditional polymer-based composite exhibiting 
pronounced embrittlement at even low nanoparticle loading [47, 48]. The 
advantage of the nanofibril network obviously resides in the possibility for long 
slender nanofibrils to slide with respect to each other prior to material’s failure, in 
a strain-hardening region whose extent depends mainly on the moisture content of 
the sample (plasticizing effect of water). 

Table 5. Composition and mechanical properties of magnetic nanocomposite membranes 

CoFe2O4 
(wt.%) 

CoFe2O4 
(vol.%) 

Porosity 
(vol.%) 

Young’s 
modulus (GPa) 

Strength 
(MPa) 

Strain to 
failure (%) 

0 0 4.0 10.2 215 6.1 
10.2 3.1 4.7 9.5 187 6.4 
30.9 9.6 15.5 7.9 160 6.9 
59.1 21.3 29.2 5.2 96 5.8 

 

 

Fig. 23: Stress-strain curves for membranes made of decorated nanofibrils, tested at 50% 
relative humidity (left), and Young’s modulus plotted vs. cellulose volume fraction (right) 
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3.2.3. Compression-moulded magnetic composite plates with very high inorganic 
content 

   A further effort was done to prepare nanocomposite materials based on 
decorated NFC with very high inorganic content (>35 vol.%) and good mechanical 
properties. To achieve this objective, nanofibrils were initially decorated with as 
much as 90 vol.% nanoparticles. The addition of different proportions of neat NFC 
to this suspension enabled formation of nanocomposites with 36 to 51 vol.% 
nanoparticle and decent mechanical properties thanks to the percolating nanofibril 
network. High pressure compression-moulding of the wet sheet after filtration 
served to minimize the porosity in the final material (ca. 150 µm-thick). 

 

Fig. 24: SEM images of porous (left) and impregnated (right) nanocomposites based on 
decorated NFC and with ca. 42 vol.% magnetic nanoparticles 
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The structure was observed in SEM (Fig. 24, left) revealing homogeneous random 
distribution of the inorganic particles throughout the nanocomposite sheet. At the 
microscale, the fracture surface exhibited the characteristic nanopaper-like 
stratified structure. At the nanoscale, the dense nanoparticle packing let appear 
nanosize pores due to the limited compactability of the hybrid fibrils. 

These pores could be successfully filled with the monomeric epoxy:amine resin, to 
yield a unique 3-component nanostructured composite after curing. As expected 
from the observation of the porous network, the final impregnated composite is 
characterized by intimate mixing of all three compounds (NFC, nanoparticle, 
epoxy) down to the nanoscale (Fig. 24, right). Note that the fracture surface of 
impregnated sheets appears flat and smooth as compared to the porous samples, 
indicating more uniform stress and strain distribution across the material until 
failure. 

 

Table 6. Composition and mechanical properties of compression-moulded magnetic 
nanocomposites based on decorated NFC 

CoFe2O4 
(vol.%) 

Epoxy 
(vol.%) 

Porosity 
(vol.%) 

Young’s 
modulus (GPa) 

Strength 
(MPa) 

Strain to 
failure (%) 

36 0 28 7.0 64 5.4 
43 0 28 7.5 43 1.4 
46 0 34 7.1 11 0.3 
51 0 36 7.1 11 0.2 
36 23 5 12.6 97 4.1 
42 23 7 11.5 60 1.1 
48 24 7 14.7 45 0.4 
53 29 5 16.8 35 0.3 

 

Tensile properties were measured for materials of different compositions, and are 
reported in Fig. 25 and Table 6. The decrease in strength already observed on thin 
magnetic membrane continues when the nanoparticle content is further increased. 
The ductility of the network can be preserved up to 36 vol.% inorganic content, 
but at higher fractions (>40 vol.%) the strain-to-failure (and strength) quickly 
decreases. This indicates the presence of weak, brittle regions in the material 
where the nanofibril contact points are insufficient to sustain large deformations 
and loads. Interestingly, the stiffness remains at a similar level (ca. 7 GPa) for all 
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nanocomposites with more than 36 vol.% nanoparticle. This can possibly be 
explained by the similar levels of porosity in all these materials, and by the ability 
to transfer load between adjacent, closely packed nanoparticles at small 
deformation levels. 

After epoxy impregnation, mechanical properties are dramatically increased as the 
resin penetrated the nanovoids and provides a matrix for efficient stress-transfer 
throughout the material. Ultimate strength raises by at least 50% for all 
compositions, and is as high as 45 MPa for the composite with 48 vol.% functional 
nanoparticles suggesting that the matrix successfully “bridges” over weak regions 
in the highly-loaded nanocomposites, in agreement with the fractography 
observation (smooth, flat fracture surface). In the low-strain region, improved 
stress-transfer has also a sharp effect on stiffness with Young’s modulus values 
ranging from 12 GPa at 36 vol.% to more than 16 GPa at 53 vol.% (Fig. 25). The 
increase in stiffness with increasing nanoparticle content strongly suggests that the 
rigid ferrite nanoparticle (ca. 120 GPa modulus [83]) contributes to the material’s 
stiffness thanks to efficient load-transfer through the matrix. 

The in-situ decoration of cellulose nanofibrils with high amounts of nanoparticles 
allows therefore the preparation of strong and stiff magnetic nanocomposites, 
through a simple compression-moulding and dry impregnation process. 

 

Fig. 25: Stress-strain curves (left) and Young’s modulus as a function of nanoparticle 
content (right) for the nanocomposites with high inorganic content (porous and 
impregnated) 
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Besides, the epoxy:amine resin utilised in this work undergoes a glass transition at 
a temperature of ca. 68oC (from the tan δ peak of DMTA measurements), and the 
neat resin becomes an extremely soft rubber above this temperature (cf. section on 
epoxy-NFC composites). Such a softening is inexistent in neat cellulose nanofibril 
network materials [84-86]: highly-crystalline cellulose nanofibrils provide a 
network with stable stiffness up to the degradation temperature. DMTA analysis of 
the porous nanocomposite with 42 vol.% nanoparticles confirmed that the thermo-
mechanical stability was preserved in presence of inorganic nanoparticles in the 
network (as expected). For the 43 vol.% impregnated sample, softening of the 
resin is observed with a tan δ peak at 63oC, i.e. at a slightly lower temperature than 
the neat resin (cf. section on epoxy-NFC composites for an explanation). However 
the materials maintain high stiffness even above glass transition thanks to the large 
fraction of thermally stable network forming inclusions (in total ca. 70 vol% of 
NFC and nanoparticles). 

 

Fig. 26: DMTA results for storage modulus and tan δ, for porous and impregnated 
materials with ca. 42 vol.% nanoparticles 
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properties as for thin sheets. The composition with 42-43 vol.% nanoparticles was 
chosen for its good combination of strength, stiffness and ductility, both in the 
porous and impregnated states. The obtained 1.2 mm-thick plates were tested in 
bending (span length: 20 mm) and the fracture surfaces observed in scanning 
electron microscopy (Fig. 27). Even without impregnation, the multilayer 
nanocomposite plates showed relatively high resistance in bending (strength of ca. 
70 MPa) considering the absence of any additional binder between each layer. 
This indicates that strong secondary bonds are formed between adjacent layers as 
the discontinuous hybrid nanofibril networks are progressively brought in close 
contact during drying under high external pressure. These secondary forces (most 
likely hydrogen bonds) provide sufficient cohesion and load-transfer to prevent 
complete delamination of the structure and early bending failure. 

 

Fig. 27: SEM images of fracture cross-sections and bending stress-strain curves for 
1.2mm-thick multilayered composite plates with ca. 42 vol.% magnetic nanoparticle 
(porous, left – impregnated, right) 
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Upon resin impregnation, cohesion is further improved both within each 
nanocomposite layer and in-between layers, accounting for a strong enhancement 
in bending properties (ca. 120 MPa in strength). The improved stress-transfer 
throughout the whole nanocomposite plate is also illustrated by the flatter aspect 
of the fracture cross-section, with limited delamination. 

 

3.2.5. Magnetic properties of the nanocomposites 

   Magnetic properties of nanoparticle materials are known to depend strongly on 
the actual sizes of these particles, as discussed in introduction and confirmed here. 
Coercivity and saturation magnetization were extracted from hysteresis curves 
(Fig. 28, left). Saturation magnetization (normalized to particle mass) is similar for 
all samples (70 A.m-2.gNP

-1). This means that the magnetization is rising linearly 
with increasing nanoparticle content in the material, justifying the effort to obtain 
highly loaded nanocomposites for improved magnetic functionality (see also next 
section). 

 

Fig. 28: left – hysteresis curve for the different materials studied (normalized to 
nanoparticle mass) and variation of coercivity with the average particle size (inset); right 
– illustration showing the nanoparticle fraction with size below the expected super-
paramagnetic threshold 
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Besides, coercivity varies significantly for the different precipitation conditions 
which can be related to the variations in particle size distributions. The results 
indicate clearly that the samples with smaller average particle size tend to have 
lower coercivity. CoFe2O4 nanoparticles have been shown to display 
superparamagnetic behaviour (i.e. Hc = 0) at dimensions below ca. 14 nm [87].  
Accordingly, as illustrated in Fig. 28, the decrease in coercivity can be explained 
by an increasing fraction of nanoparticles with dimensions below this critical size. 
Consequently, the impact of NFC on the particle size distribution exposed 
previously (Fig. 20) is directly translated into changes in coercivity and shape of 
the magnetic hysteresis curve.  

 

Fig. 29: Tuned hysteresis curves for materials obtained by mixing NFC decorated with 
hard and with soft magnetic nanoparticles (left), inset shows the evolution of characteristic 
magnetic properties (continuous line is predicted behaviour); the hysteresis curve for 
50/50 is shown alone (right) to highlight the wasp-waisted shape and the close fit between 
recorded experimental data and predicted values. 
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and “soft” materials. A well-known consequence of mixing discrete “hard” and 
“soft” phases is the peculiar wasp-waisted hysteresis shape obtained at 
intermediate compositions, as observed in this work (Fig. 29, right). The precision 
of the predictions indicate that complex magnetic dipolar and/or exchange 
interactions between nanoparticles are not of any significant intensity; such 
interactions actually require particles to be distant by less than a few atomic 
distances [88], which is apparently prohibited by the supporting nanofibril 
network. 

Thus, strong correlations could be made between the collected nano-structural 
information and measured mechanical and magnetic properties. Intrinsic 
characteristics of the nanoparticles (size distribution) are governing the magnetic 
properties of the material, whereas the mechanical behaviour is best explained by 
the structural arrangement of the different components at the nano- and micro-
scales. 

 

3.2.6. Towards applications: 3D moulded magnets and loudspeaker 

   The unique combination of high magnetic nanoparticle loading, large scale 
processability and mechanical integrity was illustrated with the preparation of 
millimetre-thick 3D shaped nanocomposite permanent magnets (Fig. 30). Using 
the compression-moulding process for multi-layered nanocomposites, three-
dimensional objects with about 45 vol.% nanoparticles could be prepared. After 
magnetization, these nanocomposite magnets were strong enough to sustain their 
own weight and stick to a non-magnetized steel surface. The versatility provided 
by this concept (i.e. decorated nanofibrils that can easily be processed into strong 
hybrid networks) was further demonstrated with the alternative preparation of 
nanocomposites with other shapes, such as permanently magnetic balls. 
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Fig. 30: 3D compression-moulded 1.2 mm-thick  permanent magnet nanocomposites 
holding their own weight against a steel surface (left) and self-supporting string of 
permanently magnetized nanocomposite spherical balls   

 

Besides, thin magnetic membranes with high mechanical stiffness and strength 
may be considered for more specific applications, such as actuators, sensors, 
porous purification membranes, etc. Because cellulose nanopaper has already been 
shown to provide excellent acoustic properties [89, 90], and magnetic forces are 
traditionally used to drive acoustic membranes in loudspeakers, the idea came to 
utilize the nanocomposite membranes with unique combination of mechanical and 
magnetic properties in a novel loudspeaker design. In a traditional loudspeaker, the 
stiff acoustic membrane is glued to an electrical copper coil, which is placed in the 
gap of a powerful permanent magnet. The electric signal is circulated in the coil 
which is put into motion by Lorentz forces. This design requires heavy, bulky 
external magnets and the mobility of the electrical coil can be an issue in e.g. 
miniaturized design. In contrast, a highly magnetic acoustic membrane allows 
getting rid of the external magnet. The electrical coil is now kept stationary and 
the nanocomposite membrane is mounted coaxially with free motion along the 
central axis (see Fig. 31). The electric signal generates a magnetic field around the 
coil and a magnetic force proportional to the magnetic field gradient is applied to 
the membrane, driving it and faithfully reproducing the acoustic signal. The 
frequency response is remarkably flat in most of the audible range (20 Hz to 10 
kHz). The major limitation of this prototype is the low sound pressure level 
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achieved. Theoretically, this could be overcome on one hand by increasing further 
the magnetic strength of the membrane (different chemical composition of the 
nanoparticles, higher nanoparticle loading, macroscopic shaping of the membrane, 
etc.), and on the other hand by maximizing the magnetic field gradient in the 
vicinity of the membrane (e.g. appropriate design of the coil or coils assembly). 

 

Fig. 31: Picture of the loudspeaker prototype utilizing a magneto-acoustic NFC membrane  
(up) – recorded frequency response and time-resolved acoustic response to a sinusoidal 
input electric signal (down, left) – scheme of working principle (down, right) 
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3.3. Epoxy-NFC bio-nanocomposites (paper V) 
 

   It has been shown above how a monomeric epoxy:amine resin can successfully 
impregnate the porous hybrid network and provide improved mechanical 
properties once cured. In order to develop further this concept and fully grasp the 
potential of cellulose nanofibrils as reinforcement in an epoxy matrix, a specific 
study was carried out on the epoxy-NFC system. The wet NFC template was 
impregnated with monomeric epoxy and amine in solution, preserving an open 
nanofibril network and minimizing thereby fibril aggregation. Structure and 
properties were characterised, and several important conclusions were drawn. 

 

3.3.1. Epoxy-NFC chemical interactions 

   After preparation of a first batch of materials, the characterization of the thermo-
mechanical behaviour of epoxy-NFC nanocomposite shed light on an interesting 
issue. This first set of samples was prepared using the stoichiometric ratio of 
epoxy:amine, which resulted, in presence of NFC, in a decreased Tg and a 
yellowish colour as compared to the neat epoxy. Ruling out other possible factors 
(e.g. acetone or moisture traces, cellulose degradation), it was decided to run an 
optimization study to determine the epoxy:amine ratio yielding maximum glass 
transition temperature for each NFC content (Fig. 32). The results demonstrate 
clearly that upon addition of NFC, the amine proportion has to be progressively 
reduced in order to obtain optimal curing conditions. In other words, more epoxy 
is consumed in the curing of the resin in presence of NFC, which strongly 
indicates that a reaction is taking place between the epoxy and the cellulose fibrils. 
The high density of hydroxyl groups at the NFC surface is certainly responsible 
for its reactivity with epoxy [91]. However, experiments showed that it is not 
possible to directly react the NFC with pure epoxy, suggesting a catalytic effect of 
amine in the NFC-epoxy reaction. The suggested reaction of NFC with epoxy 
must also be enabled by the large cellulose surface area available in the 
impregnated template (ca. 300 m2/g [30]), explaining why similar behaviour was 
not detected in extensively studied epoxy-natural fibre composites [59, 92]. 
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Fig. 32: Glass transition temperature as a function of the amine:epoxy ratio for materials 
with different NFC contents 

 

 

Fig. 33: Results from real-time FTIR analysis at 80 oC showing the evolution of the peak 
related to the epoxy ring (down), from which the degree of conversion can be estimated 
(up), for the curing of an epoxy:amine resing without (left) and with (right) NFC 
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To further analyse the influence of NFC on the epoxy:amine curing, a kinetic 
study was carried out by real-time FTIR monitoring of the epoxy’s oxirane group 
disappearance (Fig. 33). At 80 oC, the conversion of epoxy in the neat resin is very 
slow, reaching about 20% after 1 h. In contrast, a conversion of ca. 80% is 
achieved in the same lapse of time with NFC in the system (30 vol.%). Note that 
the decrease in conversion rate above 60% can be explained by the low curing 
temperature in this experiment (80 oC, close to the material’s final Tg) leading to 
vitrification of the system prior to complete cross-linking. The accelerating effect 
of NFC on epoxy:amine curing is a novel observation that can be related with the 
similar effect reported with alcohols [93]. However the effect of NFC is much 
stronger and is unique for a solid inclusion (compared to the very mobile liquid 
alcohols). 

 

3.3.2. Nanostructural characteristics 

   The structure of the epoxy-NFC nanocomposites was analysed by electron 
microscopy, both in scanning secondary electron and transmission modes (Fig. 
34). SEM images of fracture cross-sections provided some overview of the 
microscale fibril arrangement. For the 15 vol.% NFC composite, a generally flat 
surface with uniformly spread tips of broken/pulled-out nanofibrils indicates 
homogeneous distribution of the NFC in the matrix. In contrast, when the NFC 
content rises above 30 vol.%, aggregated sheets of nanofibrils become visible on 
fracture cross-sections. This stratified structure oriented parallel to the film surface 
is reminiscent of the structure observed in cellulose nanopaper (Fig. 3), owing to 
the similar filtration process used to prepare the wet templates. 

TEM micrographs provide a more direct insight in the material’s nanostructure 
with higher resolution than SEM. Besides, the thin ultra-microtomed cross-section 
slices reveal the native structure as opposed to the fractured cross-sections. The 
homogeneous dispersion of nanofibrils is thereby confirmed for the 15 vol.% 
sample, with individual fibrils of about 5-10 nm in diameter distributed randomly 
throughout the material. In the 30 vol.% sample, we also observe individual 
nanofibrils uniformly spread in the matrix, but occasionally, fibril 
bundles/aggregates can be identified; these are to be related with the layered 
structure apparent on the fracture surfaces. Therefore, it can be concluded that the 
wet impregnation of the NFC network template yields excellent fibril dispersion in 
the final nanocomposite up to a certain NFC content (between 15 and 30 vol.%), 
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above which the formation of cellulose rich region leading to bundles and 
aggregates upon drying cannot be avoided. 

Fig. 34: SEM images of fracture cross-sections (up) and TEM images of ultra-microtome 
sections (down) for the epoxy-NFC composites with 15 and 30 vol.% NFC 
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3.3.3. Hygro- and thermo-mechanical properties 

   The mechanical properties of the final nanocomposite materials (with optimal 
epoxy:amine ratio) were measured in tension (Fig. 35 and Table 7). The neat resin 
was chosen for its high ductility and decent strength and stiffness. Addition of 
NFC resulted in increased strength and stiffness, with strain-to-failure being 
progressively reduced. The strongest relative improvement in mechanical 
properties was observed in the 15 vol.% composite, for which the strength and 
stiffness were raised by a factor 3 to 100 MPa and 6 GPa, respectively. In addition, 
the ductility was extremely good for this material with a strain-to-failure of ca. 
17%, a remarkable feature for a polymer nanocomposite with so high stiffness and 
strength. The plastic region, reached at a yield stress of ca. 70 MPa, is 
characterized by a strain-hardening region attributed to cellulose nanofibrils 
stretching and alignment [94]. Increasing the NFC content further did improve 
strength and stiffness, but to a relatively lower extent. This can be explained by the 
observed formation of some fibril aggregates at high NFC contents (Fig. 34) 
resulting in less efficient stress-transfer between the reinforcement and the matrix. 
Indeed, the effective NFC modulus back-calculated for the 15 vol.% composite 
reaches 62 GPa while it is only 48 and 33 GPa in the 30 and 50 vol.% composites. 
The highly efficient reinforcing effect can be attributed to the good dispersion and 
the formation of covalent epoxy-cellulose bonds allowing for excellent stress-
transfer at the interface. 

 

Fig. 35: Stress-strain curves for the different epoxy-NFC materials (left), and plot of 
Young’s modulus against NFC content at both 50% and 90% relative humidity (right) 
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Table 7. Mechanical properties of epoxy-NFC nanocomposites 
NFC 

(vol.%) 
Young’s 

modulus (GPa) 
Tensile strength 

(MPa) 
Yield strength 

(MPa) 
Strain to 

failure (%) 
0 2.1 32 30 36 

15 5.9 109 72 15 
30 8.3 130 96 8 
50 9.8 162 92 8 
100 14.9 243 102 6 

 

These conclusions are supported and confirmed by the results of tests under high 
relative humidity (Fig. 36). The vapour sorption measurements indicate a very low 
moisture uptake in the 15 vol.% sample (similar to the neat resin) and a more 
pronounced hygroscopicity in the 30 and 50 vol.% samples. Besides, the impact of 
high humidity on stiffness and yield strength is strong on the 30 and 50 vol.% 
materials, as expected from the adsorption of water at the NFC surface, facilitating 
fibril sliding. The effect is however insignificant on the 15 vol.% sample. Covalent 
cellulose-epoxy attachment, together with individual fibril “exfoliation” in the 
matrix, may explain this high moisture stability in the 15 vol.% sample. In 
contrast, the cellulose-cellulose interfaces present within fibril bundles provide 
adsorption sites for moisture, that will plasticize these aggregates and lead to 
reduced stiffness and yield strength in the 30 and 50 vol.% samples. 

 

Fig. 36: DVS results for the equilibrium moisture content of the epoxy-NFC 
nanocomposites at various relative humidity (left), and the effect of increased relative 
humidity on the stress-strain curves of composites with 15 and 50 vol.% NFC (right) 
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Thus, the epoxy-NFC nanocomposites all exhibit strong improvement in 
mechanical properties compared to the neat resin, owing to the excellent 
compatibility between the matrix and fibrils (evidences of covalent bonding). 
Besides, thanks to a highly uniform nanofibril dispersion in the epoxy matrix, the 
15 vol.% material shows the most interesting properties, with excellent 
reinforcement efficiency of the fibrils, remarkably high ductility, and outstanding 
moisture stability. 

The benefit from the NFC network extends also to the thermo-mechanical 
properties. It is well-known that even slight amounts of cellulose fibrils can 
improve dramatically the storage modulus in the rubbery region (above Tg), thanks 
to the low percolation threshold of thermally stable NFC [84, 86]. In addition, 
DMTA analysis of the prepared materials (Fig. 37) revealed a significant increase 
in glass transition temperature with the addition of more NFC, from 68oC for the 
neat resin up to 86oC with 50 vol.% NFC. Similar trends were reported for NFC 
nanocomposites and explained by the significantly reduced mobility of confined 
polymer chains in the nanofibril network and especially at the cellulose-matrix 
interface [31]. This is also indicated by a marked decrease in the intensity of the 
tan δ peak. 

 

Fig. 37: DMTA results for storage modulus (left) and tan δ (right) of epoxy-NFC 
composite with different compositions – inset shows the evolution of Tg with NFC content  
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3.3.4. Toward applications: 3D moulded protective case 

   The possibility to use the epoxy-NFC nanocomposites for manufacturing large 
objects was verified in a series of trials. A photograph of the selected demonstrator 
component, a protective case for a smartphone, is shown in Fig. 38. It was 
prepared by vacuum driven compression molding of stacked layers of uncured 
nanocomposites in a steel mould. A three-piece metal die, constructed to provide 
compaction pressure both to horizontal and vertical section of the case, was placed 
on top of the nanocomposite stack. Vacuum was applied and kept throughout the 
curing, to provide compaction pressure (ca. 1 bar) on the metal die. The whole 
arrangement was finally placed in an oven for curing during 2 h at 80 °C followed 
by a post-cure for 3 h at 120 °C. 

The component manufacturing trials were encouraging since they showed that 
epoxy-NFC nanocomposites can be used in conventional composite manufacturing 
techniques to make real components. It was also concluded that the high rigidity of 
the epoxy-NFC composite even prior to curing is a limiting factor for 
manufacturing of complex shaped parts (low drapeability). This means that 
exploitation of the full potential of the current material can be achieved for 
components with relatively flat geometries such as weakly curved panels or sheets. 

 

Fig. 38: Picture of a smartphone protective case made out of epoxy-NFC nanocomposite 
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3.4. UV-cured HBP-NFC nanocomposites as gas barrier films (paper VI) 
 

   The wet impregnation route was adapted to prepare NFC nanocomposites with a 
UV curable polymer matrix (acrylated hyperbranched polymer), and this material 
was analyzed mainly with respect to its gas barrier properties. Different chemical 
modifications (with MPS or CAN) were applied on the wet NFC template to 
improve the compatibility with the resin and reduce the moisture sensitivity. 

3.4.1. FTIR of chemically modified NFC templates 

A strong adsorption band corresponding to the C=O stretching was observed in 
specimens treated with both MPS and CAN (Fig. 39a). These specimens were 
washed thoroughly with the solvent to remove any MPS or HBP not bound to the 
cellulose. In the MPS treated NFC, the presence of the C=O band assigned to the 
methacrylate group of MPS confirmed the formation of permanent linkages 
between the silane coupling agent and the NFC surface, provided that a 
sufficiently high temperature was used during drying (120 oC). Indeed, in the 
specimen dried at room temperature, the MPS was completely removed by 
washing (in this case the MPS was only physically adsorbed to the NFC surfaces 
through hydrogen bonding). For the CAN treated sample, the sharp C=O band 
indicates that multifunctional acrylate oligomers were successfully attached to the 
NFC surface via permanent bonds. Exposition to UV radiations was not required 
to form permanent linkages between the HBP and the NFCCAN, with a strong C=O 
band being observed in both cases. Therefore the presence of CAN at the NFC 
surface and under acidic conditions provided favorable conditions for the grafting 
of acrylate oligomers to the cellulose. 

The 3 different types of nanocomposite prepared in this work could hence be 
differentiated based on the nature of the matrix/NFC interface (Fig. 39b). In the 
neat NFC composites, the hydroxyl reach cellulose surface may potentially form 
hydrogen bonds with the acrylic polymer matrix. In the NFCMPS composites, the 
silane was successfully bound to the cellulose fibrils, potentially reacting 
covalently with the HBP resin through the methacrylate group. Finally, the 
NFCCAN composites are expected to contain direct covalent links between the NFC 
and the HBP matrix. 
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Fig. 39:FTIR spectra (a) of NFC templates with different modifications; inset shows a 
magnification of the carbonyl peak indicating the presence of acrylate functionality. 
Schematic representation (b) of the NFC-HBP interface with H-bonds in the composites 
with unmodified NFC, in contrast to covalent bonds in the ones with modified NFC 

 

3.4.2. HBP-NFC nanocomposite microstructure 

The morphology of the nanocomposites cross-sections was assessed from SEM 
micrographs of fracture surfaces (Fig. 40). The white dots visible in the 
micrographs correspond to broken nanofibril ends extending from the fracture 
plane. The composites containing 10 vol.% of NFC all showed a homogeneous 
dispersion of the nanofibrils across their cross-section (Fig. 40a,c,e). The 
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roughness of the surface suggested a ductile mode of fracture (in tension at room 
temperature), and the apparently short fibril pull-out length indicated good 
compatibility and stress-transfer between the polymer matrix and cellulose fibrils. 
No significant differences were seen after NFC treatment in the specimens 
containing 10 vol.% NFC. 

 

Fig. 40: Scanning electron micrographs of fracture cross-section of the composites 
containing 10 vol.% (a, c, e) and 60 vol.% (b, d, f) of unmodified (a, b), MPS-modified (c, 
d) and CAN-modified (e, f) NFC 
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At higher NFC contents (Fig. 40b,d,f) the layered structure characteristic of the 
NFC processing route became more obvious from the fracture surfaces. As 
discussed above, aggregated sheets are commonly observed in pure nanopapers 
[24], and provide strong 2D anisotropy to the NFC network in thin films obtained 
by filtration or casting (cf. epoxy-NFC composites). In the 60 vol.% untreated 
NFC composite (Fig. 40b), NFC rich sheets appeared to alternate with matrix rich 
layers and the fracture took place after extensive sliding between these layers. In 
the MPS-treated specimen (Fig. 40d), the layered structure was still obvious, but 
with an apparently more uniform distribution of fibrils in the matrix (an absence of 
continuous aggregated NFC sheets). Finally, the CAN-treated specimen (Fig. 40f) 
showed even more disruption of the layered structure, with a relatively uniform 
roughness of the fracture surface. Although the morphology observed in these 
micrographs may be influenced by many factors (dispersion, deformation 
mechanism, fracture mode, etc.), the differences observed between the different 
specimens containing 60 vol.% NFC indicate a more homogeneous nanostructure 
with the treated NFC samples, particularly in the case of the CAN-treated NFC. 
This may be due to the grafting of HBP molecules to the cellulose surface (or 
adsorption of organosilane) during the drying step, preventing the 
collapse/aggregation of the nanofibrils as the solvent evaporated. 

 

3.4.3. Thermo-mechanical behavior of HBP-NFC nanocomposites 

The storage modulus and loss tangent curves measured by DMTA for the 
different materials are reported in Fig. 41. The HBP resin exhibits a glass 
transition around 75 oC (tan δ peak). The storage modulus of about 1.5 GPa in the 
glassy state drops down to ca. 40-50 MPa above glass transition temperature (Fig. 
41a). The addition of NFC significantly raises the storage modulus over the whole 
temperature range, with a glassy modulus of about 10 GPa for the composite with 
60 vol.% neat NFC (6-7 fold increase compared to pristine resin). The relative 
increase in storage modulus is even higher in the rubbery region, with roughly a 
100 fold increase for the same material (ca. 6-7 GPa). As for the epoxy-NFC 
composites, this may be explained by the thermally-stable stiff cellulose nanofibril 
network (crystal modulus of ca. 100 GPa[18, 95]) which contributes to the 
material’s stiffness independently of temperature (up to its degradation 
temperature). 
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Besides, the peak in tan δ characteristic of the glass transition is significantly 
reduced (Fig. 41b), which can be explained by the immobilization of a large 
fraction of polymer molecules in the vicinity of the nanofibrillar network 
(confinement between fibrils and/or interactions with cellulose surfaces), as 
already seen in the epoxy-NFC composites [31, 86].  Furthermore, we also observe 
a shift of the peak towards higher temperatures for the neat NFC, with the glass 
transition temperature (Tg) rising to 90 oC at 10 vol.% and 120 oC at 40 vol.% 
NFC (Fig. 7b). This indicates large changes in the molecular mobility of the 
polymer network. The influence of NFC chemical treatment on the thermo-
mechanical behavior of the composites can be seen on the loss tangent curves (Fig. 
41c,d). Storage moduli levels are not significantly affected. At low NFC content 
(10 vol.%), the tan δ peak is not very different between the neat and MPS 
modified samples, while it’s amplitude is much lower for the CAN treated NFC 
(Fig. 41d). At higher NFC contents (e.g. 40 vol.%), all samples exhibit tan δ 
curves with apparently two overlapping peaks (more obvious for the CAN and 
MPS samples, Fig. 41d). The recorded curves were fitted with two Gaussians 
peaks. For all three samples, the low-temperature peak is centered around 65-70 
oC while the high-temperature peak is positioned at 110, 120 and 130 oC for the 
MPS, neat and CAN samples, respectively. This can be interpreted as two polymer 
phase [31, 96]: a bulk phase with Tg close to the pristine resin, and a phase in the 
vicinity of the NFC surface with drastically reduced mobility (higher Tg).  

The DMTA results therefore indicate that the different cellulose surface treatments 
do have a significant influence on the thermo-mechanical behavior of the polymer 
network. In the CAN-treated samples, free radical polymerization initiated from 
the cellulose surface (and occurring mainly prior to photo-polymerization of the 
bulk HBP resin) provides strong reduction in polymer chain mobility (lower 
amplitude of tan δ peak, higher Tg of immobilized phase), certainly due to the 
direct covalent attachment of HBP oligomers to cellulose surfaces. For the MPS-
modified NFC, the mobility of the interphase seems to be higher (lower Tg than 
for CAN sample, higher tan δ peak), which could be interpreted as less frequent 
covalent bonding between HBP molecules and MPS-treated cellulose surfaces 
(maybe due to the competition with simultaneous homopolymerization, as 
compared to the two-step grafting/photo-polymerization in CAN samples). Some 
mobility may also be imparted to the MPS aliphatic chain itself. 
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Fig. 41: Storage modulus (a,c), and loss tangent (b, d) for nanocomposites containing 
different amounts of unmodified (a,b) and modified (c,d) NFC 

 

3.4.4. Oxygen barrier properties of HBP-NFC nanocomposites 

The results for oxygen permeability measurements are shown in Fig. 42. The 
permeability of the HBP resin was 37 cm3.100µm.m-2.day-1.bar-1 (units will be 
omitted in the rest of the text for convenience) at 23 oC and in the dry state (0% 
RH), while a reference nanopaper (100% NFC) had a permeability of only 0.002 
under the same conditions. Excellent gas barrier properties have been reported 
previously for a dense network of highly crystalline dry cellulose nanofibrils [32, 
35]. All the HBP-NFC composites showed lower permeability than the HBP resin, 
and the permeability decreased as the NFC content was raised (Figure 9a). Of the 
different chemical NFC treatments, the unmodified NFC provided the best barrier 
properties at 10 vol.% loading (approximatively two-fold reduction in 
permeability with respect to the HBP resin). At this loading, permeability of the 
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CAN-treated specimen was not significantly lower than that of the HBP resin, 
while treatment with MPS led to intermediate behavior. At 40 vol.% NFC content, 
the differences were less marked although the order of barrier performance 
remained untreated > MPS > CAN. At 60 vol.% loading, on the other hand, the 
treated NFC led to better barrier performance than the untreated NFC. 

Several models have been developed to predict the influence of discrete 
impermeable inclusions on the permeability of a polymer nanocomposite [97-101]. 
However, research effort has so far mainly focused on nanocomposites with 
platelet-shaped nanoparticles (e.g. clays). Lape et al[99] derived the permeability 
for a material composed of a continuous matrix with ribbon-like impermeable 
particles distributed in a random array (equation 3), 
 

= 1 + 13 ∙ ∙1 − 					(3) 
 
where  and  are the permeability of the pristine matrix and the composite, 
respectively, /  is the ribbon aspect ratio (width over thickness) and  is the 
particle volume fraction. This model is based on purely geometrical considerations 
of the increased path length (tortuosity) for a gas molecule crossing the 
nanocomposite membrane. As the cellulose nanofibrils have a nearly square cross-
section, they may be approximated to by ribbons with aspect ratio of 1. The 
corresponding prediction is being plotted as the dashed-line in Fig. 42a. The 
experimental permeabilities were well below the predicted values (except for the 
10 vol.% CAN specimen), obtained with an aspect ratio of 5. NFC networks 
obtained by filtration techniques are known to exhibit preferential aggregation of 
the fibrils into 2D sheets [24, 84] (as confirmed by the SEM observations in Fig. 
40), which may provide a physical interpretation of this higher effective aspect 
ratio. However, as will be discussed in what follows, it is not clear that any 
geometrical model is able to account for all aspects of the observed behavior. 
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Fig. 42:Oxygen permeability as a function of NFC content (a) and relative humidity (d,e,f) 
for composites with various NFC modifications. Diffusion (b) and solubility (c) coefficient 
as a function of NFC content. The dashed lines in (a) represent model behavior for 
different ribbon width/thickness ratio.  
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Monitoring the permeation of oxygen over time through initially oxygen-free 
membranes allows calculation of apparent diffusion and solubility coefficients 
(time-lag method, see Fig. 11). In the simplified representation used to derive 
these coefficients, the diffusion represents dynamic mass transport phenomena, 
whereas the solubility is related to the amount of oxygen adsorbed by the polymer 
in the steady state (at thermodynamic equilibrium) [67]. A purely geometrical 
model of permeation through a composite material implies a linear relationship 
between the particle volume fraction and solubility (proportional to polymer 
content), and the non-linearity of the model arises from changes in diffusion 
pathways (tortuosity). Fig. 42b,c show the calculated coefficients for the different 
materials (at 23 oC), normalized with respect to those of the HBP resin. 

The solubility coefficient (Fig. 42c) decreased sharply on addition of 10 vol.% 
NFC (a two-fold decrease for the neat and MPS-modified specimens) and then 
increased somewhat on further addition of NFC. This unexpected trend indicates 
changes in the gas adsorption properties of the polymer network in the presence of 
the cellulose nanofibrils that cannot be accounted for in terms of a geometrical 
model. It suggests that addition of small quantities of NFC (10 vol.% and possibly 
less) significantly affects the polymer properties, resulting in decreased oxygen 
solubility. This may be a consequence of the decreased chain mobility inferred 
from the results of the thermo-mechanical analysis. At higher NFC contents, 
despite the increased proportion of impermeable fibrils, the nanocomposites 
appear to adsorb progressively more oxygen molecules. Formation of microvoids 
at the fibril/matrix interface and within fibril/fibril aggregates during drying from 
the solvent may account for this trend. 

The apparent diffusion coefficient (Fig. 42b) increased slightly on addition of 10 
vol.% NFC and then decreased sharply with further increase in NFC content. One 
might expect the impermeable nanofibrils to act as diffusion barriers even at low 
concentrations, but this is apparently not the case at 10 vol.% NFC. The observed 
decrease in permeability in these specimens is therefore implied to be due to 
reduced oxygen solubility in the polymer matrix. It is unclear why the diffusion 
coefficient increases, but a possible explanation might be the formation of a 
percolating permeable pathway along the nanofibril/matrix interface, which would 
dominate the barrier effect at low concentrations. 

The effect of relative humidity on oxygen permeability of the different materials is 
shown in Fig. 42d,e,f. The HBP resin exhibited an increase in permeability from 
37 at 0 % RH to 46 at 80 % RH (a 25 % increase). In contrast, the pure NFC 
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nanopaper, as expected, and as previously reported [35], showed much stronger 
moisture sensitivity. At 50 % RH, the permeability increased to 0.26 (a 100 fold 
increase from the value at 0 % RH), and increasing the humidity to 80 % RH the 
permeability increased by two further orders of magnitude (permeability of 24). 
For the HBP-NFC composites, the influence of the chemical treatment was not 
clear-cut, but the treated specimens generally showed slightly lower moisture 
uptake than the non-treated specimens. As shown in Figures 10a,c,d, the 
permeability changed relatively little in the 0-50 % RH range but increased more 
strongly in the range 50-80 % RH.  However, in the samples with high NFC 
contents, an initial decrease in permeability was observed at low RH (with respect 
to the dry state). This phenomenon was reproducible (no hysteresis on repeated 
drying) and unexpected. It may be related to strong internal stresses at the 
cellulose/polymer interfaces in the fully dry state leading to microvoid formation. 

 

Fig. 43: Evolution of the permeability at high RH (a) and of the relative variation in 
permeability (Pmax/Pmin) (b) as a function of NFC content (various treatments) 

 

At high relative humidity (i.e. 80 % RH), traditional cellulose-based materials are 
known to dramatically lose most of their advantageous properties (gas barrier 
properties, mechanical stiffness). To compare the high humidity performance for 
different materials compositions and treatments, two indicators were selected: the 
permeability at 80 % RH (P80RH, Fig. 43a) and the ratio between the maximum and 
minimum permeability (Pmax/Pmin, Fig. 43b), which are representative of the 
absolute performance under moist conditions and the relative moisture stability, 
respectively. 
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At 10 and 40 vol.% NFC, there was little influence of the chemical treatment on 
P80RH; P80RH was about 19 for all the composites at 40 vol.% NFC, as compared to 
46 and 24 for the HBP resin and pure NFC. The composites were therefore better 
barriers under moist conditions than both components taken separately, i.e. there 
was evidence of synergy between the matrix and the impermeable NFC. A 
practical implication is that the homogeneous composites prepared here should 
perform better at high humidity than hypothetical multilayer films with the same 
compositions (e.g. a nanopaper coated with HBP resin). 

At 60 vol.% NFC, the influence of the chemical treatment on P80RH was more 
marked. While the permeability was somewhat greater for the non-treated NFC 
than for 40 vol.% NFC, the permeability decreased for the two treated specimens, 
particularly for CAN, for which P80RH was about 5. This may be due to better 
compatibility between the polymer matrix and the cellulose fibrils, less fibril 
aggregation and/or extensive hydrophobization of the cellulose surfaces. 
Microvoids and porosity, which are likely to be present at high NFC contents (e.g. 
within fibril aggregates/bundles), are expected to provide preferred sites for 
moisture adsorption at the cellulose surface, leading to poorer barrier properties. 
The benefit of the chemical treatments is even more obvious if one considers the 
relative moisture stability (Pmax/Pmin, Fig. 43b). Pmax/Pmin increased steadily 
with addition of untreated NFC up to about 5 at 60% loading. In the MPS-treated 
composites, it remains below 3 and it reaches a maximum of only 2 in the CAN-
treated specimens. Thus, one of the most interesting effects of the chemical 
surface modification is a significantly reduced moisture sensitivity of the gas 
barrier properties. Whereas the epoxy resin was seen to readily react with the NFC 
surface, yielding composites highly stable to moisture, chemical modification of 
the cellulose was necessary to increase the moisture durability of UV cured HBP-
NFC composites. 
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4. Conclusions 

   The different studies regrouped in this thesis highlight some unique features of 
cellulose network materials that allow outstanding mechanical properties in 
combination with advanced functionalities (e.g. magnetism, gas barrier). The study 
of process-structure-property relationships in these materials led to several 
valuable conclusions. 

For compression-moulded pulp fibres, the effect of combined elevated pressure 
and temperature during drying was reflected at the supramolecular level, with a 
phenomenon of fibril aggregation correlated to a strong reduction in water holding 
capacity of the material. High cellulose purity was required to obtain significant 
increase in fibril aggregate size, as hemicelluloses are believed to hinder the 
cellulose co-crystallization by their natural presence at the initial fibril aggregates’ 
surfaces. Besides, the influence of compression-moulding on mechanical 
properties was explained by an improved stress-transfer between microscopic 
fibres, resulting in a marked increase in stiffness of materials pressed at 
temperatures above 150 oC. Fibrillation of the cell wall by prior mechanical 
beating was necessary to promote inter-fibre “fusion bonding” and achieve the 
highest stiffness improvement up to 12 GPa. 

In magnetically functionalized cellulose nanofibril networks, the precipitation 
conditions had a major effect on size distribution of magnetic nanoparticles, with 
the NFC presence resulting in the formation of smaller particles. In turn, this was 
directly reflected on magnetic properties of the material, with reduced coercivity 
as the fraction of superparamagnetic nanoparticles increased. On another hand, 
mechanical properties were better understood looking at the structural arrangement 
of the components (NFC, nanoparticle, porosity). Long and slender nanofibrils 
form a strong and tough network which provides excellent mechanical properties 
to the magnetic nanocomposites. Despite a strength and stiffness reduction due to 
the nanoparticle inclusions in the material, the network ductility (ca. 6% strain-to-
failure) could be preserved up to 36 vol.% nanoparticle loading together with a 
strength and stiffness of 64 MPa and 7 GPa at this composition. High strength and 
stiffness at even larger nanoparticle loadings was made possible by impregnation 
of the nanoporosity of the hybrid network with an epoxy resin. This unique three-
component nanocomposite was characterized by a uniform nanoparticle dispersion 
thanks to the underlying nanofibril network template. This concept also allowed 
the manufacturing of compression moulded nanocomposite permanent magnets 
with as much as 50 vol.% of functional nanoparticles. Therefore, the potential of 
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decorated NFC as a nano-building block for facile processing of functional 
nanocomposites with improved dispersion and superior mechanical properties was 
demonstrated. 

Finally, the wet impregnation of NFC network template was demonstrated as an 
efficient method to obtain well-dispersed nanocomposites. Thermally and UV 
cross-linked resin (epoxy and HBP, respectively) were studied in more details as 
matrices of the NFC composite. The epoxy:amine curing reaction was 
dramatically accelerated in the presence of NFC, and indirect evidences of a 
reaction between cellulose surfaces and the epoxy were found. In addition, 
completely uniform dispersion of 5-10 nm wide nanofibrils inside the resin matrix 
was achieved in the sample with 15 vol.% NFC, thanks to the wet network 
impregnation route employed (some fibrils did aggregate at higher NFC contents). 
This resulted in outstanding mechanical properties, with strong reinforcement 
efficiency and exceptional moisture stability for a cellulose-containing material. 
The HBP-NFC composites were characterized in terms of oxygen barrier 
properties, and exhibited reduced permeabilities with the inclusion of impermeable 
highly-crystalline cellulose fibrils. With a proper chemical modification of the 
cellulose surface (i.e. a silane coupling agent or a grafting initiator), performed 
directly on the wet network template, the moisture sensitivity of the permeability 
could be significantly reduced in the final nanocomposite. These nanocomposite 
materials therefore show how cellulose nanofibrils may be utilized to overcome 
some limitations encountered with traditional natural fibre biocomposites 
(brittleness, poor reinforcement, moisture sensitivity) and also provide 
advantageous functionality (e.g. as gas barrier). Furthermore, the approach was 
shown to be compatible with industrial composite processing technologies such as 
compression-moulding. 

Thus, main process parameters and their influence on material’s nano- and micro-
structure were identified. Together with the insight gained on complex structure-
property relationships, this work should be helpful for future effort toward the 
preparation of advanced cellulose nanocomposite materials with controlled 
properties, functionalities and targeted performances. 
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