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1. Introduction 

Within the past decades significant growing concerns on environmental issues 
and awareness caused by the accumulation of non-biodegradable petroleum-
based products have motivated the desire to create more eco-friendly and sus-
tainable materials. This has also been acknowledged by governments world-
wide. For example, the European Union has introduced regulations for vehicles 
that must be made of at least 95 % recyclable materials within the next decade 
(Kanari et al. 2003). The US Department of Energy supported a research project 
aimed at finding ways to ensure that at least 10% of the basic chemical building 
blocks can be obtained from renewable resources by 2020, with an incentive to 
increase this share to 50% by 2050 (Mohanty et al. 2002). In China, the govern-
ment has insisted on environmentally sound economic advances, such as regu-
lations for single-use plastic packaging, which has promoted companies to in-
vest in biodegradable materials. As a result, biocomposites, especially natural 
fiber-reinforced polymer composites, have attracted increasing interest in vari-
ous branches of industry due to their lower dependence on petroleum-based 
materials, their light weight and better recyclability. 

Cellulose fibers featuring high specific mechanical properties (specific 
strength and specific modulus) are renewable and globally available and are ex-
cellent reinforcement for polymers (including both oil- and bio-based). How-
ever, due to the inherent chemical incompatibility between the cellulose fibers 
and classical polymer matrices and thus a weak interfacial strength and an inef-
ficient stress transfer under load, the mechanical strength and stiffness of these 
biocomposites are not high enough (Bledzki and Gassan 1999, Romhány et al. 
2003). This can of course be improved by a chemical treatment of the cellulose 
fibers or matrix or using compatibilisers (Jacob et al. 2005, Hua et al. 2016), or 
by applying nanosized cellulose fibers such as bacterial cellulose and nanofibril-
lated cellulose that provide an increased surface area (Nakagaito et al. 2005, Lee 
et al. 2014). The latter results in significant improvements in mechanical prop-
erties but entails additional costs and complexity in the formulation of biocom-
posites.  

One way to overcome the problem of adhesion between the matrix and the 
fibers is to produce an all-polymer (or single polymer) composites. In this type 
of composites, the reinforcing and matrix phases are based on the same matter, 
thus showing perfect adhesion. This concept was first illustrated by Capiati and 
Porter (Capiati and Porter 1975) who produced the high-density all-
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polyethylene composites with improved interfacial shear strength by partially 
melting the crystals in a lower melting temperature matrix; crystals played the 
role of reinforcement. More cases of the self-reinforced or all-polymer compo-
sites can be found in ref. (Gao et al. 2012). Inspired by the development of the 
self-reinforced polymer composites, Nishino et al. proposed the concept of cel-
lulose self-reinforced composite or all-cellulose composites (ACCs), which 
proved to be a high-performance newly developed 100% biocomposites (Ni-
shino et al. 2003, Nishino et al. 2004). In the case of ACC, the reinforcement 
and the matrix have the same chemical composition but differ in the crystalline 
phases. Due to their recognised advantages over traditional cellulose fibre rein-
forced composites, such as biodegradability, non-toxicity and renewability of 
raw materials and easier recycling, ACCs have become increasingly popular in 
recent years. 

The general strategy of manufacturing ACCs is through partial/selective dis-
solution of the cellulose fibers which are in the shape of either individual fibers, 
fabric or paper using cellulose solvent or cellulose solution. Consequently, the 
dissolved cellulose is converted into the matrix of the ACCs and the remained 
undissolved fibers serve as the reinforcement (Huber et al. 2012a, Li et al. 
2018b, Baghaei and Skrifvars 2020). The solvent is then washed out and the 
material is dried. This ACCs strategy also benefits, above all, from the possibility 
of producing a composite material with a high reinforcement content (undis-
solved cellulose fibers), which contributes to the excellent mechanical proper-
ties. For example, the mechanically strong Bocell fibers were converted into 
ACCs with volume fractions of up to 90% of fiber and only 10% of “newly” re-
generated cellulose matrix. The average tensile strength was as high as 910 MPa 
and a Young’s modulus 23 GPa with 8% elongation at break, which are signifi-
cantly higher values and far exceeding the reported traditional unidirectional 
natural fiber reinforced composites (Soykeabkaew et al. 2009). Although both 
long and short single cellulose fibers have been successfully converted into ACCs 
to date, most work has been done with ACCs based on fibers that make the main 
phase in the composite precursor, such as woven fabric or filter paper or ori-
ented long fibers. This is probably due to a simpler manufacturing process with 
more structural design options. 

Despite continuous research efforts of produce ACCs from various cellulose 
sources using different cellulose solvents, a deeper understanding is needed to 
correlate the structure of the fibers, their behavior when a solvent is added, the 
processing parameters (dissolution times, temperatures and pressures during 
drying) and the properties of the ACCs. To answer some of these questions and 
design ACC from various cellulose fibers is the focus of this thesis. Macroscopic 
natural and artificial cellulose fibers and nanoscale cellulose fibers obtained 
from commercial pulp will be used and studied from the basics to the final ap-
plication. The objectives and questions of the thesis are discussed in detail in 
the following chapter and it is expected that the ongoing work will bring new 
perspectives for the design of the ACCs. 
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2. Thesis objectives 

It is known that both the dissolution and swelling of cellulose fibers are influ-
enced by fiber type, supramolecular structure, morphology and composition, as 
well as solvent type and dissolution conditions (Le Moigne and Navard 2010). 
Therefore, the understanding of the dissolution and swelling kinetics of a given 
fiber in a certain cellulose solvent and correlation with fiber morphology are 
important in order to select optimal processing conditions for making ACCs 
with the best possible mechanical properties. Additionally, it would be interest-
ing to to use the swelling phenomena of cellulose fiber for the design of ACCs. 
This topic has not been addressed by the researchers so far.   

As well as the ACCs produced by above-mentioned dissolution involved strat-
egy, it is also possible to manufacture ACCs without solvent utilizing the inher-
ent property of cellulose to form hydrogen bonds (H-bonds). Indeed, this has 
already received attention from the researchers in recent years. For example, 
ACCs have been successfully produced from macroscopic ramie fibers and mi-
crofibrillated flax-based pulp without the use of cellulose solvents or binders 
(Arévalo and Peijs 2016, Yang and Berglund 2018). Another type of material 
belonging to the category of ACCs is called ‘‘cellulose nanopaper’’ in which cel-
lulose nanofibers (CNFs) are “glued” together by interfibrillar H-bonds (Nogi et 
al. 2009). 

The aim of the work was therefore to tune the properties of ACCs on the basis 
of a fundamental understanding of the behaviour of cellulose fibers with respect 
to their swelling and dissolution. The solvent selected was ionic liquid (IL) and 
its mixtures with water. Various composite materials, from unidirectional to iso-
tropic, and from macro- to nanoscale, were produced. In addition, a digital im-
age correlation technique was explored for a more accurate “capturing” of me-
chanical properties of cellulosic materials, herein ACCs as an example. Figure 
2.1 illustrates and summaries the scope of the thesis. The research questions to 
answer were as follows: 

 
1. What is the effect of fiber structure and solvent power on the dissolution 

and swelling kinetics of natural and man-made cellulose fiber (Paper I 
& unpublished results)? 
 

2. How to use the knowledge of fiber swelling and dissolution kinetics to 
select the optimal processing conditions to obtain the best mechanical 
properties of ACCs (Paper II & unpublished results)? 
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3. How to improve the analysis of the mechanical properties of ACCs (Pa-
per III)?  
 

4. How to make ductile cellulose nanopaper with high toughness and 
strength? (Paper IV)? 

 

 
 

Figure 2.1. A tree “map” illustrating the approach taken in the thesis. 



5 

3. Background 

This chapter will provide the background knowledge on the topics which are 
closely related to the work performed in the thesis. For example, polymer com-
posites reinforced with natural fibers is a huge area in itself and will not be ad-
dressed.  

In the first section of this chapter, the basic knowledge on cellulose and its 
hierarchical structure is introduced from the point of view of macro- and micro-
level. In the second section, a general description of various cellulose fibers, nat-
ural and man-made, including cellulose nanofibers, are presented. The follow-
ing two sections deal with cellulose dissolution: an introduction of IL as cellu-
lose solvent and a brief discussion of the mechanisms of cellulose dissolution 
and swelling. The next section deals with ACCs produced via either conventional 
selective dissolution strategy using cellulose solvent, in particular, IL, or self-
binding method (cellulose nanopaper). Then various approaches used for the 
analysis of tensile testing are briefly discussed from the point of assessment of 
the mechanical properties of ACCs. Finally, the chapter ends with some con-
cluding remarks focusing on the prospectives and research questions to be 
solved. 

3.1 Cellulose and its hierarchical structure 

Cellulose is a fascinating biopolymer present on the Earth in almost inexhaust-
ible quantity. It was discovered in 1838 by the French chemist Anselme Payen 
(Payen 1838). On the macro-level, as shown in Figure 3.1 a, cellulose is present 
in biomass like trees, in plant fibers as cotton or flax, in tunicate-class marine 
resources (Šturcová et al. 2005) and as a metabolic product of some bacteria 
(Iguchi et al. 2000). Note that chemical synthesis of low molecular weight cel-
lulose (DP around 100) has been explored and is also possible now (Egusa et al. 
2007). In nature cellulose very often coexists with hemicellulose and lignin or-
ganized in a complex composite structure, the cell walls (Figure 3.1 b). Here 
hemicellulose refers to a collective term of an extremely heterogeneous group of 
nonlinear polysaccharides with a low degree of polymerization and linked with 
cellulose by H-bond (Deblois and Wiegel 1990), while lignin is a complex heter-
opolymer formed from phenolpropane units (Sarkanen and Ludwig 1971). In 
most cases cellulose is isolated from wood or other lignocellulose plants via 
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pulping process, during which the lignin and hemicelluloses can be selectively 
removed (Sixta 2006). 

 
Figure 3.1. (a) Examples of cellulose sources on the Earth, (b) Schematic illustration of the hier-
archical structure of cellulose in a wood tissue, (c) Supermolecular structure of cellulose and (d) 
Semicrystalline structure of cellulose (adapted and reproduced with permission from Postek et al. 
2010, Moon et al. 2011 and French 2017). 

On the micro-level, cellulose is a biosynthesized linear polymer of variable 
length consisting of 1-4-linked β-D-anhydroglucopyranose units linked by car-
bon atoms of C1 and C4 (Henrissat and Davies 1997, Brown Jr et al. 2000). The 
supramolecular structure of cellulose is illustrated in Figure 3.1 c, and the re-
peating unit in a cellulose chain is anhydroglucose, around 0.5 nm in length 
(French 2017). Three kinds of H-bonds are formed due to the presence of the 
hydroxyl groups. The cellulose chains are stiffened by the intramolecular H-
bonds (O2H2-O6 and O3H3-O5) and bound together into cellulose sheets by 
the intermolecular bonds (O6HO6-O3). These sheets are further stacked to-
gether by Van der Waals forces (Cross and Chu 2010), thus finally allowing the 
formation of the semicrystalline structures in a thin long fibrillar shape, known 
as elementary fibril with a diameter ranging from 1.5 to 3.5 nm and containing 
about 40 cellulose chains, as illustrated in Figure 3.1 b and d (Klemm et al. 2005, 
Postek et al. 2010, Moon et al. 2011). Then the much higher-level cellulosic fi-
brillar structures, including cellulose nanofibrils (CNF, also called cellulose mi-
crofibrils in the early reports) and cellulose macroscale fibers or so-called natu-
ral cellulose fibers in dimensions spanning several orders of magnitude (Figure 
3.1 b) are built by bottom-up assembly of the elementary fibrils. 
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Opposite to the crystallization of the traditional polymers (Strobl 2007, Cheng 
2008), the supermolecular organization of cellulose chains in the semicrystal-
line structure is still not precisely known. Various models including fringed-fi-
brillar model, uniform elementary fibril model and single crystalline model, 
have been proposed in early reports (Orr et al. 1959, Hearle 1958, Fink et al. 
1995). To date, cellulose as a polymorph, was identified as several allomorphs: 
Cellulose I (Cell-I), II, III and IV (O’Sullivan 1997, Malcolm and Saxena 2007). 
Naturally occurring Cell-I is the form in which the cellulose chains are organized 
parallel to each other, which has been characterized as two crystal forms: Iα and 
Iβ (Atalla and Vanderhart 1984). Bacterial cellulose and algae cellulose are rich 
in Iα allomorph whereas the cellulose extracted from lignocellulosic plants con-
tains mostly Iβ allomorph (Atalla and Vanderhart 1984). It has been further re-
ported that Iα can be converted irreversibly to more stable Iβ allomorph upon 
heating (O’Sullivan 1997, Langan et al. 2005). 

The other crystalline allomorphs can be produced from the native cellulose 
(Cell-I) via various treatments. The most known “artificial” allomorph is ther-
modynamically more stable Cell-II, which is irreversibly produced from Cell-I 
by dissolution and regeneration or by mercerisation through alkaline treatment. 
Cellulose chains in Cell-II are arranged in an antiparallel direction (Kim et al. 
2006). The treatment of Cell-I or Cell-II in the liquid ammonia allows the for-
mation of either Cell-III1 or Cell-III2, which can be further converted by heating 
to Cell-IV1 and Cell-IV2, respectively (O’Sullivan 1997, Wada et al. 2004). 

Interestingly, the skeletons of these polymorphs are completely different from 
each other from the mechanical point of view. Nishino et al. measured the elastic 
modulus of several cellulose polymorphs using X-ray diffraction (XRD), reveal-
ing that Cell-I, -II, -III1, -III2 and -IV1 have a modulus of 138, 88, 87, 58, 75 GPa, 
respectively (Nishino et al. 1995). Deformation of cellulose involves complex 
stretching and re-organisation of the H-bonds, which differs greatly for crystal-
line and amorphous phases, thus resulting in various tensile properties. Cell-I 
is believed to be the strongest allomorph with a theoretical ultimate tensile 
strength of about 13–17 GPa. Cellulose II and amorphous cellulose are less 
strong with tensile strength of around 9 and 0.8 ± 0.1 GPa, respectively (Staiger 
and Tucker 2008). Overall, the mechanical properties of cellulose compete well 
with other engineering materials such as aluminium (70 GPa) or glass fibres (76 
GPa) (Nishino et al. 2003). 

3.2 Cellulose fibers 

In this section the properties of only those fibers, natural and man-made, that 
are used in this thesis, will be described. They are cellulose nanofibrils (CNFs), 
natural fibers such as flax, and man-made cellulose fibers (MMCFs).  

3.2.1 Cellulose nanofibrils  

CNF is a general term for nanoscale cellulose fiber with a lateral dimension 
ranging from few to few tens nm and over 1 μm in length. CNF is often composed 
of the aggregated elementary fibrils. CNF are typically produced by using so-
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called top-down methods: via mechanical disintegration using high-pressure 
fluidizers, high-pressure homogenizers, cryo-crushing or grinding (Bandera et 
al. 2014, Ho et al. 2015, Hu et al. 2015, Khalil et al. 2014, Nechyporchuk et al. 
2016, Qing et al. 2013, Wang et al. 2012a). Multiple lignocellulose sources such 
as wood, sugar beet, hemp and flax have been used to extract CNF (Chirayil et 
al. 2014, García et al. 2016, Josset et al. 2014, Santucci et al. 2016, Trifol et al. 
2017). Examples of various CNF obtained via homogenization using different 
pretreatments are given in Figure 3.2. The produced CNF have high aspect ratio 
and excellent mechanical properties, however, the distribution in fibril diameter 
is polydisperse due to inherent aggregating tendency driven by H-bond for-
mation between nanofibrils (Figure 3.2 a). 
 

 

Figure 3.2. AFM images of CNF produced from different hardwood kraft pulp using homogeniza-

tion: (a) non-pretreated, (b) carboxymethylated, (c) carboxylated via TEMPO-mediated oxidation 

and (d) quaternized cellulose (adapted with permission from Nechyporchuk et al. 2016).  

High energy consumption, over 25000 kWh per ton, has been one of the main 
challenges in commercializing the mechanically disintegrated CNF (Klemm et 
al. 2011). Therefore, the strategies targeting to increase the number of ani-
onic/cationic groups on the surface of the nanofibrils, and thus increase their 
repulsion, has been explored by pretreatments such as carboxymethylation 
(Figure 3.2 b, Junka et al. 2014), carboxylation via 2,2,6,6,-tetramethylpipe-
lidine-1-oxyl radical mediated oxidation (TEMPO-oxidation) (Figure 3.2 c, 
Isogai et al. 2011) or quaternization (Figure 3.2 d, Aulin et al. 2010, Olszewska 
et al. 2011), which in turn enhances the fibrillation process with reduced energy 
demand. Enzymatic hydrolysis is another efficient pretreatment to produce 
CNF, and a monocomponent endoglucanase (Novozym 476 from Novozymes 
A/S, Denmark) was used as an enzyme (Henriksson et al. 2007; Pääkkö et al. 
2007). Indeed, all above-mentioned methods yield thinner CNF with a de-
creased diameter polydispersity in the aqueous suspensions, however, these 
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treatments lead to either decrease of the degree of polymerization or reduction 
of fiber length (Qing et al. 2013), as revealed in Figure 3.2. 

3.2.2 Natural fibers 

Herein natural fibers refer to the cellulose elementary fiber, which can be 
sketched as a multi-layer single cell wall structure with a diameter of 10-40 μm. 
Generally, the cell wall is composed of the middle lamellae (ML), primary wall 
(P), the secondary wall (S) with three different layers (S1, S2 and S3). In addi-
tion, there is an inner warty layer and lumen section for wood fiber (Figure 3.1b) 
and plants fibers such as flax (Figure 3.3), respectively. The middle lamella 
binds the neighboring elementary fibers together to form fiber bundle 
(Nechyporchuk et al. 2016). The P layer is flexible enough to allow wall expan-
sion during growth and contains less ordered cellulose, hemicellulose, and a 
matrix composed of pectins and proteins. As presented in Figure 3.3, the P layer 
of an elementary flax fiber is only 0.2 μm thick (Charlet et al. 2007). The bulk of 
the fiber is essentially constituted by the layer S2 of the S layer (dominating the 
cross section). This thickest layer (S2) contains high content of highly ordered 
and densely packed cellulose, which is the agglomerated cellulose nanofibrils 
located almost perpendicularly (10°) to the cell and provide the fiber with its 
high tensile strength. Depending on the source of natural fiber, the thickness of 
the S2 layer may vary considerably (Müssig 2010). 

 

 
Figure 3.3. Schematic representation of the multi-scale composite structure of flax elementary 

fiber (reproduced from Charlet et al. 2007).  

The use of natural fibers dates back in history about 8000 BC (Pickering 2008). 
For example, hemp fiber imprints have been found in 10000 years old pottery 
shards in China. Ramie is believed to have been used in mummy cloths in Egypt 
during the period 5000±3300 BC. The use of flax to produce linen dates back 
over 5000 years. There are also references in early Chinese history to natural 
fibers for papermaking. The basic parameters and mechanical properties of 
some natural fibers are listed in Table 3.1. The combination of excellent me-
chanical and physical properties together with their environmentally friendly 
character attracted the interest to natural materials especially in the 21st century 
to decrease the dependence on non-renewable resources. Flax, as an example, 
has been considered as a promising alternative to classical reinforcing glass fi-
bers.  
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Table 3.1. Basic parameters and mechanical properties of some (elementary) natural fibers 

(adapted from Jonoobi et al. 2014, Pickering 2008). 

Fiber 
Density 

(g/cm3) 

Length 

(mm) 

Diameter 

(μm) 

Strain at break 

(%) 

Tensile strength 

(MPa) 

wood - 3 15 - 400-800 

Flax 1.38  5±38 10±65 1.2±3 343±1035 

Jute 1.23  0.8±6 5±25 1.5±3.1 187±773 

Sisal 1.20  0.8±8 7±47 1.9±3 507±855 

Hemp 1.35  5±55 10±51 1.6±4.5 580±1110 

Ramie 1.44  40±250 18±80 2±4 400±938 

Bagasse 1.2  0.8±2.8 10±34 0.9 20±290 

Pineapple 1.5   3±8 8±41 1±3 170±1627 

3.2.3 Man-made cellulose fibers 

In contrast to natural cellulose fibers which are produced as a result of photo-
synthesis and are usually composed of cellulose, lignin and hemicellulose as 
main components, MMCFs are industrially processed fibers made from puri-
fied, dissolved and regenerated cellulose sources. To date, there are mainly 
three commercially relevant processing technologies for MMCFs: the cupro pro-
cess, the viscose process, and the lyocell process. The cupro process occured first 
in the 1890s and used cuprammonium hydroxide (cuoxam) as cellulose solvent. 
However, the production of cupro fiber is limited nowadays due to its high cost 
and environmental concerns (Courtney 1953, Liebert 2010, Wang et al. 2016). 
The viscose process, in which cellulose is dissolved as cellulose xanthate by 
treatment with alkali and carbon disulphide (CS2), was developed in almost the 
same period as cupro process. Currently, the majority of the global production 
of MMCF is based on the viscose process, and the production of viscose fiber is 
still expected to grow in the coming future (Bywater 2011, Ma 2018a). However, 
the major drawback is that the utilization of large amounts of CS2 and caustic 
soda results in hazardous by-products such as hydrogen sulfide (H2S) gas and 
other volatile thio-compounds, which may cause severe damage to the environ-
ment (Bywater 2011). The lyocell process is used to produce the so-called Lyocell 
fibers. It is the only existing process which utilizes direct cellulose solvent N-
methylmorpholin N-oxide monohydrate (NMMO) on the industrial level (Fink 
et al. 2001). However, this process suffers from a strong exothermic reaction at 
high temperature, thus requiring the addition of stabilisers to avoid the runaway 
reaction and extensive cellulose degradation. Moreover, to guarantee the neces-
sary spinning stability, the above-mentioned MMCF processes require highly 
purified dissolving or paper grade pulp. The presence of non-cellulosic contents 
will affect the xanthation of the pulp in the viscose process or lead to unexpected 
difficulties during the dissolution in the lyocell process, thus affecting the sub-
sequent spinning (Gübitz et al. 1998, Fink et al. 2004). 

In recent years, an alternative direct solvent for lyocell process has been ex-
plored by using ionic liquids (IL, more details will be provided in the next 
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section), thus avoiding the problems and limitations mentioned above. The ob-
tained fibers have a generic name Ioncell, and the most successful results in 
terms of the properties of fibers were obtained using a protic acidic IL 1,5-di-
azabicyclo [4.3.0] non-5-enium acetate ([DBNH]OAc) as cellulose direct solvent 
(Sixta et al. 2015). Benefiting from the excellent dissolution power of ionic liq-
uids for lignin and hemicelluloses containing cellulosic substrates (Sun et al. 
2009), waste cellulosic sources like newspapers (Ma et al. 2016) and textiles 
(Haslinger et al. 2019), high content lignin containing-cellulose blends (Ma et 
al. 2015) and lignocellulose like low refined pulps (Ma et al. 2018b) were suc-
cessfully spun into high performance MMCFs utilizing Ioncell process. 

Unlike natural cellulose fibers, which are known to have a hierarchical mor-
phological structure built by bottom-up assembly of the elementary fibrils, the 
morphological organization of the MMCFs is still a subject of debates mainly 
due to the limitations in the characterisation techniques. The early reports 
demonstrated a fibril model of lyocell fiber with a range of fibril size levels: ele-
mentary fibrils cluster to microfibrils, and these again aggregating into macro-
fibrils (Schuster et al. 2003, Rous et al. 2006). The observation of the ‘splitting’ 
behavior induced by so-called ‘interfibrillar’ swelling of both lyocell and viscose 
fibers seems to further support the fibril model of MMCFs (Öztürk et al. 2006a, 
Öztürk et al. 2006b, Öztürk et al. 2008). Additionally, both lyocell and viscose 
fibers were believed to have a skin-core structure (Sisson 1960, Biganska 2002). 
A structure model of MMCF formed by the lyocell process is detailed in Figure 
3.4, which shows a lyocell fiber with a compact fiber core, a porous middlezone 
and a semipermeable skin. 
 

 

Figure 3.4. A structure model of regenerated cellulose fiber formed by the lyocell process 
(adapted with permissions from Abu-Rous et al. 2007). 
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3.3 Ionic liquid as cellulose solvent 

Ionic liquid is a liquid salt, namely molten salt, with a melting temperature 
lower than 100 °C. It is composed solely of an equal number of organic cations 
and organic or inorganic anions and thus the overall structure is electrically 
neutral. ILs have several advantages over conventional solvents, like lower vol-
atility, high thermal stability, and low flammability (Laus et al. 2005, Luo et al. 
2012). Some studies suggested that ILs can be toxic to the living organisms 
(Couling et al. 2006, Singh and Kumar 2008). Admittedly, the toxicity of the ILs 
has not been fully revealed till now. The variety of the combination possibilities 
of different cations and anions allows having uncountable ILs with different 
physicochemical properties, thus making the ILs promising for a broad range of 
applications, including organic/polymer synthesis, catalysis, electrochemistry, 
extractions and biomass fractionation, dissolution and shaping (Rogers and 
Seddon 2003, Shih et al. 2011, Dupont et al. 2002, Lu et al. 2006, Wei et al. 
2003, Sun et al. 2011, Wang et al. 2012b). For example, the subcategory of room-
temperature ILs (RTILs) may solidify at temperatures lower than 25 °C, which 
is generally the result of the combination of bulky and unsymmetrical cations 
and small anions. While the thermal stability of the IL can be affected by the 
nature of the anion and the side chains of the IL, the ILs containing saturated 
side chains are thermally more stable than those with unsaturated chains. 

The basic strategy of the dissolution of cellulose in ILs is the disruption of the 
inter- and intra-hydrogen bond links (Li et al. 2018a, Pinkert et al. 2009, Wang 
et al.2012b). This was confirmed by using analysis techniques such as wide-an-
gle X-ray scattering (WAXS), small-angle X-ray diffraction (SAXS) and 13C 
solid-state NMR spectroscopy, suggesting that the dissolution involved mainly 
the interaction between the anion and the cellulose hydroxyl groups to form an 
electron donor-electron acceptor complex (Remsing et al. 2006, Li et al. 2018). 
Thus, it has been widely agreed that anions play a vital role in the dissolution of 
cellulose in ILs. As schematically summarized in Figure 3.5, recent studies re-
vealed a change in the interactions between the anions and the OH groups of 
cellulose from a non-bridging to a bridging state after performing the structural 
investigations on cellulose/IL 1-ethyl-3-methylimidazolium acetate 
([Emim][OAc]) solutions in the large interval of cellulose concentrations (Endo 
et al. 2016). It was also shown that 26−28 wt % of cellulose is the upper limit of 
complete dissolution at room temperature (Le et al. 2014, Rein et al. 2014). In 
addition to IL anions, cations also play an important role during the dissolution 
of cellulose, although this cannot be probed easily due to weak interactions be-
tween cations and cellulose (Endo et al. 2016, Li et al. 2018a). Moreover, it is 
believed that the location of the cations can be anywhere between the sheets in 
the anion-bridging region, see Figure 3.5. 
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Figure 3.5. Schematic summary of non-bridging to bridging state transformation with the increase 
of cellulose concentration in [Emim][OAc] (adapted with permissions from Endo et al. 2016). 

The ILs containing, for example, anions such as OAc-, HCOO- and Cl-, were 
generally efficient for cellulose dissolution owing to the strong H-bond basicity 
of the anions, which has been correlated to the breakage of inter- and intra-
chain H-bonds within the cellulose chains. ILs with low H-bond basicity did not 
dissolve cellulose efficiently. Thus, the higher H-bond basicity improves the H-
bond acceptability of the IL anion, which leads to better dissolution (Brandt et 
al. 2013, Isik et al. 2014, Gupta and Jiang 2015). The H-bond basicity and acidity 
can often be described by empirical Kamlet-Taft parameters as β and α, respec-
tively (Spange et al. 1998, Fukaya et al. 2006). It was demonstrated that the 
ability of a solvent to dissolve cellulose is described by β−α (net basicity) which 
takes the adverse effect of any intrinsic H-donor into account (Hauru et al. 
2012). It was further shown that cellulose solvents should be located in a region 
roughly defined by 0.80 < β < 1.20 and 0.35 < β−α < 0.9 with higher dissolution 
power corresponding to higher values within these intervals (Hauru et al. 2012). 
The addition of water to IL usually leads to a decreased solubility of cellulose. 
This can be well probed by Kamlet-Taft parameters. Upon the addition of water, 
β was found to decrease in an almost linear fashion and the approximate slope 
was the same for different ILs (Hauru et al. 2012). This indicates that the solvent 
power of IL is tuneable by just varying the water content. 

3.4 Swelling and dissolution of cellulose (macro) fibers in ILs 

Swelling and dissolution of cellulose fibers are believed to be “visually” two dif-
ferent processes as observed using optical microscope: the former leads to an 
increase in fiber volume due to the uptake of the swelling agent while the latter 
is a transition from a two-phase system to a one-phase system (cellulose solu-
tion) accompanied by a decrease in fiber diameter and destruction of the origi-
nal supramolecular structure of cellulose (Klemm et al. 1998, Zhang et al. 2006). 
Hence, most of the work concerning cellulose swelling and dissolution under 
controlled conditions have been performed directly by light microscopy, no 
matter from early reports or current studies (Hock 1954, Glas et al. 2015, Peng 
et al. 2017, Mäkelä et al. 2018).  

In a series of studies by Cuissinat and Navard, five different modes of dissolu-
tion and swelling mechanisms were suggested, some modes of which seems to 
be applicable to both natural and regenerated (man-made) cellulose fibers such 
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as viscose and Lyocell when being immersed in various solvents including 
NMMO monohydrate or sodium hydroxide water mixtures or ionic liquids 
(Cuissinat and Navard 2006a, Cuissinat and Navard 2006b, Cuissinat et al. 
2008, Le Moigne and Navard 2010, Chaudemanche and Navard 2011). Figure 
3.6 summarizes these different swelling and dissolution mechanisms of wood 
and cotton fibers as a function of the solvent quality, which have been also ob-
served for ILs and its mixtures with water. Specifically, the five modes were 
identified according to the dissolution power of the solvents: Mode 1, rapid dis-
solution by disintegration into fragments in a good solvent; Mode 2, swelling by 
ballooning followed by complete dissolution in a moderate solvent; Mode 3, 
swelling by ballooning without dissolution in a bad solvent; Mode 4, homoge-
neous swelling with no dissolution in a bad solvent; Mode 5, no swelling or dis-
solution in a non-solvent. It is worth noting that the above case of ballooning 
exclusively belongs to the outer cell wall layers reserved for natural fibers such 
as wood or cotton, and it was further revealed that the presence of wax and pec-
tin in the natural fibers may prevent the ballooning behavior regardless of the 
outer cell wall layers (Cuissinat and Navard 2008).   

 

 

Figure 3.6. Swelling and dissolution mechanisms of wood and cotton fibres as a function of the 
solvent quality (adapted with permissions from Le Moigne and Navard 2010). 

3.5 All-cellulose composites (ACCs) 

As introduced in Chapter 1, the ingenious combination of the current trends 
towards cellulose fibers reinforced biocomposites and self-reinforced polymer 
composites has led to the development of ACCs. Being the new generation of 
biocomposites, ACCs have the advantages of 100% natural resources combining 
biocompatibility, biodegradability, nontoxicity, renewability and eased recycla-
bility (Spörl et al. 2017). Figure 3.7 shows the life cycle of ACCs, which originates 
from nature and return to nature. In general, most of the lignocellulosic biomass 
resources can be used as the starting materials of ACCs. Using different 
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fabrication approaches, high-strength ACCs with tuneable properties have been 
designed, exhibiting their potential application in diverse fields, such as pack-
aging, structural materials, filtration materials, photoelectric devise and bio-
medical engineering (Arévalo and Peijs 2016, Yousefi et al. 2011, Fang et al. 
2013, He et al. 2014, Wang and Chen et al. 2011).  
 

 

Figure 3.7. Schematic presentation of ACCs preparation via selective dissolution strategies, ap-
plication and the whole life cycle (adapted with permissions from Li et al. 2018b). 

It is challenging to provide a general assessment and review of the mechanical 
properties of ACCs. One of the main reasons is that they are influenced by nu-
merous factors such as cellulose resource, type of reinforcement, manufacturing 
process conditions, etc. (Singh et al. 2015, Baghaei and Skrifvars 2020). So far, 
the ACCs with tensile strength ranging from several tens to more than 900 MPa 
and Young’s modulus ranging from few GPa to more than 40 GPa were pro-
duced, as summarized in Figure 3.8. It shows that the tensile strength and 
Young’s modulus of most of ACCs are located below 200 MPa and 20 GPa, re-
spectively. In the following section, the main manufacturing methods used for 
ACCs preparation in relation to the work performed in this thesis are presented. 
They are: i) manufacturing ACCs via selective dissolution strategy, or more pre-
cisely, when the cellulose fibers are “glued” by dissolved cellulose or added cel-
lulose solution and, ii) manufacturing ACCs via self-binding by hydrogen bond-
ings, that is to say, CNF based nanopaper. 



Background 
 

16 

 

Figure 3.8. Mechanical properties of most of the ACCs reported so far (adapted from Baghaei 
and Skrifvars 2020). 

3.5.1 Manufacturing ACCs via selective dissolution strategy 

Selective or partial dissolution is the most conventional strategy for ACCs fabri-
cation. As illustrated in Figure 3.7, mainly two distinct routes for the fabrication 
of ACCs via selective dissolution strategy have been demonstrated in the litera-
ture: i) One-step method and ii) Two-step method.  

So far, most efforts concerning the production of ACCs have followed the One-
step method by using direct cellulose solvents to partially dissolve either aligned 
cellulose fibers (both natural cellulose and various MMCFs) or structured cellu-
losic materials such as pulp sheet, filter paper, wood ply and fabric (Soyke-
abkaew et al. 2008, Huber et al. 2012b, Piltonen et al. 2016, Kröling et al. 2018, 
Khakalo et al. 2019). In this method the cellulose fibers are “glued” together by 
the partially dissolved cellulose matrix phase and the non-dissolved cellulose 
reinforcing phase is retained, thus allowing to achieve a high-volume fraction of 
the reinforcing phase in the final ACCs. It is challenging to precisely control the 
dimension and content of the reinforcing phase, especially when lacking a deep 
understanding of the kinetics of the fibers dissolution under the processing con-
ditions. Moreover, the influence of the dissolution time on the structure and 
properties of the produced ACCs via One-step method is not well established 
yet, which is especially important when the fabrication process of the targeting 
product (ACCs) does not need complete dissolution of cellulose. For example, 
the aligned ramie fibers were immersed in lithium chloride/N, N-dimethyla-
cetamide (LiCl/DMAc) for 1 to 12 h; exceptional longitudinal tensile properties 
(460 MPa tensile strength and 28 GPa Young’s modulus) were obtained after 2 
h immersion (Soykeabkaew et al. 2008). When a conventional filter paper was 
impregnated with the same solvent, much more time, 12 h, was needed to get 
the strongest (within that study) ACCs with a tensile strength of 211 MPa and 
Young’s modulus of 9 GPa (Nishino and Arimoto 2007). Nevertheness, when a 
filter paper was impregnated with 1-butyl-3-methylimidazolium chloride, 2.5 h 
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were needed to reach the maximum values of around 90 MPa and 5 GPa for the 
tensile strength and Young’s modulus, respectively (Duchemin et al. 2009).  

In the two-step method of the preparation of ACCs, different cellulose raw ma-
terials can be used as the matrix and reinforcing phase. The matrix of ACCs is 
usually the regenerated cellulose from the pre-prepared cellulose solutions, of-
ten microcrystalline cellulose (MCC) solution, and the reinforcing phase in-
cludes natural cellulose fibers or regenerated fibers or cellulose nanofibers or 
nanocrystals, which are added into the cellulose solution (Nishino et al. 2004, 
Ma et al. 2011, Nadhan et al. 2012, Yang et al. 2015, Korhonen et al. 2019). ACCs 
produced via direct impregnation the fabrics/textiles with pre-prepared cellu-
lose solution is also the case of using this Two-step method (Adak and Mukho-
padhyay 2017, Spörl et al. 2017). Different from the One-step method, the Two-
step method of preparing ACCs involves the dissolution of cellulose (that will 
become the matrix) and the following ”mixing” with the reinforcing phase, thus 
allowing a good control of the concentration of the reinforcing phase and an 
easily adjustable ratio of the reinforcing phase and matrix. However, despite a 
good interfacial strength between the matrix and reinforcing phase, voids are 
often formed decreasing the mechanical properties of ACCs (Korhonen et al. 
2019, Baghaei and Skrifvars 2020). 

In terms of cellulose solvent options for the production of ACCs via selective 
dissolution strategy with One- or Two-step methods, lithium chloride/dime-
thylacetamide (LiCl/DMAc), aqueous NaOH and imidazolium-based ILs are the 
most commonly used solvents (see, for example, Soykeabkaew et al. 2008, Spörl 
et al. 2017, Korhonen et al. 2019). In particular, ILs attracted attention as cellu-
lose solvents due to their high dissolution power, low vapor pressure and high 
thermal stability (Hauru et al. 2012). One of the advantages of ILs is that some 
are capable of dissolving cellulose even at room temperature, which is the case 
for 1-ethyl-3-methylimidazolium acetate ([EMIM][OAc]). However, some 
drawbacks of imidazolium-based ionic liquids should be taken into account if 
they are to be used for cellulose processing: for example, in the presence of im-
purities in the solvent, side reactions occur at temperatures around 100 °C 
(Zweckmair et al. 2015, Abushammala and Mao 2o2o). Table 3.2 lists ACCs 
made from different sources of cellulose and ILs using both One-step and Two-
step methods. Most of the studies involve heating the IL, even [EMIM][OAc], 
despite that it is room-temperature IL, most probably supposing that the de-
crease in viscosity should reduce the dissolution time. 
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Table 3.2. Examples of ACCs manufactured using ILs as solvents. (The abbreviation of imidazo-

lium-based ionic liquids: 1-ethyl-3-methylimidazolium acetate [EMIM][OAc], 1-butyl-3-methylimid-

azolium chloride [BMIM]Cl, 1-butyl-3-methylimidazolium acetate [BMIM][OAc] and 1-(2-hy-

droxylethyl)-3-methyl imidazolium chloride [HeMIM]Cl). 

IL Raw Materials Impregnation Condition Method Ref. 

[BMIM]Cl 
Cotton fabric 100 °C (30 min) and 150 °C 

(hot press, 30 min) 

One-step 

Shibata et al. 2013 
Hinoki lumber 100 °C (30 min) and 210 °C 

(hot press, 30 min) 

[BMIM]Cl 
Jute fabric 

110 °C (2–8 h) Bapan and Samrat 
2016 Filter paper 

[BMIM]Cl Filter paper 80 °C (20-160 min) Duchemin et al. 
2009 

[BMIM]Cl MCC 80 °C (20, 40, 80 and 160 
min) Gindl et al. 2012 

[BMIM]Cl Lyocell fabric 110 °C (3 h) Adak and Mukho-
padhyay 2016 

[BMIM]Cl Lyocell fabric 110 °C (hot press, 0.5–4 h) Adak and Mukho-
padhyay 2018 

[BMIM]Cl Hemp fabric 100-130 °C (hot press, 10 
min) Chen et al. 2020 

[BMIM][OAc] Cordenka textile 95 °C (hot press, 60 min) Huber et al. 2012b 

[BMIM][OAc] 
Linen textile 

110 °C (hot press, 80 min) Huber et al. 2012c 
Rayon textile 

[EMIM][OAc] Paper 95 °C (10 s) and 95 °C (hot 
press, 0.5–6.5 h) Kröling et al. 2018 

[EMIM][OAc] Birch wood plies 95 °C (30 min) Khakalo et al. 2019 

[EMIM][OAc] Silk/hemp/cotton 
thread 60 °C (5 min) Haverhals et al. 

2010 

[BMIM]Cl Lyocell nonwoven 
mats/MCC 103 °C (1 min) 

Two-step 

Gindl et al. 2012 

[BMIM]Cl Lyocell fabric/ cellu-
lose powder 110 °C (hot press, 1-2 h) Adak and Mukho-

padhyay 2017 
[EMIM][OAc] Cordenka fabric/MCC 80 °C (hot press, 0.5–1 h) Spörl et al. 2017 

[HeMIM]Cl Nanocrystalline cellu-
lose/MCC 85 °C (2 h), 50 °C (10 min) Ma et al. 2011 

 

3.5.2 Manufacturing ACCs via self-binding 

The ACCs described above involve the selective dissolution of cellulose fiber 
surfaces to form a matrix phase or using cellulose solution to bond the cellulose 
fibers together. A much eco-friendlier ACCs solely based on cellulose fibers 
without the use of solvents or binders has also received attention even more 
than 20 years ago. The commercial product based on self-binding microfibril-
lated cellulose aiming at the construction market is Zelfo® (Svoboda et al. 
2000). The basic strategy of the structure formation relies on cellulose fibers 
self-binding via H-bonding (Arévalo and Peijs 2016). In terms of this strategy, 
high surface area of cellulose fibers contributing to the efficient H-bonding, is 
the key to produce high-performance binder-free ACCs. This approach pro-
moted the exploration of nanosized cellulose fibers, CNFs, which are extracted 
from (ligno)cellulose biomass and are suspended in water (see more details in 
Section 3.2.2). After casting/filtering the suspension and drying (often using 
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vacuum-filtration), CNFs are converted into the so-called ‘‘cellulose nanopa-
per’’. Hydrogen bonding and nanofiber entanglements are controlling the struc-
ture formation and nanopaper properties. The scheme of cellulose nanopaper 
preparation via vacuum filtration is revealed in Figure 3.9a. Figure 3.9b pre-
sents an overview of the mechanical properties of cellulose nanopaper produced 
from different cellulosic sources. In general, for most of the reported unmodi-
fied cellulose nanopapers, the maximal mechanical strength is below 350 MPa 
while the values of strain at break are around of 4%-10% (Henriksson et al. 
2008, Fukuzumi et al. 2009, Sehaqui et al. 2010, Benítez et al. 2013, Österberg 
et al. 2013).  
 

 

Figure 3.9. (a) Schematic presentation of cellulose nanopaper preparation from TEMPO-oxidied 
CNF via vacuum filtration (redrawn from Benítez and Walther et al. 2017). (b) Elastic modulus 
versus tensile strength for cellulose nanopaper produced from different cellulosic sources (re-
drawn from Meng and Wang 2019): (1) softwood (Henriksson et al. 2008, Sehaqui et al. 2010, 
Benítez et al. 2013), (2) hardwood (Fukuzumi et al. 2009, Österberg et al. 2013, Chen et al. 2017), 
(3) bamboo (Puangsin et al. 2013, Chen et al. 2017), (4) bacteria (Yousefi et al. 2013, Wang et 
al. 2018a), (5) hemp bast (Puangsin et al. 2013), (6) oat straw (Sehaqui et al. 2014), (7) maize 
stalks (Mtibe et al. 2015), (8) kenaf (Nobuta et al. 2016), (9) corncob (Kang et al. 2017), (10) 
tobacco stalk (Wang et al. 2018b), (11) sugarcane bagasse (Santucci te al. 2016), (12) rice straw 
(Jiang et al. 2016), and (13) green macroalgae (Guo et al. 2017). 

The influence of the type of building blocks (dimensions, composition and sur-
face charge of CNF), CNF orientation and concentration, way of drying, water 
content, presence of additives and material density influence the mechanical 
properties of CNF nanopapers, as discussed by Benítez and Walther et al. 
(Benítez and Walther 2017a). In particular, the orientation of CNF is believed to 
be one of the most important parameters which determines the mechanical per-
formance of cellulose nanopaper (Tang et al. 2015, Zhu et al. 2016). By tuning 
the orientation of CNFs, both anisotropic and isotropic cellulose films and na-
nopapers featuring high strength and optical transparency have been designed 
and tailored through nanostructure engineered strategies, targeting, for exam-
ple, the substrates for the next generation of “green” flexible devices (Toivonen 
et al. 2015) and solar cells (Zhu et al. 2014, Fang et al. 2014). Anisotropic nano-
paper based on oriented CNF exhibits exceptional strength (>350 MPa), how-
ever, the strain at break is only 4%, and, thus these nanopapers do not offer 
high mechanical toughness (Zhu et al. 2017, Wang et al. 2018a). In contrast, 
isotropic cellulose nanopaper based on randomly oriented CNFs and its bun-
dles, which are usually obtained by mechanical and/or biochemical fibrillation 
of wood fibers (Klemm et al. 2005, Pääkkö et al. 2007) possess typically a lower 
strength (<300 MPa) but a higher fracture strain up to 10% (Nogi et al. 2009, 
Fukuzumi, et al. 2009, Sehaqui et al. 2010, Österberg et al. 2013). Like many 
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man-made materials, nanopaper bears a “conflict” between strength and tough-
ness: strong materials are often fragile, whereas ductile materials tend to be 
weak (Ritchie 2011, Giesa and Buehler 2013). The low ductility of cellulose na-
nopaper can be a limiting factor for certain applications. For example, petrol-
based polyimide films, which have been suggested as a promising substrate in 
the field of electronics, have a typical elongation at break of >50% and a Young’s 
modulus of 3 GPa (Chang et al. 2008). As a matter of fact, it is still challenging 
to make cellulose nanopaper which maintains a combination of high strength, 
ductility, toughness, and optical transparency. 

In addition to nanosized cellulose fibers, microscale cellulose fibers were also 
successfully converted to ACCs via self-binding method generally aided by hot-
pressing (Nilsson et al. 2010, Arévalo and Peijs 2016). However, the mechanical 
properties of those composites were rather limited. Yang et al. performed a se-
ries of modifications (including degumming and alkali treatment) of ramie fi-
bers to produce fibers with high cellulose purity and further improve interfaces 
and strength by increasing the mobility of cellulose surface chains of each fiber 
during consolidation. This strategy resulted in a film with high fiber orientation, 
high longitudinal mechanical properties (620 MPa), reduced moisture sorption, 
and high optical transparency (Yang and Berglund 2018). The mechanical per-
formance in transverse direction were quite weak. 

3.6 Comments on the tensile testing of ACCs  

As already mentioned in Section 3.5, it is challenging to provide a general as-
sessment or comparison of the mechanical properties of ACCs. The lack of con-
sistency in tensile testing, an often-ignored fact that inevitably leads to errone-
ous evaluation of mechanical performance of ACCs, is another reason. Besides 
the fact that the mechanical values obtained from tensile testing depend on sam-
ple geometry (Hervy et al.2017), there are various methods available so far to 
obtain the specimen elongation (directly from the tensile machine, from exten-
someter in which gauges are “clipped” on the material, using video extensome-
ters or digital image correlation (DIC)) (G'Sell et al. 1992, Xiao 2008, Faridmehr 
et al. 2014, Felling and Doman 2018). DIC technique is the most precise method 
and is well known in polymer science, but rarely used for natural fiber reinforce 
polymer composites (Xu et al. 2019, Ramakrishnan et al. 2020) and, to the best 
of our knowledge, was never considered for the evaluation of the tensile prop-
erties of ACCs.  

Whatever the approach used, stress-strain dependences are built to character-
ize the material with Young’s modulus, tensile strength and tensile strain. The 
obtained results will include different levels of errors depending on the ap-
proach used. For example, the displacement directly given by the machine in-
cludes not only the elongation of the sample in the gauge length region, but also 
the displacement induced by the stiffness of the tensile machine, the latter in-
ducing erroneous mechanical properties. Video extensometer using a non-con-
tact measurement will exclude the above-mentioned problem (G'Sell et al. 
1992). However, the displacement of the specimen may not be homogeneous 
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along the specimen length. The displacement measured using video extensom-
eter may depend on the location of the marks on the sample and also on the 
length L which can be either sample length or the distance between selected two 
points. Finally, the most precise (but the most time-consuming) way of having 
a complete information on the deforming material is DIC that allows obtaining 
a map of local strains on the specimen surface due to video cameras in stereovi-
sion which monitor the displacements of the markers (or speckles) placed ran-
domly on the sample surface (Sutton et al. 2009, Candau et al. 2016). 

As far as ACCs are concerned in this thesis, the majority of the reported tensile 
properties were obtained directly from machine (Piltonen et al. 2016, Sirviö et 
al. 2017, Soykeabkaew et al. 2008, Soykeabkaew et al. 2009, Korhonen et al. 
2019, Wei et al. 2020). Few works report the results obtained with video exten-
someter (Duchemin et al. 2009, Kröling et al. 2018, Mat Salleh et al. 2017). In 
all examples mentioned above nominal stress-strain curves were used to calcu-
late Young’s modulus, tensile strength and elongation at break. The influence of 
the method used to obtain stress-strain curves of ACCs and further values of 
Young’s modulus, tensile strength and elongation at break of ACCs is an open 
question.  

3.7 Concluding remarks 

The above presented information shows that in order to design ACC with pre-
dictable properties, a good understanding of cellulose fibers swelling/dissolu-
tion kinetics and mechanism governing these processes is very important. This 
helps to comprehend the structure (cellulose fibers)-processing (cellulose dis-
solution/swelling)-property (ACCs) correlations, and in turn guides us to use 
multiway dissolution/swelling strategies for designing high performance ACCs. 
Therefore, this thesis will start with the fundamental studies of the effect of fiber 
structure and solvent power on the swelling and dissolution kinetics of different 
cellulose fibers. Then the strategies involving controlled dissolution and swell-
ing of cellulose fibers were adopted to design various ACCs based on unidirec-
tional fibers and on isotropic filter paper. The effect of the dissolution time on 
the morphology, composite density and crystallinity was studied and correlated 
with ACC mechanical properties. Digital image correlation was explored for the 
analysis of the tensile properties of filter paper-based ACC as well. Finally, the 
ACCs from CNF via self-binding method involving swelling of nanoscale cellu-
lose fibers were produced with the purpose of making ductile cellulose nanopa-
per while keeping high strength and toughness 
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4. Experimental 

This chapter describes the main materials and experimental methods used in 
this thesis. Each methodology is briefly presented, and the corresponding arti-
cles are referenced accordingly. More detailed information on all the materials 
and applied methods can be found in Papers I-IV. 

4.1 Materials 

4.1.1 Cellulose macroscale fibers 

Four different macroscale cellulose fibers: one natural fiber and three MMCFs, 
were used in this thesis. Flax fibers (Papers I-II) were from the outer bast layer 
of the plant stem in the shape of roving yarns with low twist degree. A commer-
cially available high-strength rayon filament yarn Cordenka 700 (Paper I) was 
kindly donated by Cordenka GmbH & Co. KG., and two other MMCFs were pro-
duced by spinning of an unbleached birch kraft pulp-IL solutions resulting in 
Ioncell-FL fibers (Paper I), and of a prehydrolysed kraft birch pulp-IL solution, 
resulting in Ioncell-F fibers (Paper I). Their characteristics (molecular weight, 
composition and crystallinity) are shown in Section 5.1. 

4.1.2 Cellulose nanofibrils (CNF) 

The suspension of CNF in water (Paper IV) at a concentration of 1.82 wt. % 
was prepared by passing never-dried, bleached birch pulp (kindly provided by 
UPM from a Finnish pulp mill) six times through a chamber pair (200 μm and 
100 μm) arranged in series in a high-pressure microfluidization (Microfluidics 
Crop., USA), under a pressure of 2000 bar. CNF characteristics (composition, 
crystallinity and topological structure) are provided in Section 5.6.1. 
The 0.4 wt. % CNF suspension was used as the starting batch for making nano-
paper. It was obtained by diluting the 1.82 wt. % CNF suspension with water 
and magnetically stirring for 12 h. Then the 0.4 wt% CNF suspension was di-
luted to different concentrations of CNF (Table 4.1) using either 50 wt.% IL-50 
wt.% water or 80 wt.% IL-20 wt.% water or with water (reference samples) un-
der magnetic stirring at around 700 rpm for 5 min. The IL, [EMIM][OAc], used 
to dilute the CNF suspensions, is detailed in Section 4.1.4. Reference suspen-
sions of CNF-water (without ionic liquid) with the same corresponding CNF 
concentrations were prepared by diluting the starting 0.4 wt.% suspension with 
water. Freshly prepared suspensions were always used. The nomenclature and 
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concentrations of all components in CNF suspensions and corresponding nano-
paper (the details on nanopaper preparation is given in Section 4.2.4) are 
listed in Table 4.1. 

Table 4.1. Nomenclature and concentrations of all components in CNF suspensions and corre-

sponding nanopaper. 

Suspension 

code 

Dispersant IL concentration 

(wt. %) 

CNF concentration 

(wt. %) 

Nanopaper 

code 

Starting CNF batch water 0 0.4 CNF 

0.34%CNF-5%IL-W IL-water 5 0.34 CNF5 

0.28%CNF-15%IL-W IL-water 15 0.28 CNF15 

0.16%CNF-30%IL-W IL-water 30 0.16 CNF30 

0.15%CNF-50%IL-W IL-water 50 0.15 CNF50 

0.34%CNF-5%water water 0 0.34 - 

0.28%CNF-15%water water 0 0.28 - 

0.16%CNF-30%water water 0 0.16 - 

4.1.3 Cellulosic filter paper 

Qualitative VWR® Grade 415 filter paper (Paper III) made of pure cellulose 
was purchased from VWR International, France. 

4.1.4 Ionic liquids (ILs) 

1-Ethyl-3-methylimidazolium acetate ([EMIM][OAc], purity >95%) in Papers 
I-IV was purchased from IoLiTec, Germany, and novel IL N-methyl-1,5-di-
azabicy-clo[4.3.0]non-5-enium dimethyl phosphate ([mDBN][DMP]) was 
kindly provided by Alistair King, the University of Helsinki, Finland. The mois-
ture content of [EMIM][OAc] and [mDBN][DMP] was 0.27% and 0.08%, re-
spectively, as determined by Karl-Fischer titration. Both room temperature ILs 
were used as received. Figure 4.1 presents the chemical structures of the two 
ILs. 
 

 
Figure 4.1. Chemical structures of IL (a) [EMIM][OAc] and (b) [mDBN][DMP] (adapted from Par-

viainen et al. 2014). 
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4.1.5 Other materials 

The milli-Q® water or double distilled water was used to dilute the ILs and CNF 
suspensions (Papers I and IV). In other conditions, the water used was gen-
eral deionized water. 

4.2 Preparation of all-cellulose composites   

This part describes the preparation of four different types of ACCs adopting dif-
ferent fabrication strategies: 1) Unidirectional flax-based ACCs via selective dis-
solution (Paper II); 2) Unidirectional flax-based ACCs via selective swelling 
(unpublished results); 3) Isotropic macroscale paper-based ACCs (Paper 
III) and 4) Isotropic cellulose nanopaper (Paper IV). More detailed infor-
mation is given in the corresponding papers. 

4.2.1 Fabricating unidirectional flax-based ACCs via selective dissolution 

Flax yarns were unidirectionally aligned in two layers (around 145 yarns, 3 g in 
total) on a Teflon mold and fixed at both ends to prevent shrinkage and distor-
tion. The ACC manufacturing method is illustrated in Figure 4.2. Fibers were 
impregnated with 20 mL of [EMIM][OAc], kept under ambient conditions for 
desired times (10, 25, 40 and 55 min) and then pressed for 5 min (80 bar, room 
temperature) to complete the impregnation. The total duration of fiber treat-
ment with ionic liquid was thus 15, 30, 45 and 60 min. Then, the sample was 
washed in a large amount of deionized water for 72 h to remove the IL from the 
system. Subsequently, the specimen was dried by hot pressing (50 bar, at 80 °C 
for 2.5 h and then at 60 °C for 0.5 h). A temperature gradient during drying was 
used to prevent the warping and/or heterogeneous contraction of the sample. 
The obtained flax-based ACCs were coded SD (selective dissolution) 15, SD30, 
SD45 and SD60, respectively. 
 

 
Figure 4.2. Fabricating scheme for ACCs produced in Paper II. 
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4.2.2 Fabricating unidirectional flax-based ACCs via selective swelling 

The as-received flax yarns (around 145 bundles, 3 g) were hand aligned unidi-
rectionally in two layers and fixed at both ends in a Teflon mould to prevent 
shrinkage and distortion. The manufacturing method is depicted in Figure 4.3. 
Flax fibers were impregnated with 20 mL of mixed solvent ([mDBN][DMP]+5% 
water), kept at ambient conditions for 1 h to guarantee sufficient adsorption of 
solvent. After that, hot pressing (at 50°C and 80 bar for 30 min) was applied to 
the sample. Then the sample was washed in a large amount of deionized water 
for 72 h to remove IL [mDBN][DMP] from the system. Subsequently, the spec-
imen was dried by hot pressing (around 50 bar, keep at 80°C for 2.5 h and then 
at 60°C for 0.5 h). The obtained paper-based ACC was coded SW30 (SW means 
selective swelling). 
 

 
Figure 4.3. Fabricating scheme for ACCs produced via selective swelling. 

 

 

4.2.3 Fabricating isotropic macroscale paper-based ACCs 

The macroscale paper-based ACCs manufacturing method is illustrated in Fig-
ure 4.4. Two pieces of filter papers were soaked in [EMIM][OAc] for 1 min and 
then the stack was subsequently hot pressed at 60 °C. The pressing times were 
5 min, 10 min, 30 min and 60 min with the pressure kept constant (around 100 
bar). Then the sample was immersed in a large amount of deionized water for 
72 h to remove the ionic liquid from the system. Finally, the specimen was dried 
by hot pressing (around 50 bar, 80 °C for 2.5 h and then at 60 °C for 0.5 h). The 
obtained paper-based ACCs were coded P5, P10, P30 and P60, respectively. 
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Figure 4.4. Fabricating scheme for paper-based ACCs produced in Paper III. 

4.2.4 Fabricating cellulose nanopaper 

Figure 4.5 briefly presents the scheme for making nanopapers (Paper IV). The 
detailed information (nomenclature and concentration) of CNF-water suspen-
sion and CNF-IL-water suspensions for the production of nanopapers and the 
corresponding nanopapers is presented in Table 4.1. 

1) Nanopaper from CNF-water suspension as the reference. CNF-water sus-
pension (0.4 wt.%) was low vacuum filtered on a hydrophilic polyvinylidene flu-
oride filter membrane (0.22 μm, GVWP, Millipore) until a wet gel cake was 
formed and no vibration of a water layer was observed when the filtering appa-
ratus was sharply tapped. The filtration step was completed typically in 10 min. 
Then a second filter membrane was placed on top of the gel cake, and the whole 
assembly was dried for 3 days at 25 °C and 50% RH under a 100 g weight. Sam-
ples were stored at 25 °C and 50% RH.  

2) Nanopapers from CNF-IL-water suspensions were produced as described 
for nanopaper from CNF-water suspension but the gel cake was washed with 
water under vacuum filtration for 30 min to remove IL, then filtered to remove 
water and dried as above. The IL-water mixture may be then collected and re-
used, after adjusting the IL concentration, for the subsequent preparations of 
nanopaper.  
 

 

Figure 4.5. Fabricating scheme for nanopapers produced in Paper IV. 
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4.3 Characterization methods  

4.3.1 Optical microscopy observations of fiber swelling and dissolution 

The swelling and dissolution of different cellulose macroscale fibers in ILs and 
ILs-water mixtures were observed by optical microscope (Papers I-II). One 
elementary fiber was placed between two glass plates with the in-between dis-
tance around 140 μm controlled by spacers. The distance between two glass 
slides is much larger than the fiber’s thickness. The ends of the fiber were fixed 
by tape and solvent added. Fiber diameter was recorded by a DM4500P (Leica) 
optical microscope in transmission mode equipped with a CCD camera (Met-
allux 3, Leitz) and Linkam TMS 91 hot stage to control temperature. The evolu-
tion of the fiber diameter in time t was calculated as Dt/D0, where D0 and Dt are 
initial diameter of the fiber at t = 0 and diameter of fiber at time t, respectively. 

4.3.2 Methods for matter characterisation in the solid state 

This part describes the main physicochemical characterizations of the matter in 
the solid state including raw materials (macroscale cellulose fibers and filter pa-
per) and the ACCs (unidirectional flax-based ACCs, macroscale paper-based 
ACCs and cellulose nanopapers) 

Chemical composition: The composition (carbohydrates, total lignin) of all 
macroscale cellulose fibers, starting CNFs and nanopapers was determined ac-
cording to NREL/TP-510-42618 norm (Papers I-II and IV). The amount of 
carbohydrates was detected by high performance anion exchange chromatog-
raphy with pulse amperometric detection (HPAEC-PAD) using a Dionex ICS-
300 system. Cellulose and hemicellulose contents were calculated according to 
the amount of monosaccharides following the Janson formula (Janson 1970). 
The acid-soluble lignin was determined by using a Shimadzu UV 2550 spectro-
photometer at a wavelength of 205 nm using absorption coefficient of 110 Lg−1 
cm−1.  

Molecular weight distribution: The molecular weight distribution of cellulose 
in all macroscale cellulose fibers was characterized by gel permeation chroma-
tography (GPC) according to the procedure described elsewhere (Ma et al. 
2018), and number-average and weight-average molecular weights, Mn and Mw, 
were calculated (Papers I-II). Prior to the analysis, fibers were cut into small 
pieces. The GPC system consisted of a pre-column (PLgel Mixed-A, 7.5 × 50 
mm), four analytical columns (4 × PLgel Mixed-A, 7.5 × 300 mm) and a RI-de-
tector (Shodex RI-101). The fibers were pre-activated by water/acetone/DMAc 
solvent exchange sequence. The samples were then dissolved in a 90 g/L 
LiCl/DMAc mixture at room temperature. The solution was diluted to 9 g/L 
LiCl/DMAc, filtered through a 0.2 mm syringe filter and analyzed by using a 
Dionex Ultimate 3000 system with refractive index (RI) detection (Shodex RI-
101). 

Crystalline phase and crystallinity: XRD patterns of all macroscale cellulose 
fibers (Papers I-II) and unidirectional flax-based ACCs (Paper II) were 
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collected on an X-ray diffractometer (a X’Pert Pro MRD, PAN’alytical, Lelyweg, 
The Netherlands) with Cu-Kα radiation (λ  =  1.5418 Å) in reflection mode. All 
samples were ground to powders and mounted on a multi-position sample 
holder. Data were collected in a 2θ range between 5° and 50°.  

The XRD patterns of filter paper and filter paper-based ACCs in Paper III, 
and all produced cellulose nanopapers in Paper IV, were collected from an X-
ray instrument, SmartLab (RIGAKU). The scans were performed in the 2θ range 
from 5° to 60° by θ/2θ mode. Background intensity profile without sample was 
collected in the same conditions, and it was subtracted from the obtained data.  

More details about the setting of X-ray instrument, calculations of crystallini-
ties (Papers I-IV) and volume fractions of Cell-I and Cell-II (Papers II and 
III), can be found in the corresponding papers. 

Dynamic vapor sorption: A DVS apparatus with a measuring accuracy of 0.1 
mg was used to record the kinetics of water vapor sorption by the macroscale 
cellulose fibers in Paper I. Around 15 mg of grinded fibers were placed in the 
sample pan and their weight evolution was recorded upon decrease of the rela-
tive humidity (RH) to 0% at 25 °C under nitrogen (flow rate 100 cm3/s). Equi-
librium was considered to be reached when sample mass change was below 
0.001% per minute over 10 min. Then RH was increased to 60% and sample 
weight evolution and time to reach equilibrium (ts) were recorded. Moisture de-
sorption Mdes (from Mamb at ambient conditions to M0 at 0% RH) and sorption 
Ms (from M0 to M60 at 60% RH) were calculated as follows: 

                                                                                                 (1) 

                                                                                                         (2) 

Morphology: The morphology of the flax fibers and the flax-based ACCs in 
Paper II, of the initial filter paper and paper-based ACCs in Paper III and of 
cellulose nanopapers in Paper IV, were observed using a scanning electron mi-
croscope (Zeiss Sigma VP FE-SEM, Jena, Germany) at an accelerating voltage 
of 4 kV. Prior to examination, the surface and cross section of the ACCs were 
coated with a thin layer of gold. The cross sections for cellulose nanopapers were 
observed after cryo-fracture and tensile-fracture. In addition, in Paper IV, 
Atomic Force Microscopy (AFM, MultiMode 8 Scanning Probe Microscope, 
Bruker AXS Inc.) was used to analyze the the surface morphology and roughness 
of the obtained nanopapers. The AFM scans (15 μm × 15 μm) were collected 
under tapping mode in air with silicon cantilevers (NSC15/AIBS, MicroMasch). 
Ten different areas were scanned to obtain mean value of roughness Rq (the root 
mean square average of height deviation taken from the mean image data plane) 
and Ra (the arithmetic average of the absolute values of the surface height devi-
ations measured from the mean plane). 

Density and porosity: The bulk density of the ACCs (Papers II-III) ((“den-
sity” in the following) and of cellulose nanopapers (Paper IV) was determined 
by measuring its weight and dividing it by its volume. The volume was calculated 
from the thickness of the nanopaper and its area, the dimensions were meas-
ured by using L&W Micrometer (Lorentzen & Wettre Products, ABB, 
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Switzerland) with an error of ±1 μm or 0.1% of the reading, whichever is greater. 
Porosity was estimated from the bulk density of the ACCs and nanopaper by 
using a value of 1.46 g cm–3 as the skeletal density of cellulose (Sun 2007) using 
the following equation: 

                                                             (3)                           

Ultraviolet–Visible Light (UV–vis) Spectroscopy: The optical properties of 
transmittance and haze of the filter paper-based ACCs in Paper III and cellu-
lose nanopapers in Paper IV were obtained using a Shimadzu UV-2600 with 
an ISR-2600 Plus Integrating Sphere Attachment (Shimadzu, Japan), in the in-
terval between 1200 nm and 200 nm. Optical haze was used to quantify the per-
centage of the forward light scattering as follows (Zhu et al. 2013): 

                                                                                                   (4)                           

where T1, T2, T3 and T4 are defined as background checking, total transmitted 
illumination, beam checking and pure diffusive transmittance, respectively. 

Tensile testing: The mechanical properties of unidirectional flax-based ACCs 
(Paper II) and cellulose nanopapers (Paper IV) were studied using an Instron 
4204 Universal Tensile Tester (INSTRON, Buckinghamshire, UK). All the sam-
ples were conditioned for 24 h in a controlled environment of 50% RH and 23 
°C. For flax-based ACC (Paper II), at least five specimens (50 × 5 mm, length 
and width, respectively) with known thickness of each formulation were ana-
lyzed at a gauge length of 20 mm and an extension rate of 10 mm/min with a 
load of 1 kN. For nanopaper (Paper IV), more than ten specimens with known 
thicknesses (20 mm × 4 mm, length and width, respectively) of each formula-
tion were measured; specimen edges were glued onto a paper frame (leaving a 
gauge length of 10 mm) to avoid slippage and deformed at a rate of 0.5 mm/min 
using a 100 N load cell.  

Tensile testing applying DIC analysis: The mechanical properties of filter pa-

per and of all prepared macropaper-based ACCs made from filter paper (Paper 

III) were studied using an electro-mechanical tensile test machine Zwick-2.5 

kN at 23 °C and 50% RH. Figure 4.6a presents the geometry of the tensile sam-

ple with a gauge length (L0) and a width (W) of 15 mm and 10 mm, respectively. 

The measurement was carried out at a strain rate of 1*10-3 s-1. The displacement 

fields on face of the sample were recorded using a two-cameras system (Figure 

4.6b). Front surface of the samples was coated with a white spray on which a 

random speckle pattern was then generated (Figure 4.6c), thus allowing the 

Digital Image Correlation of the series of images post-processed using VIC-3D 

software package (Figure 4.6d). More details concering the engineering (or 

nominal) and true stress-strain curves from machine and from DIC analysis can 

be found in Paper III. 
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Figure 4.6. The tensile testing setup in this study: (a) Geometry of the tensile sample, units are 
in mm. (b) Experimental setup based on two independent stereovision systems to measure sim-
ultaneously strain fields on sample surface. (c) Speckle sample for the Digital Image Correlation. 
(d) True (local) strain field obtained by DIC analysis using VIC-3D software, S is the surface over 
which the true strain in the longitudinal direction is averaged (adapted from Paper III). 

4.3.3 Methods for matter characterisation in liquid state 

This part describes the main physicochemical characterization methods of a 
matter in liquid state, the latter being ILs, ILs-water mixture, CNF-water sus-
pensions and CNF-IL-water suspensions. 

Thermal properties: The phase transitions of both ILs ([EMIM][OAc] and 
[mDBN][DMP]) were measured using a Differential Scanning Calorimetry 
(PerkinElmer, DSC 8000) with a liquid nitrogen cooling system for temperature 
control. Samples were placed in aluminium hermetically sealed pans and meas-
ured at a rate of 10 °C / min from −130 °C to 60 °C. The thermal stabilities of 
both ILs were measured using Thermogravimetric Analysis (TGA, TA Instru-
ments Q500). Samples were placed in a platinum alloy pan and measured at a 
rate of 5 °C / min from 20 °C to 600 °C. 

Kamlet−Taft parameters: The K-T parameters of the neat [EMIM][OAc] and 
[EMIM][OAc]-water mixtures (Paper I) were determined from the absorption 
peaks of three different dyes: Reichardt’s dye (RD, range 518−585 nm), N,N-
diethyl-4-nitroaniline (DENA, 402−414 nm) and 4-nitroaniline (NA, 406−398 
nm). The dyes were weighed and mixed with the IL or IL-water mixture. A Var-
ian UV−Vis spectrometer equipped with a thermostat (precision ± 0.1 °C) was 
used. The milli-Q® water was measured for background subtraction. Spectra 
were collected at a resolution of 1 nm and 10−30 nm of absorbance and data 
around the peak were fitted with a Gaussian function in order to precisely locate 
the maximum. More details on the measurement of Kamlet−Taft parameters 
can be found in ref. (Hauru et al. 2012). 

Rheology: The rheological properties of ILs, IL-water and CNF suspensions 
were characterized using an Anton Paar MCR 302 rheometer equipped with a 
Peltier temperature control system. Viscosity-shear rate dependences were rec-
orded with a plate-plate geometry (25 mm plate diameter, 1 mm gap) from 1 to 
100 s−1 at fixed temperature which was varied from 20 to 60 °C. Viscoelastic 
properties of CNF suspensions were studied using cone-plate geometry (cone 
angle 1°; 50 mm plate diameter) at 25 °C. Strain sweep experiments were con-
ducted within a strain range from 0.01% to 100% at a fixed frequency of 1 Hz in 
order to determine the linear viscoelastic region which was up to 10% strain. 
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Frequency sweep measurements were carried out at angular frequency range 
from 0.1 to 1000 rad/s at a strain of 1%. 

Topological structure of CNF: Atomic Force Microscopy (AFM, MultiMode 8 
Scanning Probe Microscope, Bruker AXS Inc.) was used to analyze the initial 
CNF dispersed in water (Paper IV). The initial CNF suspension was diluted to 
0.01 wt.% and spin-coated onto polyethyleneimine-coated mica. The nanofibril-
coated substrate was dried overnight at room temperature before imaging. The 
AFM scans (3 μm × 3 μm) were collected under tapping mode in air with silicon 
cantilevers (NSC15/AIBS, MicroMasch). 

Cryogenic Transmission Electron Microscopy: The morphology of CNF bun-
dles before and after the treatment with IL was monitored by Cryo-TEM (JEOL 
3200FSC Cryo-TEM). The detailed samples preparation can be found in Paper 
IV. 3 μL of CNF-15%-IL-water or CNF-15%-water was placed onto a carbon cop-
per grids (200 mesh, Science Services), from where most of the samples were 
blotted with a filter paper under 100% humidity, leaving a thin layer of sample 
over the grids. The specimens were shock-vitrified by fast immersion into liquid 
ethane-propane mixture at around -180 °C inside a FEI Vitrobot (Zeiss Cryobox, 
Zeiss NTS GmbH). The vitrified samples were then cryo-transferred to the Cryo-
TEM (JEOL 3200FSC Cryo-TEM) operated at 300 kV in bright field mode. The 
specimens’ temperature was kept at - 183 °C. The imaging was carried out with 
an Omega-type Zero-loss energy filter and acquired with Gatan Ultrascan 4000 
CCD camera. 
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5. Results and Discussion 

This chapter presents the main results obtained in this thesis, in which the four 
research questions stated in Chapter 2 will be discussed. The physicochemical 
characterizations of the macroscale cellulose fibers, ILs and ILs-water mixtures 
are presented in the first two sections (Section 5.1 and 5.2, respectively) fol-
lowed by the discussion on the kinetics of various macroscale cellulose fibers 
dissolution and swelling in solvent power tuned ILs (Section 5.3). Next, the 
performance of unidirectional flax-based ACCs produced via selective dissolu-
tion and via selective swelling methods are compared (Section 5.4). Then, the 
analysis of the mechanical properties of the isotropic macroscale paper-based 
ACCs applying Digital Image Correlation is explored (Section 5.5). Finally, the 
properties of isotropic cellulose nanopaper which combines high ductility with 
high mechanical strength and toughness are presented (Section 5.6). More de-
tailed results and discussion can be found in the attached Papers I-IV. 

5.1 Characterization of macroscale cellulose fibers 

Structurally different macroscale cellulose fibers, such as natural fiber flax, 
MMCFs Cordenka, Ioncell-F and Ioncell-FL (the latter containing lignin and 
hemicelluloses), were used for the study of fiber swelling and dissolution kinet-
ics in ionic liquid (Paper I), and flax was also used for ACCs fabrication (Paper 
II). In order to interpret the kinetics results, fibers’ chemical composition, cel-
lulose molecular weight, crystallinity index and accessibility were first analysed.  

The composition of the fibers is shown in Table 5.1. Flax contains 83.3% cel-
lulose, 11.3% hemicelluloses and 2.3% lignin, which is in accordance with the 
results in the literature (Yan et al. 2014; Bolton 1994). Cordenka is spun from a 
high-grade dissolving pulp, thus containing only small amounts of hemicellu-
loses. Ioncell-F produced from a standard dissolving-grade pulp has a higher 
hemicellulose content. Ioncell-FL is spun from an unbleached kraft pulp and 
thus contains notable amounts of both hemicelluloses and lignin. 

The Mn and Mw molecular weights of cellulose in each fiber are presented in 
Table 5.1, and the corresponding molecular weight distributions are shown in 
Figure 5.1a. The results are similar for all MMCFs and are much higher for flax. 
A distinct low molecular weight peak for Ioncell-FL and a subtle shoulder for 
flax and Ioncell-F correspond to the hemicellulose fraction, as shown in Table 
5.1. 
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Table 5.1. Characteristics of macroscale cellulose fibers involved in this thesis. (adapted with 

permissions from Chen et al. 2020, Paper I) 

Fibers 
Cellulose  

% 

Hemicellulose  

% 

Lignin 

% 

Mn 

kDa 

Mw 

kDa 

CRItotal 

% 

Mdes 

% 

Ms 

% 

ts 

min 

Flax 83.3 11.3 2.3 652 714 45.1 1.3 7.15 115.7 

Cordenka 92.3 2.4 - 68 133 28.1 7.2 11.91 305.2 

Ioncell-F 88.9 8.2 - 45 134 40.3 7.5 9.82 177.5 

Ioncell-FL 51.1 21.3 22.9 45 176 27.3 10 9.87 177.5 

 
 

 
Figure 5.1. Cellulose molecular mass distribution (a) and X-ray diffraction profiles (b) of flax, Cor-
denka, Ioncell-F and Ioncell-FL (adapted with permissions from Chen et al. 2020, Paper I). 

The XRD profiles of the fibers are presented in Figure 5.1b. Flax contains Cell-I 
with crystallinity index (CRItotal) of around 45%, which is typical for plant cellu-
lose (Placet et al. 2012, Moryganov et al. 2018). The MMCFs contain the Cell-II 
allomorph, as expected. The CRItotal is around 28%, 40% and 27% for Cordenka, 
Ioncell-F and Ioncell-FL, respectively (Table 5.1). Cordenka, a viscose type cel-
lulose fiber, has low crystallinity, in-line with data in literature (Kreze and Malej 
2003; Okubayashi et al. 2005). As the crystallinity is calculated over the total 
material, and non-cellulose fraction in Ioncell-FL is around 50%, cellulose crys-
tallinity in Ioncell-FL is higher than CRItotal and was reported to be around 40% 
(Ma et al. 2018). 

The dynamic water vapor desorption and sorption were measured to compare 
the accessibility of the fibers. The desorption (to 0% RH) and sorption (to 60% 
RH) curves can be found in Paper I (Figure S1). Moisture desorption (Mdes), 
time to reach equilibrium ts from 0 to 60%RH and moisture sorption (Ms) for 
each fiber are shown in Table 5.1. Mdes reflects the amount of water which is 
desorbed from ambient conditions to 0% RH and it is the lowest for flax. Cor-
denka, as viscose fiber, absorbs the highest amount of moisture (Ms) due to its 
lowest crystallinity and larger pore volume (Okubayashi et al. 2005). Time to 
reach equilibrium, ts = 305.2 s, is the longest for Cordenka (Table 5.1) probably 
because of hornification phenomena (Siroka et al. 2008) as viscose fibers can 
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be overdried, and also because absorption of a larger amount of vapor takes 
more time. The lignin-free fiber Ioncell-F and lignin-containing fiber Ioncell-FL 
show the same moisture sorption characteristics, like those of commercial 
Lyocell fibers with a moisture sorption around 9−10% at 60% RH and room 
temperature (Okubayashi et al. 2004). The presence of hydrophobic lignin does 
not influence the water vapor sorption behavior, in line with previously reported 
results (Ma et al. 2015). Flax absorbs the least amount of vapor probably be-
cause of the “resistant” primary wall (Okubayashi et al. 2004; Xie et al. 2011; Le 
Moigne et al. 2008) and higher cellulose crystallinity (Table 5.1). 

5.2 Characterization of ILs and ILs-water mixtures 

5.2.1 Thermal properties of ILs 

The ionic liquids [EMIM][OAc] and [mDBN][DMP] used in this thesis are room 
temperature ILs. The DSC traces are shown in Figures 5.2a and 5.2b. No melting 
or crystallization of both ILs was detected at temperature from -100 °C to 60 °C; 
glass transition temperatures were –82 °C and –75 °C for [EMIM][OAc] and 
[mDBN][DMP], respectively. Figures 5.2c and 5.2d show the TGA profiles of 
[EMIM][OAc] and [mDBN][DMP], respectively. Both ILs are stable within 100 
°C. No phase transition and thermal degradation related to ionic liquids will in-
terfere in the kinetics study of swelling and dissolution of fibers and the produc-
tion of various ACCs, since they are performed at between 20 °C to 95 °C.  
 

 
Figure 5.2. The DSC traces of ILs (a) [EMIM][OAc] and (b) [mDBN][DMP]. The TGA profiles of 
ILs (c) [EMIM][OAc] and (d) [mDBN][DMP]. 
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5.2.2 Kamlet−Taft parameters 

The K−T parameters (see detailed description in Section 3.3) of [EMIM][OAc] 
with different water contents were measured in the range of 20–60 °C (Paper 
I). Figure 5.3 shows the values of β and β-α as a function of water content at 25 
°C and 60 °C, revealing that the effect of temperature on K-T values was very 
small. Within the range of the studied water content, both β and β-α values show 
a linear decrease with the increase of water content, indicating that a decreased 
dissolution ability with 15 wt.% water was at the limit of the solubility window. 
It was reported that above 15 wt.% water in [EMIM][OAc] microcrystalline cel-
lulose forms swollen aggregates (Le et al. 2012). Therefore, in the following ki-
netics study (Paper I) [EMIM][OAc] containing 0, 5 and 15 wt.% of water was 
used as solvents with different power to monitor fiber swelling and dissolution 
behavior. 

 
Figure 5.3. β (red symbols) and β − α (blue symbols) plotted against water content in IL 
[EMIM][OAc] at 25 °C (solid symbol) and 60 °C (open symbol) (adapted with permissions from 
Chen et al. 2020, Paper I). 

 

5.2.3 Rheological properties of ILs and ILs-water mixtures 

The kinetics of cellulose fiber swelling and dissolution and thus the ACCs fabri-
cation process may depend on solvent viscosity, the latter was measured at var-
ious temperatures. Both ILs showed Newtonian behavior over the whole shear 
rate range applied in this thesis, and similar results have already been reported 
in literature for [EMIM][OAc] (Gericke et al. 2009). The mean values of viscos-
ity were used to plot it as a function of temperature in Figure 5.4a. As expected, 
each IL displays a decreasing of viscosity with temperature increase. 
[mDBN][DMP] has slightly higher viscosity than that of [EMIM][OAc] at all 
temperatures studied. Viscosity-temperature dependence was analyzed using 
Arrhenius approach (Figure 5.4b): 

                                                                                                             (5)                           
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where Ea is the activation energy which reflects the energy needed for a fluid to 
flow, R is the universal gas constant, and η0 is an adjustable parameter. The 
activation energy is usually deduced from the slope of ln(η) versus inverse tem-
perature if this dependence is linear within the experimental errors. For both 
ionic liquids ln(η) vs inverse temperature is slightly concave, as already reported 
previously for [EMIM][OAc] (Sescousse et al. 2010), however, the activation en-
ergy can be determined with R2>0.99. Ea for [mDBN][DMP] is practically the 
same as for [EMIM][OAc], 37.1 kJ/mol vs 36.8 kJ/mol, respectively. For 
[EMIM][OAc] the value obtained correlate well with what was published previ-
ously, around 40 kJ/mol (Gericke et al. 2009).  

 
Figure 5.4. (a) Newtonian viscosity of ILs as a function of temperature (the error bar is within the 
symbols). (b) Arrhenius plot of the Newtonian viscosity as a function of inverse temperature for 
[EMIM][OAc] and [mDBN][DMP]. 

In general, for the same solvent quality (or power) and at the same temperature, 
lower viscosity should accelerate the dissolution rate because of a quicker sol-
vent diffusion. On the one hand, the addition of water to [EMIM][OAc] is known 
to decrease ionic liquid viscosity (Hall et al. 2012), but on the other hand, water 
is cellulose anti-solvent. In order to take both solvent characteristics into ac-
count, we measured the viscosity of [EMIM][OAc] with various water content 
of 0–15 wt.% as a function of shear rate at different temperatures (Figure S2 in 
Paper I). All studied mixtures are Newtonian liquids. Their viscosity is plotted 
as a function of water content at 25, 30 and 40 °C; in particular, it was found 
that [EMIM][OAc] at 40 °C and [EMIM][OAc]-5 wt.% water at 30 °C have the 
same viscosity (Figure 3 in Paper I). It was interesting to check which input, 
solvent quality or viscosity, is more important in controlling the dissolution rate. 
These two solvents were used as an example of solvents with the same viscosity 
but different dissolution power (Figure 5.3) in the kinetics study. 
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5.3 Kinetics of various cellulose fibers swelling and dissolution 

5.3.1 Solvent: [EMIM][OAc] and [EMIM][OAc]-water mixtures 

Benefitting from the development of optical microscopy with various set-ups 
(temperature control, video capture, and image analysis), the cellulose fibers’ 
evolution during swelling and dissolution in a solvent can be followed and pre-
cisely visualized. As described in Section 3.4 and revealed in Figure 3.6, five 
different modes of dissolution and swelling mechanisms were suggested in 
terms of solvent power. However, the studies of the kinetics of fiber dissolution 
are very scarce and no report is available comparing the kinetics of dissolution 
and/or swelling of different fibers, natural and man-made, under the same con-
ditions. Moreover, there is no doubt that various factors have to be taken into 
account to understand fiber swelling and dissolution behavior: their composi-
tion, properties of primary and secondary layers in natural fibers or properties 
of a skin in man-made fibers, accessibility, porosity, and, potentially, cellulose 
crystallinity and molecular weight. Besides, in the view of making all-cellulose 
composites, the dissolution and/or swelling processes is of special importance 
and have to be well understood and controlled. Thus, the first question, as stated 
in Chapter 2 of this thesis, is as follows: What is the effect of fiber structure 
and solvent power on the dissolution and swelling kinetics of natural and man-
made cellulose fiber?  

To address this question, Paper I compared both the dissolution and swelling 
kinetics of flax and various man-made fibers (Cordenka, Ioncell-FL and Ioncell-
F) with different characteristics (see Section 5.1) in solvent power tuned 
[EMIM][OAc] by adding water (See Section 5.2). 

Figure 5.5 schematically presents the evolution of structurally different cellu-
lose fibers in [EMIM][OAc], [EMIM][OAc]-5% water and [EMIM][OAc]-15% 
water together with the corresponding plots of the normalized diameter of these 
fibers as a function of time at 30 °C. The optical microscopy images can be found 
in Paper I (see Figures 4, 7 and 10). At high solvent power ([EMIM][OAc]), all 
fibers dissolve and the dissolution rate is controlled mainly by the fiber accessi-
bility. Here the dissolution rate was calculated, in the first approximation, as a 
slope to each set of experimental data approximated by a linear dependence. 
The dissolution rate of cellulose fibers in neat [EMIM][OAc] follows the order 
Ioncell-F > Ioncell-FL > flax > Cordenka, the same trend at other temperatures 
(25 °C, 40 °C, 50 °C and 60 °C) can be found in Paper I (see Figure 5). This can 
be explained by the physico-chemical characteristics of fibers, see Table 5.1 in 
Section 5.1. Cordenka has the lowest dissolution rate as it has the lowest ac-
cessibility as determined by DVS. The second lowest dissolution rate shows flax, 
mainly due to its hierarchical morphology together with high molecular weight 
cellulose. Ioncell-F has a higher dissolution rate as compared to that of Ioncell-
FL. We speculate that slower dissolution of Ioncell-FL is due to the presence of 
lignin (Table 5.1) which is known to slow down cellulose dissolution (Isogai and 
Atalla 1998, Shi et al. 2014). It was also shown that there is a log-log direct cor-
relation between solvent viscosity and dissolution rate of each fiber (see Figure 
6 in Paper I).  
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Figure 5.5. Schematic illustration of the evolution of structurally different cellulose fibers in solvent 
power tuned IL ([EMIM][OAc], [EMIM][OAc]-5% water, [EMIM][OAc]-15% water) with correspond-
ing plots of the normalized diameter of these fibers as a function of time at 30 °C (adapted with 
permissions from Chen et al. 2020, Paper I). 

With the decrease of solvent power, the nature of fibers, man-made versus nat-
ural, becomes the main factor controlling their behavior. Flax, which has a hi-
erarchical structure with strong secondary layer, turned out to be the most “sen-
sitive” to the presence of water. Despite that [EMIM][OAc]-5 wt.% water was 
expected to dissolve cellulose, flax was only swelling. MMCFs show the same 
dissolution rate order as in neat [EMIM][OAc]: Ioncell-F > Ioncell-FL > Cor-
denka. All fibers had a similar water content at ambient conditions, with flax 
having the least, thus ruling out that the “intrinsic” water could be the reason of 
its insolubility in [EMIM][OAc]-5 wt.% water. It should be reminded here that 
the dissolution experiments were performed in static conditions, without mix-
ing. Finally, in the presence of 15 wt.% water in ionic liquid, all fibers showed 
only swelling. 

It is remarkable that both the kinetics of dissolution (the cases of all fibers in 
neat [EMIM][OAc] and all man-made fibers in [EMIM][OAc]-5 wt.% water) and 
of swelling (the cases of all fibers in [EMIM][OAc]-15 wt.% water) show the 
same order: Ioncell-F > Ioncell-FL > flax > Cordenka (Figure 5.5). Rising tem-
perature was found to amplify both the dissolution and swelling phenomena but 
did not change the observed trend. In addition, the fibers’ behavior in two sol-
vent systems with the same viscosity was compared: [EMIM][OAc]-5 wt.% wa-
ter at 30 °C and neat [EMIM][OAc] at 40 °C. Except for flax which is not dis-
solving in [EMIM][OAc]-5 wt.% water, the dissolution rate of man-made fibers 
decreased in the presence of water as compared to the neat ionic liquid (see Fig-
ure 8 in Paper I). This indicates that the dissolution kinetics of fibers is gov-
erned by the solvent power rather than viscosity of the solvent system. 
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5.3.2 Solvent: [mDBN][DMP] and [mDBN][DMP]-water mixtures 

Although no significant difference was found between IL [EMIM][OAc] and 
[mDBN][DMP] in terms of viscosity, cellulose fibers showed different and par-
ticular evolution in [mDBN][DMP], which was the case especially for flax. In-
terestingly, flax with hierarchical cell-wall structure (see the description in Sec-
tion 3.2.2) was first radially dissolving from fiber surface (Stage I) and then 
homogenously swelling with a core-shell structure (Stage II), see example for 
40 °C in Figure 5.6a. The corresponding evolution of the normalized diameter 
as a function of time is presented in Figure 5.6b. It was further confirmed that 
the swollen core-shell structure was sustained even at high temperature of 95 
°C for 3 h (Figure 5.6c). We believe that the differences in the composition and 
structure of each layer inside a flax fiber can be used to interpret this anomalous 
two-step dissolving-swelling phenomenon: the outer layers (P and S1 layers) 
(containing less ordered cellulose and hemicelluloses) were dissolving in 
[mDBN][DMP] (Stage I), while the inner layer (cellulose with high crystallinity 
and high Mw) were only swelling due to the limited dissolution power of 
[mDBN][DMP] (Stage II). The same two-step dissolving-swelling phenomenon 
was also found for flax in [mDBN][DMP]-5% water.  
 

 
Figure 5.6. (a) Optical microscope images of flax fiber evolution: dissolution (Stage I) first, and 
then swelling (Stage II) in [mDBN][DBN] at 40°C. (b) Corresponding normalized diameter of flax 
fiber dissolving and swelling in [mDBN][DBN] as a function of time at 40°C. (c) An optical micro-
scope image under polarized light indicates a swollen core-shell structure in [mDBN][DBN] at 95 
°C for 3 h. 

 

 

 



Results and Discussion 
 

40 

5.4 Unidirectional flax-based ACCs: Selective dissolution vs Se-
lective swelling 

As mentioned earlier, one of the major directions of this thesis is to use different 
dissolution/swelling strategies, inspired by the kinetics study, to design high-
performance ACCs. The following results will demonstrate how to make the best 
use of the fundamentals to produce unidirectional flax-based ACCs via conven-
tional selective dissolution method (Paper II), and also selective swelling strat-
egy. To the best of our knowledge, the latter has never been addressed by the 
researchers so far in terms of constructing a better interface between the matrix 
and the reinforcement in the ACCs. 

5.4.1 Selective dissolution strategy 

When converting natural fibers into ACCs and given their inherent hierarchical 
layered structure, the expected strategy, as illustrated in Figure 5.7a, is to selec-
tively dissolve the mechanically weaker outer layers and transform them into 
the matrix phase while maintaining the undissolved fiber “core”. In particular, 
the mechanically strong inner layers should be kept intact to reinforce ACC. In 
the case of flax used in this thesis, the outer layers (primary and S1 layers) rep-
resents roughly about 10% of the total thickness of the elementary fiber (Charlet 
et al. 2007), see also Figure 3.3 in Section 3.2.2. The results on the kinetics of 
flax dissolution in [EMIM][OAc] (see Section 5.3.1, Figure 5a in Paper I and 
Figure 4 in Paper II) suggest using [EMIM][OAc] at room temperature as it 
allows a better control of dissolution. At high temperatures the dissolution of 
flax fiber is too quick and may involve the destruction of the fiber inner layers. 
Although the outer layers of a flax elementary fiber alone can be dissolved within 
about 20 min at room temperature, when impregnating many fibers closely 
aligned to prepare ACCs, slower dissolution is expected. Solvent diffusion de-
creases rapidly as more and more cellulose dissolves, and there is no convection-
promoting mass transfer. Therefore, to find out the optimized processing con-
ditions to obtain flax-based ACCs with the best possible mechanical properties, 
the impregnation times selected at room temperature were 15, 30, 45 and 60 
min (see detailed fabrication process in Section 4.2.1). The corresponding 
ACCs were coded SD15, SD30, SD45 and SD60. 
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Figure 5.7. (a) Schematic representation of the formation of interfaces between the inner (undis-
solved) part of cellulose fibers and dissolved matrix during the impregnation stage for the manu-
facturing of ACCs via selective dissolution strategy (SD). (b) Tensile strength and Young’s mod-
ulus of the as-prepared flax-based ACCs as a function of impregnation time (adapted from Paper 
II). (c) Cross-sction images of flax-based ACCs as a function of impregnation time, scare bar is 
100 μm. (d) Specific strength and specific modulus of flax-based ACCs as a function of impreg-
nation time (adapted from Paper II). 

The mean values of the tensile strength and Young’s modulus of the prepared 
ACCs in the fiber direction as a function of impregnation time are presented in 
Figure 5.7b, the corresponding values together with the other characteristics 
(Density, CRI, Cell-II volume fraction and strain at break) are given in Table 5.2. 
Both tensile strength and Young’s modulus increase with increasing impregna-
tion time and reach a maximum at 45 min with a tensile strength of 151.3 MPa 
and a Young’s modulus of 10.1 GPa. Thereafter, the mechanical properties drop. 
Density also increases with impregnation time and reaches a plateau at 45 min 
(Table 5.2, Figure 7c in Paper II). The density increase is due to the dissolved 
cellulose “filling” the voids between fibers; the SEM images can be found in Fig-
ure 5 of Paper II and Figure 5.7c. Furthermore, the specific mechanical prop-
erties (specific strength and specific modulus) were calculated, they are shown 
in Table 5.2 and in Figure 5.7d as a function of impregnation time. Both do not 
vary significantly, being within the experimental errors, for 15–45 min impreg-
nation, but decrease at 60 min. 
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Table 5.2. Characteristics of unidirectional flax-based ACCs using solvent [EMIM][OAc] and 

[mDBN][DMP]-5% water. “SD” corresponds to selective dissolution and “SW” to selective swelling 

strategies, respectively; the mechanical characteristics are in fiber direction. 

Solvent [EMIM][OAc] [mDBN][DMP]-5% water 

ACC code SD15 SD30 SD45 SD60 SW30 

Density (g/cm3) 0.69 ± 0.01 0.76 ± 0.02 0.81 ± 0.01 0.82 ± 0.03 0.97 ± 0.07 

CRI (%) 44.6 44.9 43.9 39.9 37.4 

Cell-II (vol.%) 0.05 0 20 28 0.2 

Tensile strength 

(MPa) 
121.1 ± 7.9 134.9 ± 9.9 151.3 ± 9.5 117.9 ± 7 213.5  ± 0.7 

 

(GPa) 
8.5 ± 0.1 8.8 ± 0.4 10.1 ± 0.4 8.4 ± 0.4 9.9 ± 0.6 

Strain (%) 3.0 ± 0.5 2.5 ± 0.3 2.7 ± 0.2 2.2 ± 0.1 4.8 ± 0.2 

Work of fracture 

(MJ/m3) 
2.2 ± 0.5 1.9 ± 0.4 2.3 ± 0.4 1.5 ± 0.1 6.4 ± 0.4 

Specific strength 
3) 

176.2 177.5 186.4 144.4 219.7 

Specific modulus 

(GPa/g/cm3) 
12.3 11.6 12.4 10.3 10.2 

 
It is worth discussing the influence of the impregnation time on the evolution of 
CRI and Cell-II volume fraction (Table 5.2), since this may provide a direct evi-
dence of well-controlled selective dissolution of the outer layer of flax fiber. The 
initial flax fibers contained cellulose I with a crystallinity of around 45%. After 
short impregnation times (15 min and 30 min), the crystallinity remains nearly 
constant at about 45%, and the Cell-II volume fraction is still around zero 
(within the accuracy of the method). This is because only pectin, hemicelluloses 
and low molecular weight and amorphous cellulose in the outer layer are ini-
tially dissolved and converted into the matrix, which has little effect on the CRI. 
However, ACCs produced by 45 and 60 min of impregnation clearly show a Cell-
II polymorph and the Cell-II volume fraction is 20% and 28% for 45- and 60-
min impregnation, respectively. Impregnation for 60 min decreased the crystal-
linity to around 40%.  

The combination of the results of tensile testing with the results of the X-ray 
analysis reveals that tensile properties of the ACCs depend on two counteracting 
effects. On the one hand, sufficient amounts of cellulose need to be dissolved 
and converted into a continuous matrix to act as cellulosic “adhesive” and “fill” 
the voids. The increase in the mechanical properties is governed by the increase 
in composite density. On the other hand, the overall crystallinity has to be pre-
served as much as possible, and only minimum amounts of crystalline cellulose 
I domains should be converted to cellulose II or amorphous cellulose. The de-
crease in crystallinity with the increased Cell-II volume is the reason for the de-
crease in the mechanical properties at 60 min of impregnation, as the densities 
after 45- and 60-min impregnation times are the same. Thus, optimum mechan-
ical properties are reached through intermediate impregnation times that 

Young’s modulus

(MPa/g/cm



43 
 

promote the dissolution of cellulose in the outer layer of the flax fiber but not in 
the inner S2 layer.   

The mechanical properties of the prepared ACCs in the transverse direction 
are much weaker than in longitudinal direction, as expected, and also as early 
reported in the work from Nishino et al. 2004. For example, the maximal tensile 
strength was only around 2 MPa for ACCs SD45 (see Figure S3 in Paper II). 
Further improvement of the interfacial strength can be achieved by “remodel-
ling” the interface utilizing the anomalous 2-step dissolution-swelling phenom-
enon, as presented in Section 5.3.2. This approach will be called “selective 
swelling (SW) strategy” and discussed in the next section. 

5.4.2 Selective swelling strategy 

The swelling strategy is shown in Figure 5.8a. It consists of using the swollen 
layer as an “additional” interface between non-swollen core and dissolved ma-
trix. We hypothesise that the presence of the swollen layer brings two ad-
vantages in terms of the improvement of ACC mechanical properties. The first 
one is that in addition to hydrogen bonds formed between the dissolved and 
non-dissolved cellulose as shown in Figure 5.7a, the dissolved chains penetrate 
into the swollen part thus enhancing the adhesion between the matrix and the 
fiber. The second is that swollen parts help filling the “gaps” between the aligned 
fibers. With the addition of water during the washing-out of the solvent, the 
swollen layers are strongly shrinking “pulling” together both dissolved and non-
dissolved parts.  

Using selective swelling strategy, ACC were made utilizing the 2-step dissolv-
ing-swelling phenomenon as shown in Section 5.3.2. The solvent used for the 
ACCs fabrication was [mDBN][DMP]-5% water rather than neat 
[mDBN][DMP], since the presence of 5% water not only decreases the solvent 
viscosity which enables better solvent diffusion at room temperature, but also 
slows down the dissolution and swelling kinetics that makes the manufacturing 
process better controlled. 

The SEM surface and cross section morphology of ACC SW30 fabricated using 
selective swelling strategy with 30 min impregnation of aligned flax fibers with 
[mDBN][DMP]-5% water (see detail in Section 4.2.2) is shown in Figure 5.8 
b and c, respectively. ACC SW30 shows a dense structure with compact cross 
section, which was further supported by a significantly increased density value 
of 0.97 g.cm-3 as compared to 0.81 g.cm-3 for the best performing ACC SD45 ob-
tained via selective dissolution strategy using [EMIM][OAc] as solvent (see Ta-
ble 5.2). This confirms the above-mentioned hypothesis of “better filled” spaces 
between flax fibers due to the additional swollen layer during ACC fabrication. 
As revealed in Section 5.4.1, a mere dissolution of the outer layer of flax had 
insignificant effect on the final CRI value of ACC made via selective dissolution, 
with only slight decrease of the CRI (see table 5.2). However, ACC SW30 shows 
a relatively decreased CRI (37.7%) as compared to 44.6% for the initial flax, with 
practically no cellulose II (0.2 vol.%). This may be an indication that swelling 
(Stage II) irreversibly destroys the cellulose crystalline structure, thus resulting 
in the decrease of the CRI value. 
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Figure 5.8. (a) Schematic presentation of ACC adopting selective swelling strategy using 
[mDBN][DMP]-5% water as solvent. Surface (b) and cross section (c) morphology observed by 
SEM of ACC SW30. Representative stress-strain curves of SW30 and the best ACC SD45 using 
[EMIM][OAc] as presented in the previous section in fiber direction (d) and in the transverse di-
rection (e). 

The stress-strain curves of ACC SW30 in the longitudinal and transverse di-
rection are compared with those of ACC SD45 (see Figure 5.8 d and e), and the 
corresponding mechanical characteristics are presented in Table 5.2. In fiber 
direction (Figure 5.8d), ACC SW30 shows an almost similar Young’s modulus 
as ACC SD45 (9.9 vs 10.1 GPa, respectively) with increased tensile strength (up 
t0 214 MPa vs 151 MPa) and strain at break (up to 5% vs 2.7%) and thus a much 
higher toughness (6.4 MJ/m3 vs 2.3 MJ/m3). More precisely, comparing with 
ACC SD45, the tensile strength, strain at break and toughness for ACC SW30 
increased up to 30%, 200% and 300%, respectively. The increase of specific 
strength of ACC SW30 as compared with that of ACC is not only due to increased 
density but also because of enhanced interfacial strength that enables better 
stress transfer. A lower specific modulus of ACC SW30 is a result of lower CRI. 
Most importantly, in transverse direction (Figure 5.8e), selective swelling strat-
egy also shows a dramatically improved mechanical strength, from around 2 
MPa for ACC SD45 to around 12 MPa for ACC SW30, evidencing the improved 
interfacial strength.  

In summary, benefiting from the understanding of cellulose fiber swelling and 
dissolution kinetics, unidirectional flax-based ACCs were designed. Table 5.3 
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compared the best values obtained with the mechanical properties of polymer 
composites reinforced with flax fibers. While the Young’s moduli of ACCs are 
lower than those of flax-epoxy composites, the maximal tensile strength in lon-
gitudinal direction is much higher than that in flax-polymer composites. ACCs 
route provides a promising way of making fully bio-based materials with excel-
lent mechanical properties. Selective swelling approach helps improving ACC 
mechanical performance in transverse direction. In addition, it is worth men-
tioning that the IL used for making ACC may contain water which is an ad-
vantage in terms of simplifying the recycling. In general, contrary to spinning 
fibers where a complete dissolution is needed, which is very sensitive to the 
presence of water. 

Table 5.3. Comparison of the mechanical properties of unidirectional flax reinforced polymer com-

posites and the best value of flax-based ACCs obtained in this thesis. 

Matrix Flax content 
Longitudinal 

strength (MPa) 

Young’s mod-

ulus (GPa) 

Transverse 

strength (MPa) 
Ref. 

Starch 60 wt.% 78 9.3 - Romhány et al. 2003 

PLA 30 wt.% 54 6.3 - Bax and Müssig 2008 

Epoxy 40 vol.% 133 28 4.5 Van et al. 2003 

Epoxy 37 wt.% 132 15 - Oksman K 2001 

PP 30 wt.% 113 6.1 15.1 Miao and Shan 2011 

All flax-based ACCs 151.3 10.1 ~ 2 Paper II, SD45 

All flax-based ACCs 213.5 9.9 ~ 12 This thesis, SW30 

 
 

5.5 Isotropic macroscale paper-based ACCs: Exploring DIC anal-
ysis of mechanical properties 

In addition to unidirectional (or anisotropic) flax-based ACCs as discussed in 
the previous section, isotropic ACCs made from filter paper adopting selective 
dissolution strategy (see detailed manufacturing process in Section 4.2.3) 
were also investigated in this thesis. There were two goals for this investigation: 
i) to advance the understanding in processing-properties correlations in iso-
tropic ACCs and ii) to explore Digital Image Correlation (DIC) for the analysis 
of ACC mechanical properties. The following results will discuss the evolution 
of the basic characteristics (density, morphology, crystallinity and optical prop-
erties) of the paper-based ACCs as a function of dissolution time and interpret 
the mechanical properties applying DIC analysis (Paper III).  

5.5.1 Evolution of the main characteristics of paper-based ACCs as a 
function of impregnation time 

Table 5.4 lists the main characteristics of the as prepared paper-based ACCs at 
various impregnation times, [EMIM][OAc] was used as cellulose solvent. As ex-
pected, density increases with the impregnation time indicating strong decrease 
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in material porosity, from 73% for filter paper to 11% for P60. No noticeable 
evolution is recorded after 30 min of dissolution. The XRD profiles, which 
probed the crystalline phase evolution of these ACCs, can be found in Figure 4, 
Paper III. A small diffraction peak at 2θ  12°, which indicates cellulose II 
allomorph, was observed for the initial filter paper. It has been reported that a 
paper sheet, despite supposed to be native cellulose, may contain a small 
amount of cellulose II crystalline structure (Sirviö et al. 2017, Piltonen et al. 
2016). The amount of cellulose II strongly increases after 5 min impregnation, 
from around 7 vol.% for the initial filter paper to around 34 vol.%, but then does 
not vary significantly (Table 5.4). Crystallinity drops from around 56% for the 
initial filter paper to 43% for first 5 min impregnation and then slowly decreases 
to around 40% for longer impregnation times. These results indicate that the 
dissolution was stopped after the first 5 minutes. The reason is that cellulose 
concentration was too high (>40 wt.%), above the dissolution limit in ionic liq-
uid. It was demonstrated that at least 3 ionic liquid molecules per anhydroglu-
cose unit are needed to dissolve cellulose in [EMIM][OAc] which is translated 
into maximum cellulose solubility of around 25-27 wt.% (Le KA et al. 2014). It 
should also be taken into account that the viscosity of the dissolved phase is very 
high at high cellulose concentration, and dissolution (impregnation) was per-
formed in static conditions, without mixing, also preventing cellulose dissolu-
tion. 
 
Table 5.4. Density, porosity, CRI and corresponding Cell-II volume fraction of filter paper and 
paper-based ACCs. 

ACC  
code 

Impregnation time 
min 

Density  
g/cm3 

Porosity  
% 

CRI  
% 

Cell-II  
vol.% 

Filter paper 0 0.40 ± 0.03 73 ± 1.7 55.9 7.7 
P5 5 0.85 ± 0.02 42 ± 1.6 43.2 33.9 
P10 10 0.90 ± 0.03 39 ± 2.2 42 29.8 
P30 30 1.32 ± 0.01 10 ± 0.3 40.7 36.9 
P60 60 1.31 ± 0.03 10.9 ± 0.3 40.5 34.1 

 
 
Figure 5.9 presents the surface and cross-section morphologies of the initial pa-
per and obtained ACCs. The starting material shows individual fibers typical for 
a filter paper with large number of voids, as confirmed by low density. After 5 
min of impregnation, fibers can still be distinguished but they are well embed-
ded into the dissolved cellulose matrix demonstrating excellent adhesion (Fig-
ure 5.9a). The cross-section shows some remaining pores (Figure 5.9b). After 10 
min and longer impregnation times the fibrous structure of the paper had al-
most disappeared, and no pores can be seen. The SEM cross-section images also 
reveal the decrease of ACCs cross-section dimension (thickness of ACCs). Those 
observations are in-line with density and XRD results: cellulose that could be 
dissolved was dissolved during the first 5 minutes (strong increase of cellulose 
II fraction and drop of crystallinity) and further morphology evolution is due to 
the distribution of dissolved phase within the pores under pressure (no evolu-
tion of cellulose II fraction and crystallinity but continuous increase in density). 
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Figure 5.9. (a) The surface of filter paper and paper-based ACCs. (b) The corresponding cross-

section of filter paper and ACCs. (c) Optical transmittance of filter paper and the ACCs. (d) Optical 

haze of filter paper and the ACCs. (e) ACC P60 in close contact with the colored letters under-

neath to show its high light transmittance. (f) ACC P60 1 cm away from the same substrate to 

indicate its high haze (Adapeted from Paper III). 
 
The optical properties are correlated with the morphology of the ACCs. Figure 
5.9 (c and d) displays the optical transmittance and haze of the filter paper and 
the as-prepared ACCs. As the filter paper consists of randomly packed irregular 
cellulose fibers and micron-size voids, it is opaque in the visible light. In ACCs, 
the dissolved cellulose fills the voids with the matter of the same refractive index 
as fibers, surface roughness is decreased, and the material becomes transparent 
in the visible light (Figure 5.9c). More homogeneous morphology also decreases 
the forward light scattering resulting in the reduction of haze (Figure 5.9d). Both 
transmittance and haze show a sharp transition of properties at impregnation 
times longer than 5 min, in-line with ACC morphology (Figure 5.9a) and density 
(Table 5.4). It is worth noting that ACCs P60 is transparent (optical transmit-
tance ~ 80% at 550 nm) but still with high haze (> 70% at 550 nm), which makes 
it promising as photonic material for optoelectronic applications such as solar 
cells, as haze increases light scattering and absorption. The digital photos of 
ACC P60 (Figure 5.9 e and f) confirm high transmittance and high haze. 
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5.5.2 Mechanical properties 

Two types of analysis tensile properties of ACCs based on filter paper were per-
formed: comparison of stress-strain data obtained i) from machine sensors and 
from DIC analysis and ii) nominal and true values obtained from DIC. In case 
of using DIC, the true and nominal stress-strain curves were obtained over the 
surface S (see Section 4.3.2). An example of strain distributions over the sam-
ple surface obtained from DIC for tensile loading is shown for ACC P5 (see Fig-
ure 7 in Paper III); the strain field is heterogeneous with strain concentration 
on the upper side and failure is initiated in this area. This type of analysis was 
performed for all other samples.  

First, the nominal and true stress-strain curves obtained from DIC over the 
surface S (see details of the construction of different stress-strain curves in Pa-
per III) are compared (Figure 5.10a). The true stress is slightly higher than the 
nominal one with slightly lower strain at failure. The similarity between true 
and nominal stress-strain curves can be explained by the low level of ACC de-
formation. For material exhibiting large deformation, more differences can be 
observed between nominal and true strain-stress curves (Faridmehr et al. 2014). 
Then, the nominal stress–strain curve directly derived from the machine and 
that derived from DIC over the surface S are compared (Figure 5.10b). Interest-
ingly, the difference is significant: the strain at failure determined directly from 
machine is twice higher than that determined from DIC. With tensile strength 
being almost the same, Young’s modulus calculated from DIC is much higher 
than that calculated directly from machine. The latter provides results with the 
systematic error arising from the stifness of the tensile machine. 
 

 
Figure 5.10. (a) Comparison of nominal and true stress-strain curves obtained from DIC over the 

surface S for ACC P5 as example. (b) Comparison of nominal stress-strain curves obtained from 

the machine and from DIC over the surface S, ACC P5 as example. (c) Young’s modulus of initial 

filter paper and as-prepared ACCs as a function of density. (d) Tensile strength of initial filter 

paper and as-prepared ACCs as a function of density. (e) Strain at maximal stress of initial filter 
paper and as-prepared ACCs as a function of density. (f) Work of fraction of initial filter paper and 

as-prepared ACCs as a function of density (adapted from Paper III).  
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As already addressed in Section 3.6, almost all the literature concerning ACCs 
report nominal stress-strain curves no matter the approach used. Therefore, 
nominal stress-strain curves (see Figure S1 in Paper III) and corresponding 
nominal mechanical characteristics (Young’s modulus, tensile strength, strain 
and toughness) for all samples from machine and DIC are compared. All me-
chanical characteristics of the filter paper and ACCs can be found in Table S1 in 
Paper III, their dependence on the impregnation time is shown in Figure S2 in 
Paper III and on density in Figure 5.10 c-f. The increase in ACC density, which 
corresponds to the increase of impregnation time, leads to a strong increase of 
Young’s modulus whatever is the way of its determination (Figure 5.10 c). All 
values calculated from nominal stress-strain curves from DIC are much higher 
than those calculated from nominal ones from machine, as expected from Figure 
5.10b. DIC approach, which is a non-contact method, provide more accurate re-
sults than those obtained from machine. 

It has been demonstrated in Section 5.4 and the previous study that density 
plays the essential role in the mechanical performance of ACCs (Korhonen et al. 
2019). Hence, an adequate comparison with literature can be made only for the 
materials either of the same density or for the specific values of mechanical char-
acteristics. Unfortunately, the density of ACC is not always reported. Given that 
moduli values can be calculated from machine or from non-contact extensome-
ter, the comparison with the results obtained in literature becomes even more 
delicate. In addition to Young’s modulus, tensile strength and toughness increase 
as well with density increase. Interestingly, strain at break also increases, from 
4 to 9%, the latter corresponding to ACC of density around 0.9 g/cm3 (impreg-
nation time 10 min); at higher density strain at break remains on the same level.  

Figure 5.10 b-f show that while Young’s modulus calculated from nominal 
stress-strain curves from DIC is higher than that calculated from machine, the 
opposite was obtained for the strain at maximal stress and toughness. A lower 
toughness obtained from DIC is due to a much lower nominal strains at maximal 
stress as compared to those obtained via machine. Tensile strength values did 
not depend on the approach used within the errors.  

Overall, a simple strategy of filter paper impregnation with ionic liquid for 30-
60 min allowed increasing tensile strength in almost 10 times, of Young’s mod-
ulus in 5 times and of toughness in 25 times as compared to the initial filter 
paper.  
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5.6 Isotropic cellulose nanopaper: toward large ductility combin-
ing high strength and toughness 

As addressed in Section 3.5.2 in relation to ACCs fabrication via H-bonds 
aided self-binding, cellulose nanopaper featuring high mechanical strength and 
optical transparency have received considerable attention over past ten years. 
Most studies on nanopaper target high mechanical strength, which usually com-
promises ductility and toughness. Making cellulose nanopaper ductile combin-
ing high strength and toughness remains still unexplored. Recent investigations 
reveal that the fracture of cellulose nanopaper under tension involves alignment 
of CNFs parallel to the tension direction and interfibrillar slippage with a cas-
cade of breaking and reforming H-bonds (Henriksson et al. 2008, Zhu et al. 
2015). This leads to the dissipation of a significant amount of energy and con-
tributes to inelastic deformation. In the case of anisotropic nanopaper, low 
strain and toughness is due to too strong H-bonding between highly ordered 
nanofibrils, whereas for isotropic nanopaper, an increased strain is due to ran-
domly packed CNFs enabling interfibrillar slippage and inelastic deformation. 
As demonstrated for polymer materials (Fava et al. 2006), this is an indication 
that cellulose nanopaper with highly disordered and long CNFs may be prone to 
an effective slippage, significantly contributing to inelastic deformation and 
causing the stored energy to be released.  

In this regard, we developed a strategy for the design of highly ductile cellulose 
nanopaper that combines high strength and toughness by disordering mechan-
ically fibrillated wood CNFs utilizing solvent power tuneable IL ([EMIM][OAc]). 
More precisely, we used swelling of the hemicelluloses which remains in-be-
tween the elementary fibrils in IL-water to disintegrate CNF bundles. First, the 
properties of CNF-water and CNF-IL-water suspensions are presented. Then 
nanopaper was prepared and its optical and mechanical properties are analysed.  

5.6.1 Swelling induced delamination of CNF (bundles)  

First, it was confirmed that the IL concentration in the IL-water mixture is be-
low the dissolution limit of cellulose and hemicellulose. The concentration of IL 
was varied from 5 wt.% to 50 wt.% and of CNF from 0.34 wt.% to 0.15 wt.% 
correspondingly (Table 4.1). The analysis of the composition of the CNF (after 
mechanical disintegration) before and after the treatment with IL showed that 
hemicelluloses indeed remained in the system after washing out the IL (see Ta-
ble S1 in the Supporting information, Paper IV). Cellulose was not dissolved 
either since there was no change in the type of cellulose crystalline phase, and 
the degree of crystallinity remained constant within the experimental errors 
(see Figure S2 and Table S1 in the Supporting Information, Paper IV). The 50% 
IL–water mixture was used only as a limiting case to demonstrate that no hem-
icellulose and cellulose was dissolved even at this high IL concentration; no na-
nopaper was produced using this IL–water mixture. 

The successful delamination of CNF bundles after adding IL in CNF-water 
suspension was monitored by cryo-TEM (Figure 5.11a). To decrease the inher-
ent wood CNF polydispersity and better visualize the influence of the treatment 
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with IL, only large bundles were selected for cryo-TEM imaging by successive 
centrifugation (see details given in Figure S3 in the Supporting Information, 
Paper IV). The suspension of the as-prepared fractionated large bundles was 
then diluted either with IL–water to CNF–15% IL–water or with water to match 
the same CNF concentration. CNF dispersed in water (Figure 5.11b) contains 
mainly bundles of fibrils with diameters up to hundreds of nanometers, as also 
shown by AFM for the initial 0.4% CNF–water suspension (Figure S1 in the Sup-
porting Information, Paper IV). In the presence of 15 wt.% IL, CNF bundles 
are separated into thinner ones (Figure 5.11c), and even an entangled nano-net-
work of individual elementary nanofibrils can be observed (Figure 5.11d).  

 
Figure 5.11. (a) Schematic presentation of the hemicellulose swelling induced delamination of 
CNF bundles in the presence of IL. (b) Cryo-TEM imaging of the fractionated CNF of large diam-
eter dispersed in water. (c) and (d) Cryo-TEM imaging of the same fractionated CNF but dispersed 
in 15%IL-water. (e) Elastic (G’, filled symbols) and viscous (G’’, open symbols) moduli of 
0.28% CNF–water (black squares) and of 0.28% CNF–15% IL–water suspensions (red circles). 
(f) Relative viscosity of the same suspensions. (g) Elastic moduli of CNF–water and CNF–IL–
water suspensions as a function of CNF concentration at ω = 7.2 rad/s (Images b-g are adapted 
from Paper IV). 

Driven by the observation of this nano-network, the viscoelastic properties of 
CNF–IL–water suspensions were probed by dynamic rheology. Figure 5.11e 
shows an example of the frequency dependence of elastic (G’) and viscous (G’’) 
moduli of 0.28% CNF dispersed in 15% IL-water and in water; examples for 
other CNF concentrations can be found in Figure S5 in the Supporting Infor-
mation of Paper IV. All suspensions show gel-like behavior, with G’ being  
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order of magnitude higher than the corresponding G’’, which is typical for CNF 
suspensions (Li et al. 2015, Geng et al. 2018). There is a significant difference 
between IL–water-based and pure aqueous suspensions: the moduli of 
0.28%CNF-15%IL-W suspension are more than 300 times higher than their 
corresponding values without ionic liquid. In addition, the frequency-independ-
ent region of G’ and G’’ of 0.28% CNF–15% IL–W suspension is much wider 
than that of 0.28% CNF–water, which is also an indication of a stronger net-
work. Similar results were recorded for all prepared CNF suspensions of other 
concentrations (Figure S5 in the Supporting Information, Paper IV). At high 
frequencies, CNF–water suspension undergoes a partial phase separation, re-
flected by both moduli increase with a frequency increase (Charani et al. 2013), 
which is much less pronounced in the case of the CNF–IL–water suspension. 
Figure 5.11f demonstrates that the relative viscosity of 0.28% CNF–15%–IL is 
200 times higher than that of the 0.28% CNF–water suspension. 

Moreover, as depicted in Figure 5.11g, in both dispersing media (water and 
IL water), G’ shows a power-law dependence on the CNF concentration with 
the exponent α being equal to 2.7:   

                                                                                                                           (6)  

where α is a parameter related to network structure (Naderi et al. 2014) and K 
is a constant proportional to the fiber elastic modulus E0 and the square of fiber 
aspect ratio (Tatsumi et al. 2002, MacKintosh et al. 1995). The constant K of 
CNF–water suspensions is in the same range as that reported previously for 
CNF dispersed in water, from few tens to a thousand (Tatsumi et al. 2002, 
Naderi et al. 2014). K of the CNF-IL-water suspension is more than 300 times 
higher than that of their pure aqueous counterparts. The pronounced difference 
in K value is attributed to the delamination of CNF bundles, leading to a de-
crease in the bundle’s diameter while keeping its length: as a consequence, the 
aspect ratio increases. We suppose that the Young’s modulus of the network 
“building block fiber” is also increased as the modulus of an elementary CNF 
fibril should logically be higher than that of a bundle of nanofibrils assembled 
together.  

In the view of the results obtained we hypothesise that hemicelluloses that are 
present in-between the elementary nanofibrils is swelling in IL-water leading to 
CNF delamination into thinner ones. Thinner dispersed entities are more flexi-
ble and form a highly entangled elastic network (Figures 5.11c and d).  

5.6.2 Performance of nanopaper from CNF-IL-water suspension 

The CNF suspensions were then converted into isotropic nanopaper via filtra-
tion, washing with water to remove the IL, further filtration, and drying (see 
details in Section 4.2.4). First, it is worth mentioning that a shrinkage oc-
curred during drying, resulting in the decrease of the dimensions in the longi-
tudinal direction and increase in nanopaper thickness (see Figure S8 in the Sup-
porting Information, Paper IV). We hypothesize that the long and flexible nan-
ofibrils adopt an “accordion” like structure during drying, thus potentially caus-
ing the pronounced high elongation under tension, because of the gradual 
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unfolding of the nanofibrils. The density of nanopaper decreases from 1.26 
g/cm3 to 0.99 g/cm3 as the IL concentration in the initial dispersing medium 
increases from 0 to 15%, respectively. Further increase in the IL concentration 
does not affect the nanopaper density within experimental errors (see Table S3 
in the Supporting Information, Paper IV). As a consequence, the nanopaper 
porosity strongly increases from 13% to 32% for the dispersing medium with 
0–15% IL and then remains 30% for 30% IL (see Table S3 in the Supporting 
Information, Paper IV).  

Both reference nanopaper CNF and CNF15 (Figure 5.12a) are highly transpar-
ent with no visual difference, and the optical transmittance at a wavelength of 
550 nm is 86.7% and 86.2%, respectively (Figure 5.12b); similar transmittance 
was recorded for the other nanopapers (see Table S3 in the Supporting Infor-
mation, Paper IV). The haze is increased from 44.9% (reference nanopaper 
CNF) to 47.5% (nanopaper CNF15) at a wavelength of 550 nm (Figure 5.12b). 
The increased haze might derive from the porosity of IL-treated CNF due to 
folded nanofibrils. As mentioned in Section 5.5.1, a high haze is a positive ef-
fect in applications such as solar cells, as haze increases light scattering and ab-
sorption. 

 

 
Figure 5.12. (a) Digital image of nanopaper CNF15 from CNF-15%IL-water suspension. (b) Op-
tical transmittance and haze of reference nanopaper CNF and CNF15. (c) Representative stress–
strain curves for reference nanopaper CNF and CNF15. (d) Comparison of the mechanical char-
acteristics of reference nanopaper CNF (black bars) and CNF15 (red bars). (e) and (f) SEM im-
ages of the fractured reference nanopaper CNF and CNF15, respectively (b, c, d, e and f are 
adapted from Paper IV). 
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The stress–strain curves for the reference nanopaper CNF and CNF15 are shown 
in Figure 5.12c, three tests per formulation are given as an example, to demon-
strate reproducibility. CNF15 exhibits an extraordinary combination of large 
ductility (up to 35%) and high tensile strength (up to 260 MPa). To the best of 
our knowledge, such a high elongation at break coupled with high strength have 
never been reported previously for non-modified CNF nanopapers. The mean 
values of elongation and tensile strength of nanopaper CNF15 are much higher 
than their corresponding values of the reference nanopaper CNF (Figure 5.12d). 
The Young’s modulus of CNF15 shows a 30% decrease compared to that of the 
reference nanopaper. The properties of other nanopapers, CNF5 and CNF30, 
can be found in Table S3 (Supporting information, Paper IV), all showing high 
ductility and tensile strength with a Young’s modulus similar to that of CNF15. 
Interestingly, the large increase in the ductility of nanopaper CNF15 does not 
compromise its tensile strength. As a result, the toughness, expressed as a work 
of fracture, is 38.1 ± 13.1 MJ/m3 for CNF15, which is a very high value for un-
modified nanocellulose-based materials (Zhu et al. 2017, Henriksson et al. 
2008, Zhu et al. 2015, Lossada et al. 2018, Reyes et al. 2018). To the best of our 
knowledge, only one cellulose-based nanopaper (Benítez and Walther 2017b), 
with incorporated tetrahexyl ammonium ions (THA+) had a comparable high 
toughness (38 MJ/m3), strain at break (21%), and tensile strength (272 MPa). 

The morphology of the fractured surfaces after tensile failure of nanopaper 
CNF15 and of reference nanopaper CNF is compared in Figures 5.12e and f, re-
spectively. The laminated nature of the reference nanopaper CNF is typical for 
cellulose nanopaper and is attributed to the flocculation of nanofibrils at a high 
concentration during filtration (Henriksson et al. 2008, Sehaqui et al. 2011) 
confirming a brittle fracture without any fibril pullouts. The fractured surface of 
nanopaper CNF15 is extremely bumpy, with many microvoids and pullouts of 
the mesoscale layers (Figure 12f), similar to ductile modified nanopapers and 
their polymer composites (Benítez and Walther 2017b, Benítez et al. 2016). This 
brittle-to-ductile transition is a significant sign of excellent energy dissipation. 

Based on above results, several factors should be considered to interpret the 
mechanical properties of the obtained nanopapers after pre-treatment with 
ionic liquid. Under tension, CNF itself does not show plasticity (Henriksson et 
al. 2008, Tang et al. 2015, Ansari and Berglund 2016). Interfibril and intrafibril 
H-bonds are breaking and reforming during fibrils slippage, with the latter be-
ing “helped” by the presence of hemicelluloses, which may act as a “lubricant”. 
The fact that CNF are highly disordered also contributed to the decrease in in-
terfibrillar bonding and, thus, to the efficient sliding. This ease of interfibrillar 
sliding of entangled CNF allows reaching high elongation at break without los-
ing tensile strength. The increased porosity of nanopapers is also important: 
pores act as energy dissipators under applied tension. Both factors, slippage and 
porosity, lead to high ductility and strength but a lower modulus. Shrinkage un-
der drying may play an important role as well. If nanofibrils are folding under 
drying, they unfold under tension and align in the stress direction, leading to 
strain hardening. A slight increase of the slope of the tensile curves (Figure 12c) 
may be an indication of the strain hardening stage. A similar phenomenon was 
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also observed for nanopaper in previous studies (Toivonen et al. 2015, Benítez 
and Walther 2017b) and indicates an enhanced interfibrillar bonding under ten-
sion, confirming the alignment of nanofibrils under deformation.  

In summary, hemicellulose containing CNFs have been proven to be separated 
into thinner fibrils by hemicellulose swelling in the presence of low-concen-
trated IL-water, which is a physical process without dissolution of both cellulose 
and hemicellulose. Understanding and control of the structure formation is cru-
cial in the design of materials with desired mechanical properties. 
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6.  Conclusions and Perspectives 

This thesis explores various possibilities to design high performance all-cellu-
lose composites, with a purpose of bringing new perspectives to this field. This 
was done by first acquiring a fundamental understanding of the dissolution and 
swelling kinetics of cellulose fibers in ionic liquids, and investigating how the 
dissolution and swelling kinetics of natural and man-made cellulose fibers are 
affected by the fiber structure and solvent power (Research question 1). Then 
unidirectional macroscopic natural fiber flax-based ACCs were designed and the 
optimal ACCs fabricating conditions were determined utilizing the obtained 
fundamental knowledge on the dissolution and swelling of flax fibers (Research 
question 2). Besides unidirectional ACCs, isotropic ACCs based on filter paper 
were also produced; their mechanical properties were assessed by a digital im-
age correlation analysis technique to improve the accuracy of the determination 
of the material mechanical properties (Research question 3). In addition to 
ACCs produced by adopting the conventional selective dissolution strategy, 
ACCs fabricated via self-binding from nanoscopic cellulose fibers were explored. 
The obtained isotropic nanopaper was ductile while combining high strength 
and toughness (Research question 4). The main findings of this thesis and the 
research perspectives will be presented below.  

6.1 Main findings of this thesis 

6.1.1 Swelling and dissolution of cellulose fibers  

The behavior of flax and man-made fibers (Cordenka, Ioncell-FL and Ioncell-F) 
in ionic liquid and its mixtures with water was investigated. The rate of fibers’ 
dissolution in neat [EMIM][OAc] (high solvent power) depends on their acces-
sibility and solvent viscosity. The water-induced decreased solvent power dom-
inates the general fiber behavior despite the decrease in solvent viscosity. Flax 
appeared to be the most “sensitive” to the solvent power due to its hierarchical 
structure, since even a moderate amount of water (5 wt.%) in the [EMIM][OAc] 
results in fiber homogeneous swelling with a core-shell structure while all man-
made fibers were still dissolving under this condition. Further increase of water 
content (15 wt.%) induces radial swelling of all fibers with no dissolution. Both 
the fastest dissolution and swelling was recorded for Ioncell and the slowest for 
Cordenka and attributed to the fiber morphology. (Paper I) 
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An anomalous two-step dissolution-swelling of flax fiber was observed in an-
other IL, [mDBN][DMP], which was also confirmed in [mDBN][DMP] contain-
ing 5% water (unpublished results). Besides the known strategy for ACCs 
design via mere “selective dissolution”, this finding promoted a new idea of 
ACCs design targeting the enhancement of the interfacial strength by “remodel-
ling” the interface.  

6.1.2 Unidirectional flax-based ACCs via selective dissolution and selec-
tive swelling  

Unidirectional ACCs based on oriented flax fibers were prepared via controlled 
impregnation with [EMIM][OAc] at room temperature, as suggested by the de-
scribed above fundamental study on fibers swelling and dissolution. The perfor-
mance of the ACCs depends on a compromise between the formation of the ma-
trix that fuses fibers together and fills the voids, resulting in an increased den-
sity on the one hand, and the non-dissolution of the inner strong cell walls and 
the minimization of the formation of lower crystallinity and mechanically 
weaker cellulose II on the other hand. The best values were obtained for the ACC 
with 45 min impregnation (a mean value for maximal tensile strength of 151.3 
MPa and a Young’s modulus of 10.1 GPa). (Paper II)  

The fundamental understanding of the evolution of flax in cellulose solvent 
performed in this study allowed finding a suitable strategy for making high-per-
formance ACCs and making full use of the excellent mechanical properties of 
the flax itself. However, the mechanical properties in transverse direction of this 
ACC was found to be very weak (maximal tensile strength around 2MPa). This 
was improved by utilizing the observed anomalous two-step dissolution-swell-
ing phenomenon of flax in [mDBN][DMP], thus artfully remodelling the inter-
face between the matrix and the undissolved reinforcement. As a result, in ad-
dition to the increased maximal tensile strength in the transverse direction (up 
to 6 times increase, around 12 MPa), the tensile strength in the fiber direction 
was also increased to 214 MPa with an increased strain at break due to a better 
stress transfer (unpublished results).  

Overall, the tensile properties of the produced unidirectional flax-based ACCs 
are better than those for many polymer composites reinforced with flax fibers, 
providing a promising way of making fully bio-based materials with excellent 
mechanical properties. 

6.1.3 Isotropic macroscopic paper-based ACCs  

Digital Image Correlation aided tensile testing was conducted on isotropic ACCs 
made from filter paper via controlled impregnation with ionic liquid 
[EMIM][OAc]. Tensile testing was performed using different methods to obtain 
the specimen elongation: i) data directly taken from machine sensors and ii) 
using digital image correlation technique. The latter excludes the errors related 
to the stiffness of the tensile testing machine itself. True and nominal stress-
strain curves were also built and compared. Although the nominal tensile 
strength values from DIC and machine are similar, the nominal Young’s 
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modulus from DIC appears to be much higher with a lower nominal strain and 
toughness value. It was also found that the DIC derived nominal stress–strain 
curve and the corresponding true stress-strain curve are quite similar. In addi-
tion, it can be concluded that ACCs fabrication strategy with only 30-60 min 
impregnation using ionic liquid allows increasing tensile strength, Young’s 
modulus and toughness of a filter paper in almost 10 times, 5 times and 25 
times, respectively. The as prepared paper-based ACCs with tuneable optical 
properties combining overall good mechanical properties are promising for 
high-end applications such as substrates for flexible displays, optics and solar 
cells. (Paper III). 

6.1.4 Isotropic cellulose nanopaper  

Instead of targeting a super strong cellulose nanopaper from highly ordered 
CNFs, which inevitably compromises ductility and toughness, nanopaper con-
structed by highly disordered and entangled CNFs through self-binding was also 
explored in this thesis. The approach was based on the swelling of hemicellu-
loses in-between the nanofibrils in [EMIM][OAc]–water mixtures at a low IL 
concentration, below the dissolution limit of cellulose and hemicellulose. It al-
lows delamination of thick CNF bundles into thinner ones without influencing 
the length of the fibrils. This approach resulted in a strong nanonetwork of en-
tangled fibrils on the one hand, and efficient interfibrillar slippage and energy 
dissipation in the final nanopaper on the other hand. It was suggested that po-
rosity which was created because of the folding of nanofibrils during drying and 
unfolding under tension also plays an important role in the mechanical proper-
ties of nanopaper. The combination of high ductility (up to 35%), strength (up 
to 260 MPa), transparency (86%), and toughness (up to 51 MJ/m3) allows the 
potential use of cellulose nanopaper as sustainable and biodegradable support 
for various applications, for example, in flexible electronics. (Paper IV) 

6.2 Research perspectives 

Although this thesis was mainly focused on the design and characterization of 
various ACCs, the starting fundamental study itself on fibers swelling and dis-
solution is an interesting topic, in which there are still a lot of important aspects 
to be understood. For example, as demonstrated in this thesis, there may be a 
direct correlation between the processes of cellulose dissolution and swelling: 
the same solvent system can act either as a swelling agent or as a dissolution 
agent depending on the properties of the fiber and dissolution conditions. How-
ever, how the two processes are correlated is an open question. Therefore, a 
deeper understanding of swelling of cellulose fibers is necessary, in particular, 
the properties of cellulose in the swollen “shell”, as cellulose transformation 
upon swelling is still not very clear. Additionally, the observed anomalous two-
step dissolution-swelling behavior can be further investigated by studying other 
kinds of natural fibers or using other cellulose solvents. We believe all these in-
vestigations may contribute to a new insight into the mechanism of cellulose 
dissolution and swelling, in turn further promoting versatile ACCs design.  
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In terms of the production of ACCs in this thesis, the design and characteriza-
tion of the composites were focusing mainly on their mechanical performance 
as structural materials. In fact, cellulose nanopaper and the obtained mac-
roscale filter paper-based ACCs as well are promising to be used for high-end 
applications such as functional filtration membranes, optics, flexible devices 
and solar cells, considering their optical properties with overall excellent me-
chanical performance. The research on these topics started to be published but 
still there is a lot to do. For example, benefiting from the solvent-aided ACCs 
strategy that enables cellulose surface and interface engineering, various struc-
tures incorperating other building blocks or nanoparticles can be built for above 
desired applications. 

The application of IL for hemicellulose swelling induced mild fibrillation of 
CNF is one of the key findings in this work, which allows fabrication a ductile 
nanopaper combining high strength and toughness. It is necessary to investigate 
the CNF-IL-water suspensions in more detail and thus to elucidate the role of 
hemicellulose and IL in the formation of the nano-network. It will be also inter-
esting to test if the use of other cellulose solvents below their dissolution limit 
could lead to a similar result. Benefiting from the highly disordered and entan-
gled CNF in the CNF-IL-water suspension, the production of cellulose mac-
roscale fiber or hydro-/aero-/cryogels other than nanopaper presented in the 
thesis can be further designed targeting excellent but specific performance. 

The ACCs strategy via selective dissolution and via selective swelling as 
demonstrated in this thesis opens up several application pathways for all cellu-
lose based materials. Thus, further investigating the possibilities of producing 
ACCs from recycled cellulose sources such as waste textiles, newspaper and 
cardboard, will be of significance and bring interesting outcomes. 
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