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Abstract 

In recent years, composites made from natural fibers based on cellulose have 
received increasing attention since they have a low environmental impact and good 
mechanical properties. However, these fibers are short and discontinuous and the 
conventional spinning techniques used for these fibers results in continuous yarns 
with mechanical properties considerably lower than that of the single fibers. The aim 
of this work was to prepare continuous fibers where nano-sized cellulose crystals and 
cellulose nanofibers were used to improve the fiber properties. Two different 
strategies have been used to reach this aim.  

In the first study, bio-based fibers of cellulose acetate butyrate (CAB) and 
cellulose nanocrystals (CNC) using triethyl citrate (TEC) as plasticizer were prepared 
by melt spinning. Two different dispersion techniques were studied. In the first 
technique, the water content of the CNC suspension was reduced and exchanged to 
ethanol using centrifugation. In the second, the water in the CNC suspension was 
completely exchanged to ethanol by a sol-gel process. Results showed that tensile 
modulus and tensile strength of the nanocomposite fibers produced with the first 
technique were lower than CAB-TEC fibers, but the fibers produced by the sol-gel 
process showed an increase in the tensile modulus and had no decrease in the 
strength. Optical microscopy of the fibers indicated less aggregations in the sol-gel 
prepared materials. The results indicate that the sol-gel process is enhancing the 
dispersion of cellulose nanocrystals and can be a suitable way to prepare 
nanocomposite fibers. 

The second study is an extension of the first study. Here the effect of weight 
concentration of CNC and fiber drawing was studied. The microscopy studies showed 
that the addition of CNC in CAB resulted in defect-free and smooth fiber surfaces. An 
addition of 10 wt% CNC enhanced the storage modulus and increased the tensile 
strength and Young’s modulus. Fiber drawing improved the mechanical properties 
further. In addition, a micromechanical model of the composite material was used to 
estimate the stiffness and showed that theoretical values were exceeded for the lower 
concentration of CNC but not reached for the higher concentration. In conclusion, this 
dispersion technique combined with melt spinning can be used to produce all-
cellulose nanocomposites fibers and that both the increase in CNC volume fraction 
and the fiber drawing increased the mechanical performance. 

In the third study a different strategy was used. Here low cost and environmentally 
friendly continuous fibers of native cellulose were prepared by dry spinning an 
aqueous suspension of cellulose nanofibers (CNF). The CNF were extracted from 
banana rachis, a bio-residue from banana cultivation in Columbia. The effect of 
spinning rate and CNF concentration on the mechanical properties of the fibers were 
investigated. The results showed that there was a relationship between the spinning 
rate and concentration. The modulus of the fibers was increased from 7.7 to 12.6 GPa 
and the strength increased from 131 to 222 MPa when the lowest concentration and 
highest speed was used. This improvement is believed to be due to an increased 
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orientation of the CNF in the fiber. A minimum concentration of 6.5 wt% was 
required for continuous fiber spinning. However, this relatively high concentration is 
thought to limit the orientation of the CNF in the fiber. The process used in this last 
study has a good potential for up-scaling providing a continuous fiber production with 
well-controlled speed but further work is required to increase the orientation and 
subsequently the mechanical properties. 

The results from these three studies shows that it is possible to spin continuous 
fibers where nanocellulose is used as a reinforcing agent. It is also shown that the 
dispersion and alignment of the nanocellulose plays a key role in improving the 
mechanical properties.  
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1. Introduction  

 Background  1.1.

Fibers have a wide variety of applications from textile to industry. One of the 
dominant roles for fibers is to be combined with polymer matrices to enhance 
mechanical properties of the matrix. In recent years, composites made from wood and 
natural fibers have received increasing attention since they have low environmental 
impact, low production cost and good mechanical properties.1 Table 1-1 shows the 
size and mechanical properties of wood and some typical natural fibers.  

 

Table 1-1. Classification and mechanical properties of some typical natural fibers 

Fiber Classification Density 
(g/cm3) 

Tensile 
Strength 
(MPa) 

Young’s 
modulus 
(GPa) 

Elongation 
(%) 

Flax* Bast fibers 1.4 800-1500 60-80 1.2-1.6 

Sisal* Leaf fibers 1.3 600-700 38 2-3 

Cotton* Seed fibers 1.5 400 12 3-10 

Bamboo** Grass fibers 0.6-1.1 140-230 11-17 - 

Soft wood kraft*** Wood fibers 1.5 1000 40 - 
* The results are adopted from Wambua et al.2  
** The results are adopted from Faruk et al.3  
*** The results are adopted from Bledzki et al.1  
 

Although these fibers have high mechanical properties, they are short and 
discontinuous. The highest mechanical properties for composite materials are 
achieved when fibers are continuous and aligned in the direction of applied load.4 The 
conventional spinning techniques used for these fibers results in continuous yarns 
with mechanical properties considerably lower than that of the single fibers. For 
instance, Chabba and colleagues5,6 reported a Young’s modulus of 4.8-8.5 GPa and 
strength of 312-360 MPa for flax yarns. In addition, Goutianos et al.,7 showed that 
highly twisted yarns led to a degradation of the mechanical properties of the 
composites, while low twisted yarns displayed low processability. Moreover, wide 
variation and inhomogeneity in the individual fibers properties,6 moisture absorption 
and low durability 8 are considered as other drawbacks for natural fibers. 

One solution to overcome the limitations of natural fibers is to prepare continuous 
man-made fibers using biobased polymers. Although, the demand for biopolymers is 
dramatically increased,9 lower mechanical properties and performance limitation of 
biopolymers have limited their applications.10 One way to overcome the low 
mechanical properties of biopolymers, is to add a second phase as reinforcement. 
However, since in fiber manufacturing the diameter of the fibers is small, the use of 
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traditional reinforcing elements is limited due to their large size. Therefore, adding 
nano-sized reinforcement can potentially be an effective way to improve the 
mechanical properties and overcome the size factor. In addition, other properties such 
as high mechanical properties and large surface area of nanoreinforcements make 
them attractive to prepare nanocomposite fibers. Nanocomposite can be described as a 
multiphase solid material where one of the phases has at least one dimension less than 
100 nm.11  

There are different types of biopolymers and nanoreinforcements, which can be 
used in nanocomposite fibers manufacturing. Cellulose is the most abundant polymer 
in the earth and also it is renewable and biodegradable, which makes it an interesting 
compound from which man-made fibers and composite fibers can be prepared. In this 
chapter, an overview on cellulose properties is given and then different spinning 
techniques are described.  

Cellulose 1.2.

Cellulose is tasteless, odorless and hydrophilic material with contact angle of 20-
30° and cannot be dissolved in water and most organic solvents.12 It is mainly isolated 
from wood and plants cell wall, but it can also be obtained from other biomass 
sources such as carrot13 and potato peels.14 It is also synthesized by some bacteria 
(Gluconacetobacter xylinus), algae (Valonia) and even animals (tunicates).15  

Cellulose structure 1.2.1.

Cellulose (C6H10O5)n consisting of a linear chain of several hundreds of repeated β-
D-glucopyranosyl units joined together by (1�4) glycosidic bonds (Fig. 1-1) which is
a covalent bond joining a carbohydrate molecules to another group.16  Cellulose can 
be broken down to glucose by chemical treatment at high temperature.16   

 

Fig. 1-1. Schematic molecular structure of cellulose, showing 1-4 glugosodic bonds and 
hydrogen bonds.17  

As can be seen in Fig. 1-1, each repeating unit contains three hydroxyl groups. 
These hydroxyl groups are able to make hydrogen bonds between cellulose chains. 
The intrachain hydrogen bonding between hydroxyl groups and oxygen of the 
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adjoining ring molecules, stabilize the linkage and provide the linear configuration of 
the cellulose chain. Intermolecular hydrogen bonds along with van der Waals bonds 
between hydroxyl groups and oxygen of adjacent molecules promote aggregation of 
the cellulose chains and forms cellulose fibrils.17,18  

Different crystalline structures of cellulose have been identified by the place of 
hydrogen bonds between and within strands. Natural or native cellulose is called 
cellulose I and generally found as mixture of two polymorphic forms of cellulose Iα

and Iβ, which are mainly differ regarding their hydrogen-bonded pattern. The 
cellulose composition mostly depends on the biological origin, the cell wall of 
bacteria and algae contain cellulose Iα, while higher plants such as trees contain 
higher proportion of cellulose Iβ.

15,19  

Cellulose II can be obtained from cellulose I by two kinds of processes. The first 
process is dissolution of the cellulose I in some specific solvents and then 
precipitation in water or other solvents to get cellulose II. This process is called 
regeneration. Another process, which is called mercerization, is where native 
cellulose is swelled in concentrated sodium hydroxide followed by the removal of
swelling agent to yield cellulose II. Since the conversion of cellulose I to II is 
irreversible process, usually the term of metastable is used for cellulose I and stable is 
used for cellulose II. By some kind of treatments with liquid ammonia and heating, 
other allomorphs of cellulose can be formed as shown in Fig. 1-2.15   

 

Fig. 1-2 Interconversion of cellulose polymorph.15  

Hierarchical structure of wood and plant cell wall 1.2.2.

Fig. 1-3 shows the hierarchical structure of wood, showing the top-down approach
from macro to nano. The figure shows schematic view of a tree, the wood fibers
(cells), schematic view of wood cell wall, microfibrils in the cell wall, elementary 
fibrils, and at last cellulose molecules.  
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Fig. 1-3. Hierarchical structure of wood, showing the wood micro and nanostructures. 

 

The cell wall of a wood fiber consists of a very complex composite structure with 
different layers. These layers provide rigidity and mechanical support for the fiber and 
also shape the fiber. In addition, the cell wall prevents expansion when water enters 
into the cell. The cell wall is typically surrounded by a middle lamella, and composed 
of a primary wall and secondary wall, as well as having lumen. The middle lamella is 
amorphous and contains very high amount of lignin.  This layer does not actually 
belong to the cell wall and its role is to bond the cells together. The outer layer of the 
cell wall is primary wall, which is 0.1-0.2 μm thick and covers outside the cell 
membrane.20,21  

The secondary wall is several times thicker (1-5 μm) than the primary wall and 
consists of three layers. These layers have different microfibrils orientations and 
compositions. S1 is a thin and lignin-rich layer with randomly oriented microfibrils; S2 
is the thickest layer with highest cellulose content and where the microfibrils are 
parallel arranged (5-30°) to the cell axis; and finally S3, is hemicellulose–rich layer 
where the microfibrils are arranged at a nearly transvers orientation.20,22   

Natural fibers e.g, flax has a similar structure like wood, but the microfibrils in the 
secondary layers are more aligned and thus contributes to the high stiffness and 
strength of the fiber.13  

  Cellulose nanoreinforcements  1.2.3.

From cellulosic sources two different types of nanoreinforcements can be 
achieved, cellulose nanofibers (CNF) and cellulose nanocrystals (CNC). Due to the 
high mechanical properties, high aspect ratio and large surface area and low thermal 
expansion coefficient of CNF and CNC, 23 they show great potential as reinforcement 
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elements in nanocomposites.24 However, one of the challenge if using them as 
reinforcement, is the difficulty to disperse these in non-polar polymers due to the 
strong hydrogen bonds,25 and subsequently strong tendency for aggregation.26  
Different techniques such as surface modification,27  or use of surfactants28  has been 
applied to overcome this problem, but due to suppressing reinforcing effect of the 
crystals, the advantages of these methods are usually negated.29  

1.2.3.1 Cellulose nanofibers 

When the microfibrils or elementary fibrils are separated from the cell wall, they 
are called cellulose nanofibers (CNF). Cellulose nanofibers contain both amorphous 
and crystalline region of the cellulose with diameter of 10-40 nm and length up to 
couple of microns.30 Its first successful isolation was reported in 1983.31,32 The 
isolation of CNF from the original cellulose fiber, which is also called nanofibrillation 
process, is usually done by mechanical treatment. However depend on the chemical 
consistency of the raw materials, chemical purification can be applied to remove 
lignin and other substances.33 Since cellulose microfibrils from plants are embedded 
in waxes, extractives, hemicellulose and lignin, the purification is necessary to make 
the fibrillation process possible.13 Chemical purification usually consists of three steps 
shown in Fig. 1-4. 

 

 

Fig. 1-4. The chemical purification steps necessary prior to the CNF isolation from plants.13  

 

The sole use of mechanical treatment in fibrillation process can lead to high energy 
consumption. Thus, some pretreatments e.g. cryocrushing,34 TEMPO-mediated 
oxidation,35 carboxymethylation36 as well as enzymatic pretreatments37 have been 
shown to be useful ways to reduce the energy consumption. High-pressure 
homogenizer, ultra-fine grinder and microfluidizer are the most common instruments 
used for the isolation, however some other techniques such as cryocrushing and 
ultrasonication have been reported as other possible mechanical treatment 
techniques.33    
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1.2.3.2 Cellulose nanocrystals  

When native cellulose subjected to strong acid hydrolysis, the chemical reaction 
dissolves the amorphous and leaves the crystalline rod-like particles unaffected. These 
particles are called as cellulose nanocrystals (CNC) or cellulose nanowhiskers 
(CNW).38 The most widely used process to isolate CNC is based on sulfuric acid 
hydrolysis, which simultaneously liberate CNC and converts part of hydroxyl groups
on the CNC surface into negatively charged sulfate ester groups (see Fig. 1-5).39,40   

 

Fig. 1-5. Esterification of cellulose hydroxyl groups during sulfuric acid hydrolysis.40  

These negatively charged groups provide a good dispersion and colloidal stability 
of CNC in aqueous media, due to the electrostatic repulsion.39,40 Conversely, 
hydrochloric acid hydrolysis generates very weakly charged nanocrystals, resulting in 
rapidly flocculation. Whatever the process used for CNC isolation, as with CNF 
fibrillation, the starting raw material possibly needs a pretreatment to remove 
components such as hemicellulose and lignin.39 The characteristics of the CNC are 
dependent on the cellulose origin as well as the isolation conditions. The size can vary 
between 100 and 1000 nm in length and 3 and 20 nm in diameter,39,41 and the elastic 
modulus of approximately 138 GPa.42  

Man-made fibers 1.3.

Man-made fibers or synthetic fibers are a class name for various fibers (including 
filaments), produced from fiber forming substances to distinguish them from natural 
fibers.43 The first group of man-made fibers consists of modified or transformed 
natural polymers such as regenerated cellulose fibers e.g. rayon. The second group, 
which is the largest one, includes polymers synthetized from chemical compound, 
which cannot occur naturally e.g. nylon and carbon fibers. The third group is fibers 
with mineral origin such as glass fibers.43 The manufacturing process of man-made 
fiber can be divided into two steps: the fiber spinning, where the fibers are formed 
and the drawing of the fibers, which is commonly done to improve the properties. 

Fiber spinning  1.3.1.

The process of forming fibers by forcing the polymers out through a fine nozzle/die 
is called spinning. Melt spinning, solution spinning, including dry and wet spinning,
and electrospinning are the main spinning process. However some other techniques, 
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which are subcategories of the mentioned techniques such as dry-jet wet spinning 44 as 
well as melt-electrospinning 45 and wet-electrospinning46 have been used.  

Fibers mechanical properties can be reported based on their linear density instead 
of typical units based on the force and cross section of the fiber. Denier, defined as 
weight in grams of 9000 m of a fiber47 and tex, defined as weight in grams per 1000 
m48-50 are two common units used in textile industry and found in literatures.  

  Fiber drawing 1.3.2.

The process of stretching a fiber to improve mechanical properties by aligning and 
arranging the crystalline structure of the molecules is called fiber drawing.43 In case of 
melt spinning, if the drawing takes place immediately after the emerging of molten 
polymer from spinneret, it is called melt drawing (MD). The melt draw ratio (λ) can 
be calculated by following equation: 

� � � ������
� 

Where ��  is the spinneret diameter and � is the fiber diameter.51,52 Another method 
to calculate the melt draw ratio is based on the throughput of the spinning machine as 
shown in following equation: 

� � ������������� 

Where �� is the take-up velocity (cm/min), �� is throughput (cm3/min) and �� is 
cross section area of spinneret (cm2).53,54 Due to high stretchability of the polymers in 
molten state, very high melt draw ratio can be achieved. For instance, Haggenmueller 
et al. reported melt draw ratio between 60 to 3600 for poly(methyl methacrylate) 
(PMMA)/ single-wall carbon nano tube (SWNT) nanocomposite fibers.51  

If the drawing takes place in solid state, it is called solid-state drawing (SSD). In 
solid-state drawing, the filament is stretched between two rolls (godets) with different 
rotation speed and temperature. The solid-state draw ratio (DR) is the ratio between 
rotation speeds of two rolls as shown blew.48,55,56  

�� � ����� 

Although the spinning processes can provide some orientation due to shear force in 
spinneret, drawing, in particular SSD, plays a remarkable role in aligning the polymer 
chain and nanoreinforcements and subsequently improving the mechanical properties. 
For instance, Hooshmand et al.48 reported an improvement of 100% for modulus and 
tenacity of melt spun polypropylene/polyamide and carbon nanotube composite fibers 
bay draw ratio of 3. Fig. 1-6 shows a hypothesized model for the alignment of 
nanoreinforcements in drawn fibers.  

 



 8 

 

Fig. 1-6. Hypothesized model for the alignment of nanoreinforcements in as-spun and drawn 
fibers.49  

 

  Melt spinning  1.3.3.

Melt spinning is the process in which the thermoplastic fiber-forming 
polymer/composite is melted and forced out into air or a suitable liquid to be cooled 
and solidified. For melt spun composite fibers with diameters ranging between 10 and 
100 μm, only nanoscaled particles can be used as reinforcement.54 The pushing force 
to pass the polymer through the spinneret can be provided by a piston spinning 
device51-55,57 or capillary rheometer58-60 as well as single-screw extruder47,56 or twin-
screw extruder.48  

  Solution spinning 1.3.4.

Solution spinning is the oldest method of making man-made fibers and was 
introduced at the end of 19th century. Solution spinning includes wet spinning and dry 
spinning. In both methods a viscous solution polymer is pumped to spinneret and 
then, the solvent subsequently is removed and the fiber remains.61  

In wet spinning process, the polymer/composite is dissolved or dispersed in an 
appropriate solvent, and this solution is forced through the spinneret, which is 
submerged in a bath. As the bath solution makes contact with the material extruded 
from the spinneret, the polymer coagulates. Afterwards, the fiber is washed with non-
solvent like water and fiber finishing is applied before the fiber becomes dried on 
heated rolls. Viscose, which is a regenerated cellulose fiber, is produced using wet 
spinning technique. If the spinneret placed out of the precipitation bath making an air 
gap between spinneret and bath, the process is called dry-jet wet spinning. Lyocell, 
which is a more environmentally friendly regenerated cellulose fibers compared to 
viscous, is produced using dry-jet spinning machine.43,44,61  

In dry spinning, the fiber forming polymer/composite forced through a continuous 
stream in a heated chamber to remove the solvent. Dry spinning can be applied for 
production of acetate (cellulose acetate) fibers.43,61  

  Electrospinning 1.3.5.

Electrospinning is a unique technique to make polymer fibers with micro/nano 
diameter size. From the time electrospinning first patented,62 this process has received 
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a great attention.63 Electrospun fibers are made by electrical forces on the polymeric 
fluid surface, which leads to the formation of a fiber with submicron size in diameter. 
By reducing the diameter of the fiber from micrometer to nanometer range, interesting 
properties is achieved due to the high surface area per unit volume and unique 
characteristics that make the fibers produced suitable for a number of applications, for 
instance, filtration for submicron or nano-materials, tissues, sensors, textiles, artificial 
organs, etc.64-66   

Electrospinning consists of three main parts. First part is a high voltage supplier 
that usually a direct current (DC) supply is used. The second part is syringe or 
capillary tube with very small diameter that is connected to one of the electrodes. And 
finally the last part is a metal collector. The collector is a conductor metallic screen to 
generate an electrical field.64   

 Objectives 1.4.

The objective of this work was to prepare environmental friendly continuous 
cellulose based fibers with enhanced mechanical properties by using bio-residues as 
much as possible. 

In the first strategy (paper I and II) the aim was to prepare continuous melt spun 
biopolymer fibers reinforced with CNC isolated form a bio-residue and study the 
effect of dispersion technique and fiber drawing on the mechanical properties of the 
fibers. 

The aim of the second strategy (paper III) was to prepare aligned continuous 
cellulose based fibers with high mechanical properties using only CNF extracted from 
bio-residue for potentially use in structural applications. 
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2. Experimental procedure 

 Materials 2.1.

Cellulose nanocrystals (CNC) were prepared using microcrystalline cellulose from 
VIVAPUR (Weissenborn, Germany) and a never-dried dissolving cellulose residue 
(sludge) obtained from Domsjö Fabriker AB (Örnsköldsvik, Sweden). The sludge was 
obtained from specialty cellulose production after bleaching and washing steps. The 
chemical composition of this bio-residue is 95% cellulose, 4.5% hemicellulose and 
0.1% lignin with crystallinity of 64%.67 The extraction was done based on the sulfuric 
acid hydrolysis described by Bondeson et al.38 and processing steps are schematically 
shown in Fig. 2-1. 
 

 

Fig. 2-1 Acid hydrolysis process used to prepare cellulose nanocrystals from MCC and sludge 
and their microstructure. 

 

Cellulose acetate butyrate CAB was supplied by Eastman Chemical Company 
(Kingsport, USA). CAB is a brittle thermoplastic polymer with low melt flow index, 
produced by esterification of cellulose, which was chosen as polymer matrix since it 
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is cellulose based and soluble in ethanol. To increase the flow of the CAB, triethyl 
citrate (TEC) C12H20O7, an environmentally friendly plasticizer, provided by Fluka 
Chemie GmbH (Buchs, Switzerland) was added to the matrix.  Sulfuric acid (96%) 
and ethanol (99.9%) were purchased from VWR. 

Cellulose nanofiber (CNF) were isolated using bleached banana rachis pulp, 
supplied by Pontifical Bolivarian University (UPB), Colombia. The isolation 
procedure was done using ultra-fine grinding with a MKZA10 Super Masscolloider 
(Masuko Sangyo Co., Saitama, Japan). Fig. 2-2 shows the processing steps and 
microstructure of the produced CNF. 

 

 

Fig. 2-2. Processing steps of CNF isolation from banana rachis and its microstructure. 

 

 Methods 2.2.

 Melt spun nanocomposite fibers 2.2.1.

In the first strategy to prepare environmental friendly cellulose based fibers (paper 
I and II), nanocomposites containing 2 wt% CNC and 15 wt% TEC were prepared 
using solution casting. To achieve well-dispersed CNC in the matrix, two different 
solvent exchange techniques (centrifugation and sol-gel) were applied to exchange the 
water in aqueous CNC to ethanol. The prepared nanocomposites were crushed and 
melt spun using a 15 ml twin-screw microcompounder, DSM Xplore (Geleen, The 
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Netherlands) at 160 °C with a 0.4 mm single-hole spinneret. Mechanical properties of 
the fibers showed better mechanical properties for the one using sol-gel technique 
(Paper I). Thus, in the next step, nanocomposite with higher CNC concentration (10 
wt%) were prepared using sol-gel technique and melt spun using the same 
microcompounder but in online spinning mode. The as-spun fibers were then solid 
state drawn with ratio of 1.5 over two godet-rolls, FOURNÉ Polymertechnik (Alfter, 
Germany). The whole process is shown schematically in Fig. 2-3. 

 

 

Fig. 2-3. Schematic overview on preparation of CAB-TEC-CNC melt spun nanocomposite 
fibers processing. 

 

 Dry spun CNF fibers 2.2.2.

In the second strategy (paper III), grinded cellulose nanofibers were concentrated 
to the desired concentrations (8,10 and 12 wt%) and then were dry spun in three 
different spinning rates, using a capillary rheometer, Rheo-tester 1000 (Göttfert, 
Buchen, Germany) equipped with a 1 mm single-hole die with length of 20 mm. The 
spun fibers were collected and mounted on glass sheets and let to be dried. The 
process is shown schematically in Fig. 3-4. 
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Fig. 2-4. Schematic overview on the preparation of dry spun CNF fibers using a rheometer. 

 

 Theoretical stiffness of the fibers 2.2.3.

The theoretical stiffness of the fibers was estimated based on the rule of mixtures 
based micromechanical model usually implemented for short-fiber composites (paper 
II). 68 In a composite fiber, the modulus, �, in the loading direction can be predicted 
based on the properties of the reinforcing elements and the matrix as 

� � �������� � ��� ����� (1)�
where 

�� � ��
�������� ��

�� �
� (2) 

and  

� �
�

��

���

������� ���
 (3) 

and where  ��  is the elastic modulus of the CNC, �� is the CNC volume fraction and 

�� is the CNC length efficiency given by equation 2, �� is an orientation factor and 
��  is elastic modulus of the matrix. ���is the shear modulus of the matrix and it was 
assumed that the CAB matrix is isotropic and that �� � �������� �� with � = 0.3. � 

is the length of the CNC, �� is the CNC radius, � �� is the ratio of the interfiber 

distance to the CNC radius, which can be calculated from �� ��, where �� is a 

packing number. 
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 Characterization methods 2.3.

The characterization of the CNC and CNF was emphasized in the determination of 
morphological properties like size and shape as well as the crystallinity, while spun 
fibers were characterized with emphasis on mechanical and thermal properties, as 
well as microstructure and orientation. 

 Flow birefringence  2.3.1.

The flow birefringence was studied using two polarizing filters and a lamp to 
indicate the dispersion of the CNC in water (paper I and II) as well the CNC 
organogel in dissolved CAB-TEC (paper II). This is a preliminary indication of a 
successful isolation and dispersion of CNC. 

 Morphological characterizations  2.3.2.

The morphology of the CNC and CNF were studied using an atomic force 
microscopic (AFM), Veeco Multimode scanning probe (CA, USA) with Nanoscope V 
software.  

To study the morphology of the fibers, a JEOL JSM-6460LV (Tokyo, Japan) 
scanning electron microscope (SEM) was used. The samples were sputter coated with 
a gold layer prior to the examination. In addition, an extreme high resolution scanning 
electron microscopy (XHR-SEM), Magellan 400 XHR-SEM (Eindhoven, the 
Netherlands) was used to study the CNF alignments on the surface of the platinum 
coated fibers (paper III). Moreover, a Nikon ECLIPSE MA200 (Tokyo, Japan) optical 
microscope equipped with polarized filter was used to obtain optical micrographs of 
the fibers (paper I). 

 Thermal analysis  2.3.3.

The thermo gravimetric analysis (TGA) was carried out using a TA instrument, 
TGA-Q500 (DE, USA) to determine the thermal stability of the fibers (paper II). 

 X-ray diffraction 2.3.4.

To determine the crystallinity index, ���, of the CNC (paper II) and CNF (paper 
III), X-ray diffraction (XRD) was performed using a PANalytical Empyrean (Almelo, 
The Netherlands) with 2θ scan range of 10-40°. ���, was calculated based on the 
Segal empirical method: 69   

���� � � �
���� � ����

����
������ 

where ���� is the peak intensity corresponding to cellulose I, and ��� is the peak 
intensity of the amorphous fraction at 2θ=18°. 
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In addition, to study the orientation of the CNF along to the fiber axis (paper III), a 
2-dimensional wide-angle X-ray diffraction (2D-WAXRD) were performed on spun 
fibers using a PANalytical Empyrean multi-purpose diffractometer (Almelo, The 
Netherlands). The orientation index ���� was calculated based on azimuthal intensity 
distribution graphs for the lattice plane of 200 (the most intense peak) according to 
the following equation:70   

�� �
������ ����

����
 

where the �� is the full width at half maximum of the azimuthal peak. 

 Mechanical testing  2.3.5.

Tensile properties of produced fibers were measured using universal testing 
machines, Tinius-Olsen UTM (PA, USA) for paper I, using specialized grips for 
fibers (Fig. 2-5a) and Shimadzu Autograph AG-X (Kyoto, Japan) for paper II and III, 
using paper frames (Fig. 2-5b). The machines were equipped with 100 N load cell and 
the tests were performed for single fiber with 0.1 N preload. 

In addition, dynamic mechanical analysis (DMA) of the fibers was performed on a 
TA instrument DMA-Q800 (DE, USA) on tensile mode with constant frequency at 
temperature between 30 and 130 °C (paper II). 

 

 

Fig. 2-5. Grips used for tensile testing on universal testing machines (a) Tinius-Olsen UTM 
(paper I), (b) Shimadzu Autograph AG-X (paper II and III). 
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3. Summary of appended papers 

Paper I: Melt spun cellulose nanocomposite fibers: comparison of two dispersion 

techniques 

In the first study, melt spun cellulose acetate butyrate (CAB) plasticized with 
triethyl citrate (TEC) and reinforced with 2 wt% cellulose nano crystals (CNC) were 
prepared. The main goal was to produce continuous melt spun nanocomposite fibers 
with enhanced mechanical properties. Thus, the focus was to provide well-dispersed 
CNC in CAB matrix without using any surfactant or surface modification, as these 
treatments could lead to a poor interphase and thus suppress the reinforcing effect of 
the nanocrystals. To achieve the goal, two different solvent exchange techniques 
(centrifugation and sol-gel) were applied to exchange the water to ethanol and 
subsequently to get better dispersion of CNC in the CAB matrix. The comparison 
between the mechanical properties and microstructure of the nanocomposite fibers 
produced with both techniques indicates that the sol-gel process is enhancing the 
dispersion of cellulose nanocrystals and can be a suitable way to prepare 
nanocomposite fibers 

 

Paper II: All-cellulose nanocomposite fibers produced by melt spinning cellulose 

acetate butyrate and cellulose nanocrystals 

In the second study, which is an extension of the first study, the effect of weight 
concentration of CNC and fiber drawing on cellulose acetate butyrate (CAB) and 
cellulose nanocrystals (CNC) nanocomposite fibers was studied. The sol-gel solvent 
exchange technique, which provided better mechanical properties in the previous 
study, was used to disperse the CNC in the matrix. The nanocomposite fibers 
containing 2 and 10 wt% CNC were prepared and then were solid-state drawn by ratio 
of 1.5 to align the CNC and polymer chains on the direction of the fiber axis. The 
tensile test results showed that both nanoreinforcing and fiber drawing improved the 
mechanical properties of the fibers. In addition, a micromechanical model of the 
composite material was used to estimate the stiffness and showed the great potential 
of the aligned CNC to improve the mechanical properties of the fibers. Additionally, 
it showed that theoretical values were exceeded for the lower concentration of CNC 
(2 wt%) but not reached for the higher concentration one (10 wt%). 

 

Paper III: Dry spun single filament fibers using only cellulose nanofibers from 

bio-residue 

In the last study, low cost and environmentally friendly continuous fibers were 
prepared by dry spinning aqueous suspensions of only cellulose nanofibers (CNF). 
The CNF was isolated from banana rachis, a bio-residue from banana cultivation and 
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concentrated to the desired concentrations and spun with different spinning rates. The 
relationship between spinning rate and CNF concentration on the mechanical 
properties of the fibers were investigated and the results showed that better 
mechanical properties was obtained when the lowest concentration and highest 
spinning rate was used. This improvement is believed to be due to more compact 
structure and an increased orientation of the CNF along to the fiber axis. However, 
the relatively high concentration of the suspension used is thought to limit the 
orientation of the CNF in the fiber. The process used in this study has a good potential 
for upscaling, however, further work is required to increase the orientation and 
subsequently the mechanical properties. 

4. Conclusions 

This study has shown that cellulose based continuous fibers can be prepared using 
different spinning techniques. To the best of my knowledge, this is the first time all-
cellulose nanocomposite fiber with improved mechanical properties compared to the 
matrix only fiber have been prepared using melt spinning.  It has been demonstrated 
that dispersion of the CNC in the matrix plays a key role on the mechanical properties 
of the fibers. Moreover, it was shown that alignment of the cellulose 
nanoreinforcements caused by fiber drawing has a highly positive impact on the 
mechanical performance of the fibers.  

In the second part of study, for the first time dry spun cellulose fibers from only 
CNF were prepared without using additional chemical/solvent during spinning. The 
mechanical properties of these fibers were highly depends on the CNF alignment 
caused by shear force during spinning rate as well as structure of the fibers. The 
properties of the best fiber are comparable with some commercial regenerated 
cellulose fibers e.g. viscose. The fact that these fibers were prepared economically 
and environmentally friendly means they have considerably potential for further 
development to achieve higher values close to the theoretical values. 

5. Future work 

Regarding the first part of this work, future study will focus on the preparation of 
the melt spun nanocomposite fibers using other biopolymers e.g. polylactic acid 
(PLA) and polycaprolactone (PCL) reinforced with modified and unmodified CNC 
and study the effect of the draw ratios on properties of the fibers. Using different CNF 
sources with better properties and developing the spinning process will be the focus of 
the future work on the second part of this study. In addition, preparation of the 
regenerated cellulose fibers reinforced with CNC can be an interesting subject for 
future work. 
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Melt spun cellulose nanocomposite fibres:
comparison of two dispersion techniques

S. Hooshmand1, S.-W. Cho2, M. Skrifvars2, A. Mathew1 and K. Oksman*1

Biobased fibres of cellulose acetate butyrate (CAB) and cellulose nanocrystals (CNC) and triethyl

citrate (TEC) as plasticiser were prepared by melt spinning. To obtain homogeneous dispersion of

CNC, two different dispersion techniques were studied. In the first, the water content of the CNC

suspension was reduced and exchanged to ethanol using centrifugation. In the second, the water

in the CNC suspension was completely exchanged to ethanol by sol–gel process. Results showed

that tensile modulus and tensile strength of the nanocomposite fibres produced with the first

technique were lower than CAB–TEC fibres, but the fibres produced by the sol–gel process

showed an increase in the tensile modulus and had no decrease in the strength. Optical

microscopy of the fibres indicated a few aggregations on the sol–gel prepared materials. The

results indicate that the sol–gel process is enhancing the dispersion of CNC and can be a suitable

way to prepare nanocomposite fibres.

Keywords: Nanocomposites, Cellulose nanocrystals, Fibre spinning, Dispersion, Microstructure, Mechanical properties, Sol–gel

Introduction
Cellulose is the most abundant, renewable, and biode-
gradable polymer with a hierarchical structure in plants
and other biomass sources; it is also synthesised by some
bacteria, algae and even animals.1,2 Nowadays, the forest
products industry in USA, Canada, Sweden, Brazil, and
some other countries has turned to nanotechnology to
develop new applications from cellulose.3 The term of
nanotechnology has been associated with high expecta-
tions regarding the potential success to prepare stronger
and more functional materials.4

From cellulosic sources two different types of nano-
reinforcements can be achieved, cellulose nanofibres
(CNF) and cellulose nanocrystals (CNC).5 Cellulose na-
nofibres contain both amorphous and crystalline region
of the cellulose and first successful isolation of it was
reported in 1983.6,7 When native cellulose subjected to
strong acid hydrolysis, it can be readily hydrolysed to
micro or nanocrystalline cellulose.8 The characteristics of
the CNC are dependent on the cellulose origin as well as
the isolation conditions. The size can vary between 100
and 1000 nm in length and 4 and 25 nm in diameter, and
the elastic modulus can vary between 120 and 140 GPa.9

Due to its high mechanical strength, high aspect ratio
and large surface area (150–250 m2 g–1), CNC has been
promoted for the preparation of nanocomposites.3 One
main major challenge in using CNC as reinforcing agent
is the difficulty to disperse them in non-polar polymers
due to their strong hydrogen bonds,5 and subsequently

strong tendency for aggregation.10 Different methods
such as surface modification,11 or use of surfactants12,13

has been applied to overcome this problem, but the
advantages of these methods are usually negated because
they suppress the reinforcing effect of the crystals.14–16

As the result of environmental awareness of petro-
leum based polymers, the demand for environmentally
friendly materials is dramatically increased. Therefore,
the interest for composite materials based on renewable
resources, has grown remarkably.17 Cellulose esters such
as cellulose acetate (CA) and cellulose acetate butyrate
(CAB), which are produced by esterification of cellulose,
can be used as cellulosic matrices in biobased nano-
composite production.18 So far different studies were
carried out regarding nanocomposite preparation of
the cellulose esters films using different manufacturing
methods,18–21 but only one article, which was produced
by electrospinning, could be found in the literature re-
garding cellulose esters nanocomposite fibres.22 Since
the diameter of the fibres is small and even slight
aggregations can cause spin failure, spinning of the
nanocomposite fibres renders many challenges. Among
different types of spinning methods such as melt spin-
ning, wet spinning and electrospinning, melt spinning
is the most common process in the production of
continuous thermoplastic fibres.23 Higher throughput
rate of melt spinning compared to other spinning tech-
niques made it an economical and convenient manu-
facturing method.

In this study, melt spinning was chosen as spinning
technique and CAB was chosen as the matrix since it is
soluble in ethanol and the results were comparable with
previous studies in which other processing techniques
were utilised to prepare CAB–CNC nanocomposite
films. The main goal was to provide well dispersed
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CNC in CAB matrix to produce melt spun nanocompo-
site fibres without using surfactant or surface modifica-
tion. To achieve the goal, two different techniques were
applied to disperse CNC in the CAB matrix and produce
nanocomposite fibres. The effect of dispersion methods
on mechanical properties of the nanocomposite fibres
was the main focus in this study. In a further study, the
effect of more CNC content and the effect of fibre
drawing on the thermal and mechanical properties of the
fibres will be investigated.

Experimental

Materials
Cellulose acetate butyrate was chosen as polymer mat-
rix and was supplied by Eastman Chemical Company
(Kingsport, USA). The butyrate content was 46 wt-%,
acetyl content 2 wt-% and hydroxyl content 4?8 wt-%.
According to the supplier, the CAB used, has a glass

transition temperature of 136uC and melting tempera-
ture in range of 150–160uC.

VIVAPUR microcrystalline cellulose (MCC) (Weis-
senborn, Germany) and non-dried dissolving cellulose
residue (sludge), obtained from Domsjö Fabriker AB
(Örnsköldsvik mill, Sweden) were used as starting
material for the preparation of the nanocrystals (CNC)
as reinforcing phase. The CNC from MCC was
extracted by acid hydrolysis based on the method
reported by Bondeson et al.,8 and CNC from sludge
was extracted by acid hydrolysis based on the method
described by Herrera et al.9

Environmental friendly plasticiser, triethyl citrate
(TEC) C12H20O7 was provided by Fluka Chemie
GmbH (Buchs, Switzerland). Triethyl citrate was added
to increase the flow by decreasing the melting tempera-
ture of the CAB and also to attain toughness to the
matrix. Ethanol absolute (99?99%) purchased from
VWR, was used as solvent for CAB and for making

1 Schematic view of first dispersing technique, a solvent exchange by centrifuging, b solution mixing and c melt com-

pounding using twin screw extruder
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CNC organogel by sol–gel processing. Sulphuric acid
(96%) for acid hydrolysis was also purchased from
VWR.

Dispersion method I
The water content of the CNC suspension was reduced
and exchanged to ethanol using centrifugation, then the
CNC–ethanol mix was premixed with CAB and TEC
followed by compounding and dilution to the final
composition using extrusion.

Four grams of CNC in aqueous medium were solvent
exchanged by four centrifugation steps and redispersed
using ultra sonication (Hielscher UP400S, Teltow,
Germany) at 70% of maximum power of the sonicator
during 1 min to obtain uniform dispersion. The aim of
this step was to remove water as much as possible and
exchange it to ethanol. However, the bonded water
remaining in the surface of the CNC could not be
removed by centrifugation. By assuming that just one
layer of water molecules was remained on the surface of
the CNC, the amount of bond water was roughly
calculated by 0?4 g for 4 g CNC (,10 wt-% of CNC). In
initial step to prepare the mixture, 66 g of CAB was
dissolved in ethanol to form 15 wt-% solution, then 30 g
TEC as well as 4 g CNC in ethanol were added to the
mixture. The CAB–TEC–CNC suspension was mixed
using magnetic stirring and ultra sonication, cast in
polystyrene Petri dishes and dried in the vacuum oven.
The dried mixture was pulverised/crushed using a
Waring blender and left in the oven overnight to remove
remaining solvent. The composition of the dried mixture
was 66 wt-% CAB, 30 wt-% TEC and 4 wt-% CNC.

Then the mixture was diluted to the final composition
(2 wt-% CNC and 15 wt-% TEC) with CAB using a twin
screw extruder (Coperion W&P ZSK 18 MEGAlab,
Stuttgart, Germany). The screw speed was 150 rev min–1

and the temperature profile was varied from 140uC
at feeding zone to 170uC at the die. The prepared
composite was pelletised and stored in the desiccator
until the melt spinning process. Same procedure was
applied to prepare the reference material of only CAB
85 wt-% and TEC 15 wt-%. Figure 1 shows the sche-
matic view of the entire process.

Dispersion method II
In the second technique, the water in the CNC sus-
pension was solvent exchanged to ethanol by sol–gel

process with the aim to remove the water completely
following the procedure described by Siqueira et al.21

Initially, the suspension of the CNC was diluted to
8?0 mg mL–1 in a 1000 mL beaker and subjected to a
brief sonication to disperse the crystals and to remove
air. Then, 350 mL ethanol was gently added on top of
the CNC suspension to form an organic layer on the
top of the aqueous dispersion. This organic layer was
gently agitated and exchanged once a day to facilitate
the solvent exchange. The mechanically coherent CNC
ethanol organogel was formed after 6–7 days. The
organogel of nanocrystals was broken by ultra sonica-
tion bath for 10 min.

There after dissolved CAB–TEC and the organogel
with 2% CNC were mixed, solution cast, dried and
pulverised/crushed using similar way to that one
described earlier. Same process was applied to prepare
CAB–TEC as the reference material. A schematic image
of the sol–gel process is presented in Fig. 2.

Melt spinning process
All materials were melt spun to monofilament fibres
using a 15 mL twin screw microcompounder, DSM
Xplore (Geleen, The Netherlands) at 160uC under argon
atmosphere (Fig. 3). A 0?4 mm spinneret was attached
to the outlet of the microcompounder to prepare
monofilament fibres. The as spun fibres were cooled by
air and collected directly on a rotating take-up roll
with 50 cm distance from the spinneret and stored in
a conditioning chamber prior to tensile testing. The
compositions of the produced fibres are summarised in
Table 1.

Instrumental analysis
Birefringence

A setup containing two polarising filters, a lamp and a
magnetic stirrer was used to study flow birefringence of
the CNC suspension. Flow birefringence is a preliminary
method, which can be used to prove whether CNC is
successfully isolated or not.9,20,24–26

Atomic force microscopy (AFM)

To characterise the isolated CNC a Veeco multimode
scanning probe with nanoscope V software (Santa
Barbara, CA, USA) was utilised. To prepare the
samples, a drop of diluted aqueous CNC suspension
was deposited on a mica surface and dried at room

2 Schematic view of cellulose nanocrystals (CNC) organogel preparation
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temperature. The scanning operated in tapping mode
and the height and amplitude images were collected.

Scanning electron microscopy (SEM)

A JEOL JSM-6460LV scanning electron microscope
(SEM) was used to morphology study of the fibres. The
fibres were sputter coated with a gold layer prior to the
examination to avoid charging. The acceleration voltage
of 15 kV was used.

Optical microscopy (OM)

To acquire optical micrographs of the fibres, a Nikon
ECLIPSE MA200 (Tokyo, Japan) optical microscopy
with the NIS-Elements BR 3?1 image analysing software
equipped with a polarised filter was used. To obtain
more details, both transmitted and direct light mode
were utilised for the all four produced fibres. In addition,
to get more focused images, two nanocomposite fibres
(CAB–TEC–2CNCC and CAB–TEC–2CNCSG) were
pressed between two microslide glasses to thin films in
an oven at 180uC. The films were examined on the
microscopy on the same mode.

Tensile testing

To study the mechanical properties of the fibres, a
universal testing machine, Tinius-Olsen UTM (Hors-
ham, PA, USA) with a 100 N load cell was used. The
tests were conducted at room temperature at a constant
speed of 50 mm min–1 with 0?1 N preload and the
gauge length of 50 mm. All samples were stored in a

conditioning chamber at 23uC and 50% RH prior to
testing. The fibres diameter was measured by micro-
metre for each replication and six replications for each
sample were performed and the average values as well as
standard deviations were reported. Moreover, statistical
analysis based on the ANOVA and Tukey-HSD multi-
ple comparison test was applied to see whether the
results are significantly different at 5% significance level.

Results and discussion

Cellulose nanocrystals characterisation
Flow birefringence of produced crystals (Fig. 4) con-
firms the presence of crystals in the aqueous cellulose
suspensions obtained after hydrolysis. As it can be seen
the CNC isolated from both sources are showing
birefringence and are well dispersed in water.

The structure and size distribution of the prepared
suspension of crystals were analysed by AFM, as shown
in Fig. 5. The height and amplitude showed the presence
of well isolated and dispersed crystals in nanometre
scale for both sources. Based on the AFM images, the
diameter of the crystals was in range of 4–12 nm. To
avoid broadening effect and get more accurate measure-
ment, the measurements were made with the help of
a software in which the height of the crystals is deter-
mined and considered as crystals diameter. Even though
different cellulose sources have been used to produce
crystals, the AFM results showed that they have similar
shape and size. According to earlier studies in our group,
these crystals have very similar crystallinity index as well
(85?4¡4?2% for MCC and 85?8¡4?4% for sludge).9,27

Table 1 Code and composition of dried samples

Fibre code CAB/wt-% TEC/wt-% CNC/wt-% Dispersion method

CAB–TECC 85 15 0 Centrifuge
CAB–TEC–2CNCC 83 15 2 Centrifuge
CAB–TECSG 85 15 0 Sol–gel
CAB–TEC–2CNCSG 83 15 2 Sol–gel

4 Flow birefringence of cellulose nanocrystals a isolated

from MCC and b isolated from sludge

3 Schematic view of 15 mL twin screw microcompounder

(DSM Xplore, The Netherlands)
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Processing of CAB–TEC fibres and their
nanocomposites
The preparation of melt spun nanocomposite fibres
renders many challenges, having well dispersed nano-
particles in the matrix polymers is very important for
fibre spinning. Due to the similar size of the aggregated
particles and fibres diameters, the aggregation can
affect on the processability of the fibres and cause
spin line failure. In this study two nanocomposite fibres
were prepared using two different dispersion methods.
Because of hydrophilicity of the CNC, they have strong
tendency for aggregation when drying in non-polar
solvents, thus to avoid aggregation, it is necessary to
remove the water content in the mixture and exchange it
to a non-polar solvent like ethanol which is soluble with
the polymer. To redisperse the crystals in the solvent and
in the dissolved polymer, two solvent exchange techni-
ques were used.

In the first technique, the initial step was to exchange
as much as possible water to ethanol by several cen-
trifugation steps. The second step was to premix
the CNC with dissolved CAB–TEC followed by

compounding with bulk CAB using the twin screw
extruder to achieve desired concentration (2 wt-%CNC).

In the second technique, the water content exchanged
to ethanol almost completely by using sol–gel process
and then the prepared organogel was mixed with
dissolved CAB–TEC in ethanol.

The melt spinning of prepared CAB–TEC and their
nanocomposites was successful for both dispersion
techniques. The produced as spun fibres were uniform
and had diameters in range of 550 to 650 mm.

Fibre characteristics
The results obtained from tensile tests are summarised
in Table 2. It can be seen that the tensile strength and
Young’s modulus for nanocomposite fibres prepared
by centrifuge and extrusion technique was reduced by
25 and 13% respectively, and the reduction was
statistically significant. The reduction of fibres mechan-
ical properties when different nanoreinforcements were
used has been reported earlier, for instance PLA–clay
bionanocomposite fibres28,29 and for PLA–CNC biona-
nocomposite fibres.23 The lower tensile properties of
the nanocomposite fibres compared to the reference

5 Image (AFM) of cellulose nanocrystals a isolated from MCC and b isolated from sludge

Table 2 Mechanical properties of produced nanocomposite fibres

Sample Diameter/mm Tensile strength*/MPa Young’s modulus*/MPa Strain*/%

CAB–TECC 564¡28 27.0¡1.3a 289.0¡36.1a,c 33.1¡5.3a

CAB–TEC–2CNCC 645¡32 20.3¡1.1b 250.2¡7.7b 29.9¡5.0a

CAB–TECSG 653¡22 24.5¡0.9c 263.0¡18.5a,b 43.5¡7.4b

CAB–TEC–2CNCSG 541¡26 23.0¡1.1c 309.4¡22.5c 27.2¡4.0a

*Average values with the same superscript letter in the same column are not significantly different at 5% significance level based on
the ANOVA and Tukey-HSD multiple comparison test.
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a, b CAB–TECC; c, d CAB–TEC–2CNCC; e, f CAB–TECSG; g, h CAB–TEC–2CNCSG
6 Images (SEM) of CAB–TEC fibres and their nanocomposites
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a, b CAB–TECC; c, d CAB–TEC–2CNCC; e, f CAB–TECSG; g, h CAB–TEC–2CNCSG
7 Optical microscopy images of CAB–TEC fibres and their nanocomposites
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CAB–TEC fibres can be due to defects introduced in the
fibres and because of the aggregations of the CNC in the
matrix.

The nanocomposites fibres prepared using sol–gel,
showed better mechanical properties. Only a slight
reduction effect on the tensile strength (3%) was seen,
but the Young’s modulus was improved significantly, by
17%. Although 17% increase is not too much, even this
minor improvement for only 2% CNC can consider
the sol–gel process as a promising method to provide
homogenous dispersion of CNC in the matrix and
consequently obtaining higher mechanical properties. As
mentioned before, no report was found in literatures
regarding mechanical properties of melt spun CAB
nanocomposite fibres, but Bondeson et al.19 prepared
CAB–15%TEC–5%CNC nanocomposite films by extru-
sion where the nanocrystals were fed in the extruder
as suspension, and then the extrudate was compression
moulded to a thin film. The authors reported an
improvement for modulus and tensile strength by 300
and 100% respectively. In another study done by
Siqueira et al.,21 CAB–CNC films were prepared using
very similar methods as we report here. They used sol–
gel process followed by solution casting without using
plasticiser to prepare nanocomposite films and reported
improvement of 34 and 15% for tensile strength and
modulus respectively.21 The lower Young’s modulus
for both CAB–TEC samples in this study (0?26 and
0?29 GPa) compared to the values reported by Siqueira
et al. (1?2 GPa)21 and Bondeson et al.19 (0?8 GPa) can
be explained by the high amount of plasticiser (15%)
used in this study. It is possible that the different

specimen shape (monofilament fibres compared to films)
for tensile testing will also affect the values.

In both samples prepared in this study, a reduction
in elongation can be seen in nanocomposite fibres (11
and 38% for fibres prepared by centrifugation and sol–
gel respectively). The reduction for fibres produced by
centrifugation was not significant, while fibres produced
by sol–gel process were significantly different. The
reduction of the elongation could be probably due to
improved interaction between the CAB matrix and the
cellulose crystals because of the more efficient removal
of water from the crystal surfaces, which might limit the
polymer chains mobility.

Microscopy
Figure 6 shows the surface of CAB–TEC fibres and its
nanocomposites observed in SEM. The micrographs
indicate uniform diameters for fibres produced with
both methods. SEM also reveals that by addition of CNC
to the matrix, the surfaces of the fibres prepared by
centrifugation are slightly rougher, and some clusters or
agglomerates can be observed on the surface (Fig. 6c and
d). By taking into account the mechanical properties, this
roughness shows that CNC probably were aggregated in
the matrix. As it mentioned earlier, due to the high
polarity of the CNC, usually the use of surfactant or
some surface modification is needed to provide well
dispersed and distributed CNC in non-polar matrix such
as CAB. However, in this experiment due to having
solvent exchange step by centrifugation followed by
several mixing and compounding steps (solution mixing,
twin screw extruder and microcompounder) it was

a, b CAB–TEC–2CNCC; c, d CAB–TEC–2CNCSG
8 Optical microscopy images of CAB–TEC nanocomposite films
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supposed to get well dispersed CNC and homogeneous
structure. An increase in surface roughness was reported
for PLA melt spun fibres reinforced with CNC as well;23

however, in this case the surface roughness of CAB–CNC
was much less than PLA–CNC nanocomposite fibres.

In contrast to the CAB–TEC–2CNCC, the surface of
the CAB–TEC–2CNCSG fibres showed no clusters and
surface roughness. This can be evidence that the CNCs
were uniformly dispersed and did not aggregate in the
matrix.

Figure 7 shows the microstructure of the fibres
obtained by optical microscopy. As it is obvious in
the direct light mode images (Fig. 7a, c, e and g),
nanocomposite fibre prepared by sol–gel process
(Fig. 7g) has almost the same structure as pure matrix
fibres (Fig. 7a and e), while nanocomposite prepared by
centrifuge and extrusion has different microstructure
(Fig. 7c). The transmitted light mode images (Fig. 7b, d,
f and h) show some light scattering for the nanocompo-
site fibres (Fig. 7d and h). This light scattering is more
obvious for the CAB–TEC–2CNCC fibre (Fig. 7d)
compared to CAB–TEC–2CNCSG fibre (Fig. 7h), which
is probably due to bigger and more clusters of CNC
caused by aggregation. To confirm this idea and obtain
more focused images, the films of the nanocomposite
fibres were prepared and examined by the same micro-
scopy (Fig. 8). As it can be seen in both direct and
transmitted light mode, the dots are bigger and denser
for the CAB–TEC–2CNCC fibre compared to CAB–
TEC–2CNCSG fibre.

Conclusions
The objective of this study was to prepare CAB fibres
with well dispersed and distributed CNC to improve
the mechanical properties. To achieve this goal, two
dispersion techniques were applied and the effect of the
methods on the mechanical properties of the fibres was
the main focus of this study.

In the first technique, CNC in water was solvent
exchanged to ethanol by centrifugation and then pre-
mixed with dissolved CAB–TEC in ethanol followed by
extrusion, while in the second technique, same amount
of CNC in water was completely solvent exchanged
to ethanol by sol–gel process and then mixed with
dissolved CAB–TEC.

Nanocomposite monofilament fibres were melt spun
using a twin screw microcompounder equipped with a
rotating take-up roll. The spun fibres were relatively
uniform and had diameters ranging between 550 and
650 mm.

The SEM study showed that addition of CNC
resulted in surface roughness of the fibres prepared by
the first dispersion technique (centrifugation, premixing
and extrusion), while fibres prepared by sol–gel showed
smoother surfaces.

Mechanical properties of the nanocomposite fibres
prepared by centrifugation and extrusion were reduced
compared to the reference fibres without CNC. The
nanocomposite fibres prepared using the sol–gel process
had positive impact on the mechanical properties;
the Young’s modulus was improved with 17% and the
addition of the CNC did not affect the strength. The
decreased mechanical properties of the fibre prepared
by centrifugation together with the surface roughness
and optical microscopy study, interpreted small CNC

agglomerates in the CAB matrix, which affect the me-
chanical properties negatively. Although an increase in
Young’s modulus by 17% is not a dramatic improve-
ment, it indicates that sol–gel process is a promising
technique to disperse CNC in CAB without any surface
modification or use of surfactant. Future work will
focus on the preparation and characterisation of CAB–
TEC–CNC nanocomposite fibres with an increased
amount of CNC as well as solid state drawing of the
fibres to align the CNC in the matrix.

Acknowledgement

The authors gratefully acknowledge the VINNOVA for
the financial support of this work in NANOFIBRE
project as well as Domsjö Fabriker AB for supplied
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ABSTRACT: We demonstrated that low cost and environmentally friendly filaments 

of native cellulose can be prepared by dry spinning an aqueous suspension of 

cellulose nanofibers (CNF). The CNF were extracted from banana rachis, a bio-

residue from banana cultivation. The relationship between spinning rate and CNF 

concentration on the mechanical properties of the filaments were investigated and the 

results showed that the modulus of the filaments was increased from 7.7 to 12.6 GPa 

and the strength increased from 131 to 222 MPa when the lowest concentration and 

highest speed was used. This improvement is believed to be due to an increased 

orientation of the CNF in the filament. A minimum concentration of 6.5 wt% was 

required for continuous filament spinning using the current setup. However, this 

relatively high concentration is thought to limit the orientation of the CNF in the 

filament. The process used in this study has a good potential for upscaling providing a 

continuous filament production 

with well-controlled speed but 

further work is required to increase 

the orientation and subsequently 

the mechanical properties. 

KEYWORDS: cellulose nanofibers, dry spinning, orientation, filament fibers, 

mechanical properties, banana rachis 
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1. Introduction 

Fibers play an important role for textile and industrial applications in the human 

life. One application for fibers is in polymer composites where they are combined 

with polymer matrices to enhance the mechanical properties of the matrix for using in 

structural applications. The highest mechanical properties for composite materials are 

achieved when fibers are continuous and aligned in the direction of applied load and 

hence used in structural applications. In recent years, composites made from natural 

fibers based on cellulose have received increasing attention since they have a low 

environmental impact and good mechanical properties e.g. soft wood fibers have an 

approximate stiffness of 40 GPa and strength of 1000 MPa1,2 and the stiffness and 

strength of flax fibers is even higher being 60-80 GPa respective 800-1500 MPa.3  

However, natural fibers are short and discontinuous and the conventional spinning 

techniques used to produce continuous yarns from them results in yarns with 

mechanical properties considerably lower than that of the single fiber. For instance, 

Chabba and co-workers4,5 reported Young’s modulus between 4.8 and 8.5 GPa and 

strength between 312 and 360 MPa for flax yarns. In addition, Goutianos et al.6 

showed that highly twisted yarns led to a degradation of the mechanical properties of 

the composites, while low twisted yarns displayed low processability. Moreover, wide 

variation and inhomogeneity in the individual fibers properties are considered as 

another drawback of natural fibers.5  

One solution to overcome the limitations of natural fibers is to prepare continuous 

biobased fibers and since cellulose is the most abundant biomaterial on the earth, it is 

an interesting compound from which to prepare man-made fibers. Fibers can be spun 

from thermoplastic cellulose-based biopolymers such as cellulose acetate (CA) and 

cellulose acetate butyrate (CAB). However, the low mechanical properties of these 

polymers make them unsuitable for use in structural composites. Nanoreinforcing of 

the matrices as well as aligning the polymer chains and nanoreinforcements are two 

possible ways to increase the stiffness and strength of the fibers. Hooshmand and co-

workers7,8 prepared as-spun and drawn melt spun CAB nanocomposite fibers 

reinforced with cellulose nanocrystals (CNC). Although some improvements were 

reported due to the nanoreinforcing and partially alignment of the CNC, the final 
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properties of the fibers were still far below the desired values. Indeed a model, which 

was used to evaluate the reinforcing effect of the CNC, indicated a great potential for 

aligned CNC to improve the modulus of the fibers.8  

Regenerated cellulosic fibers (RCF), made by dissolution and precipitation of the 

cellulose, are another type of continuous cellulosic man-made fibers. RCF are unique 

in the sense that they have beneficial characteristics of both synthetic and natural 

fibers, which means on the one hand, they have uniform morphological, mechanical, 

and physical properties of synthetic fibers, and on the other hand they have 

biodegradability, CO2 neutrality, and low density of natural fibers.9 However, their 

mechanical properties are lower than that of native cellulose.10,11 For instance, Viscose 

has a stiffness of the 11 GPa and strength of 590 MPa.2,12 As mentioned earlier, 

nanoreinforcing is one way to improve the mechanical properties of the spun fibers. 

Chen et al.13 prepared regenerated bacterial cellulose nanocomposite fibers reinforced 

with multi-walled carbon nanotubes (BC/MWCNT) using N,N-dimethylacetamide/ 

lithium chloride (DMAc/LiCl) as the solvent and ethanol as the coagulation bath. 

They reported Young’s modulus of 29.2 and 38.9 GPa and strength of ≈ 600 and 

≈ 500 MPa for regenerated BC fiber and regenerated BC/MWCNT fiber respectively. 

Although high mechanical properties of produced fibers are reported, scaling up of 

this regenerated BC and use of MWCNT has drawbacks both economically and 

environmental.  

Of interest is therefore the manufacture of aligned continuous native cellulose 

fibers. Cellulose nanofibers, which were first successfully isolated in 1983, contain 

both amorphous and crystalline region of cellulose.14,15 CNF have a high modulus and 

aspect ratio as well as a large surface area. In addition, the hydroxyl groups on the 

CNF surface have a strong tendency to bond to each other and form a network.16 

Iwamoto et al.10 and Walther et al.17 prepared cellulosic fibers by simply wet spinning 

of tempo-mediated oxidized cellulose nanofibers through a syringe into organic 

liquids and reported a modulus of ≈ 23 GPa and strength of ≈ 400 MPa. Moreover, 

Torres-Rendon et al.18 reported a modulus of 33 GPa and strength of 290 MPa for 

tempo-mediated oxidized cellulose nanofibers spun with the same technique and wet-

stretched by ratio of 1.3. Though high mechanical properties of the fibers have been 
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reported,10,17,18 tempo-mediated oxidation and used solvents for precipitation does not 

make the process so economical and environmental friendly. In another study, 

Håkansson et al.19 prepared cellulose filaments by hydrodynamic alignment of 

carboxymethylated CNF with a flow-focusing channel system to align the fibrils in 

the flow direction. They used NaCl in the sheath stream and collecting bath to reduce 

the electrostatic repulsion of the charged CNF suspension. The fibers were then 

placed 24 h in a water bath to allow the electrolytes to diffuse out and at last fixed in 

acetone and subsequently dried. They reported a modulus of 18 GPa and strength of 

445 MPa for the baseline fiber. Although no tempo-oxidation were done, but again 

carboxymethylation and using electrolyte and solvent provide some limitation to 

scaling up and commercialize the process. In a very recent study done by Jiang et al.20 

conductive fibers were produced by wet spinning of only single-walled carbon 

nanotube (SWCNT) polyelectrolytes and modulus of 14 GPa and strength of 124 MPa 

was reported. 

The goal of current study was, as much as possible, to reduce the cost of 

processing and raw materials in preparation of aligned cellulosic filaments with high 

mechanical properties. Thus, a bioresidue from banana rachis was used as the source 

for the CNF. This is an ideal source since annually ≈ 80 MT of bananas are produced 

in the world, making them as the second largest produced fruit with 16% contribution 

in the total fruit production.21,22 This huge amount of production generates a great 

quantity organic waste. Using this bioresidue will increase the value of the primary 

product and reduces waste. In this study, to the best of our knowledge, for the first 

time continuous cellulose fibers were prepared by dry spinning of native cellulose 

nanofibers without using any chemicals/solvents during the spinning processing. The 

effect of spinning rates as well as the effect of CNF concentration on the CNF 

alignment and mechanical properties of the filaments was investigated. 

2. Experimental section 

2.1. Preparation of cellulose nanofibers and its dry spinning 

CNF were isolated from bleached banana rachis pulp kindly supplied by Pontifical 

Bolivarian University (UPB), Colombia. The isolation procedure was done using 
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ultra-fine grinding with a MKZA10 Super Masscolloider (Masuko Sangyo Co., 

Saitama, Japan). First a suspension of 2 wt% were passed through the grinder until a 

thick gel was formed. Then the gel was concentrated to the desired concentrations (8, 

10 and 12 wt%) using several steps of centrifugation. Figure 1a shows the 

concentrated CNF gel with 10% concentration.  

All three CNF concentrations (8, 10 and 12 wt%) were dry spun at 25 °C by using 

a capillary rheometer (Rheo-tester 1000, Göttfert, Buchen, Germany) with 12 mm 

barrel diameter and 22 cm cylinder length to prepare continuous filaments (Figure

1b). The machine was equipped with a 1 mm single die hole with length of 20 mm

and angle of 0°. The spinning was carried out using three piston rates (0.5, 1.0 and 1.5 

mm/s) and consequently the spinning rates were calculated based on the barrel 

diameter and die diameter (72, 144 and 216 mm/s). The CNF spun filaments were 

then collected manually on glass sheets and dried for 10-15 minutes at room 

temperature. To avoid shrinkage, the semi-dried filaments were mounted on the glass 

sheets using paper tape and kept at room temperature overnight (Figure 1c). Then the 

dried filaments were placed in the oven at 105 °C for at least for 2 hours to remove 

any remaining moisture. The rheometer used in this study is very similar to piston 

machines, which are used in melt spinnig of fibers,23 providing great potential to the 

process to be scaled up. 

To compare the orientation and mechanical properties of the produced filaments 

with a randomly orientated reference, a nanofiber network, were prepared from the 

same batch of CNF by vacuum filtration of 100 g of a 1 wt% suspension. The formed 

cake was then removed from the filter paper and blotted on two dried filter papers. 

Figure 1. (a) Concentrated CNF (10%), (b) continuous spinning of CNF using the 
capillary rheometer and (c) fiber drying process. 
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This was repeated three times to remove the exceed water. The CNF cake was then 

placed between two dried filter papers and placed between two woven metal cloths 

and between two absorbent fabrics. This stack was sandwiched between two metal 

sheets and dried at 55 °C for 48 h at an oven under 450 N. All prepared samples are 

coded and summarized in Table 1. 

 

Table 1. The sample codes, wet state concentration and spinning rate of the prepared 
materials 

 

Sample Code 
 

CNF concentration 
(wt%) 

Spinning rate 
(mm/s) 

CNF-nanopaper 1 - 
CNF8-72 8 72 

CNF8-144 8 144 

CNF8-216 8 216 

CNF10-72 10 72 

CNF10-144 10 144 

CNF10-216 10 216 

CNF12-72 12 72 

CNF12-144 12 144 

CNF12-216 12 216 

 

2.2. Characterization 

Atomic force microscopy (AFM). To study the morphology of the isolated banana 

CNF and measure the fibers diameter, a Veeco multimode scanning probe AFM with 

nanoscope V software (Santa Barbara, CA, USA) was used. The scanning was 

operated in taping mode and the height image was collected. For the sample 

preparation, a drop of diluted aqueous CNF suspension was casted on a cleaved mica 

substrate and dried at room temperature. 

X-ray diffraction (XRD). To determine the crystallinity index of the CNF, XRD was 

performed using a PANalytical Empyrean (Almelo, The Netherlands) with CuKα 

radiation with 2θ scan range of 10-40°. The nanopaper made by vacuum filtration was 

used for this test and the crystallinity index, ���, was calculated based on the Segal 

empirical method:24   
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where ���� is the peak intensity corresponding to cellulose I, and ��� is the peak 

intensity of the amorphous fraction at 2θ=18°. 

Scanning electron microscopy (SEM). The cross sections of spun filaments were 

observed using a JEOL JSM-6460LV SEM with acceleration voltage of 10 kV. The 

samples were sputter-coated with gold prior to analysis to avoid charging. The 

fracture surfaces of the filaments broken in the tensile test were studied.  

Extreme high resolution scanning electron microscopy (XHR-SEM). To study the 

surface of the spun filaments and alignment of the CNF in the filaments, a Magellan 

400 XHR-SEM (FEI Company, Eindhoven, the Netherlands) was used. The samples 

were coated with a 3 nm thick layer of platinum before the observation.  

2-dimensional wide-angle X-ray diffraction (2D-WAXRD). To study the 

orientation of the CNF along to the filament axis, 2D-WAXRD patterns were 

performed on spun filaments and the nanopaper using a PANalytical Empyrean multi-

purpose diffractometer (Almelo, The Netherlands) using Mo-radiation with a 

wavelength of 0.07093 nm. The system was equipped with a focusing mirror for Mo-

radiation, micro-beam collimator optics and a Galilei 2D detector imaging a 

maximum 2θ-range of ± 25 °2θ with a static exposure. This detector has a pixel size 

of 60 μm and a detection efficiency of >95% for Mo-radiation. The measurements 

were performed on single filaments with a measurement time of 1 hour per filament. 

Subsequent data treatment and azimuthal integration along the diffraction rings were 

performed using the software packages XRD2DScan and Fit2D. 

The orientation index ���� was calculated based on azimuthal intensity distribution 

graphs for the lattice plane of 200 (the most intense peak) according to the following 

equation.25   

�� �
������ ����

����
 

where the �� is the full width at half maximum of the azimuthal peak. 
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Tensile testing. To study the mechanical properties of the filaments, a universal 

testing machine, Shimadzu Autograph AG-X (Kyoto, Japan) equipped with a 100 N 

load cell was used. The test was conducted at room temperature at a constant speed of 

2 mm/min and a gauge length of 20 mm. To avoid fiber slipping between the grips, 

the samples were mounted on paper frames before being tested. 5 replicates for each 

sample were tested and all samples were placed in a desiccator at 23 °C and 46% RH 

at least for 48 h prior to the testing. The cross-section of the filaments was assumed to 

be circular and the diameter for each test sample was measured by a micrometer. The 

average values and standard deviations of the Young’s modulus, tensile strength and 

strain are reported. Moreover, statistical analysis at a 5% significance level was used 

to test for significant difference based on the ANOVA and Tukey-HSD multiple 

comparison tests. In this comparison, the values for each concentration were 

compared with one another in the same concentration.  

3. Results and discussion 

2.3. Characteristics of cellulose nanofibers  

Figure 2a and b shows the structure and size of the grinded CNF using AFM. 

Based on the AFM study, the diameters of the finest fibers varied between 8 to 35 nm. 

To avoid broadening effect, the CNF diameters were measured from height images. 

As well as the isolated fibers in Figure 2a, bundles of nanofibers can also be seen, 

which can possibly be formed during drying in sample preparation. 

The XRD diffractogram of the used CNF is shown in Figure 2c. It confirms the 

crystallinity pattern of the native cellulose.24,26 There are two main peaks at 14.9 and 

22.1 (corresponding to lattice planes ��� and ��� respectively) and two short and 

broad shoulders around 16.1 and 34.4 (lattice plane ���  and ���  respectively), 

assigned to the diffraction of cellulose I. The crystallinity index of the CNF was 

calculated to 63%. 
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2.4. Dry spinning cellulose nanofibers  

Filaments were successfully prepared by dry spinning concentrated CNF

suspensions. The spinning process renders some challenges because of the air gap 

between collecting glass sheets and the die (20-30 cm) and also due to the low wet 

strength of the suspension used. In this study, a certain minimum concentration of

cellulose nanofibers was required to be able to spin filaments. Concentrations from 12 

down to 5 wt% were tested. In addition, the manual collecting systems imposed some 

limitations when increasing the spinning rate. 

2.5. Structure and morphology of the spun filaments   

The diameter of the filaments varied between 180-240 μm. Figure 3a shows a 

schematic view of the die during spinning and Figure 3b shows the visual appearance 

and flexibility of the filaments after drying.  

Figure 2. (a) AFM image, (b) height measurement and (c) XRD diffractograms of the used 
CNF. 

Figure 3. (a) Schematic of the die and (b) visual appearance and flexibility of the 
filaments. 
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Figure 4 shows the cross sections of spun filaments with 8 and 12% CNF 

suspension in both 72 and 216 mm/s spinning rates. The insert figures show the 

surfaces of these filaments. It can be seen that the filaments are approximately

circular with the exception of some flattening on one side and that there is some 

porosity in the filaments. The porosity is believed to be caused by air trapped in the 

suspension during the feeding process. However, less porosity was observed in 

filaments with low concentration and high spinning speed. In addition in filaments 

from low concentrations a flange was formed. This is due to the contact of the wet 

filaments with the glass sheets. However, it is assumed that this thin structure does 

not affect the mechanical behavior.  

 

Figure 5 shows a high resolution image of the surface structure of the spun 

filaments from the 8% concentration suspension. It can be seen that the filament 

surfaces are rough and also there is evidence of partial alignment of CNF in the 

direction of the filament axis on the surface at both spinning rates (72 and 216 mm/s).  

 

Figure 4. SEM microstructure of the filaments with 8 and 12% concentrations spun in 72 
and 216 mm/s. 
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2.6. Orientation and mechanical properties of filaments 

The orientation index ����  and mechanical properties of all filaments are

summarized in Table 2. It can be seen that there is a slight increase in the orientation 

as the spinning rate increases at all concentrations. A similar trend was reported by 

Iwamoto et al.10 In addition, it is seen that the mechanical properties of the spun 

filaments are better compared to the properties of the CNF nanopaper. The properties 

are also slightly increased with increased spinning rate for most of the filaments being 

highest for the low concentration of CNF.   

Table 2. Orientation index, fiber diameter, modulus, strength and strain at break of all 
produced samples. 

 

Sample 
Orientation 
Index  (fc) 

Diameter 
(μm) 

Modulus  
(GPa) 

Strength  
(MPa) 

Strain          
(%) 

CNF-nanopaper - - 4.9 ± 0.8 125 ± 7 4.9 ± 0.9 

CNF8-72 0.62 207 ± 6 8.3a ± 0.8 147a ± 15 3.6a ± 0.3 

CNF8-144 0.65 217 ± 9 7.7a ± 0.6 138a ± 12 3.4a ± 0.5 

CNF8-216 0.65 180 ± 7 11.2b ± 0.9 198b ± 11 3.6a ± 0.6 

CNF10-72 0.62 242 ± 13 7.3A ± 0.5 119A ± 7 2.6A ± 0.7 

CNF10-144 0.65 232 ± 7 7.9A, C ± 0.5 139B ± 8 3.1A ± 0.3 

CNF10-216 0.68 238 ± 12 8.4B, C ± 0.8 145B ± 17 3.1A ± 0.7 

CNF12-72 0.66 222 ± 10 7.8α ± 0.7 131α ± 15 2.8α ± 0.6 

CNF12-144 0.68 205 ± 9 9.1β ± 0.7 152β ± 15 2.7α ± 0.2 

CNF12-216 0.66 226 ± 8 7.7α ± 0.5 148α, β ± 7 4.3β ± 1.3 

Average values with same superscript letter in the same column are not significantly 
different at 5% significant level based on ANOVA and Tukey-HSD comparison test. In this 
comparison, the values for each concentration were compared with one another in the same 
concentration but spun with different rate. 

Figure 5. Surface structure of CNF8 filaments spun with (a) 72 and (b) 216 mm/s. 
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For example, for the CNF8 filaments the strength increased from 147 to 198 MPa 

and the modulus from 8.3 to 11.2 GPa when the spinning rate was increased from 72

to to 216 mm/s. In the case of CNF10, the increased spinning rate resulted in the 

significant improvement only between the lowest and highest rate. The filaments of 

CNF12 did not follow this trend. Increasing the spinning rate to 216 mm/s in this case 

decreased the strength and modulus. It is possible that it is because of porosity or 

inhomogeneity of the material, however the low standard deviation does not support 

this. By summarizing the orientation study and mechanical properties, it is believed 

that increasing the spinning rate will provide higher shear force and subsequently 

increase the orientation of the CNF along to filament axis. In general, the effect of 

alignment the CNF on the mechanical properties is only seen in the filaments spun 

from low concentration suspension, thus resulting in a more organized and compact 

structure.  

Therefore, the hypothesis, that low concentration and high spinning rate would 

further improve the mechanical properties was tested. First, the suspension 

concentration was decreased to lowest spinnable concentration (6.5 wt%) and then a

maximum spinning rate was used (288 mm/s), this spinning rate was limited by the 

manual collection process. In addition the spun filaments were dried under a weak 

tension. This new filament was coded as CNF6.5-288. Figure 6 shows the micrograph 

of its cross section and surface. It can be seen that flattening still occurs, but no 

porosity was seen and the surface showed on orientated structure in the filament axis 

direction.  

 

Figure 7 shows the XRD results and representative stress-strain curves, where

CNF-nanopaper, the earlier filament with the best properties (CNF8-216) and this 

new one (CNF6.5-288) are compared. It can be seen that the diffractogram of the 

Figure 6. Microscopy image of the CNF6.5-288 filament (a) cross section, (b) overview of 
the surface and (c) detailed view showing surface orientation. 
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nanopaper shows a ring pattern, indicating random orientation, while the diagrams for

both filaments indicate equatorial arcs corresponding to (���) and (���) and a 

meridian arc corresponding to ����� confirming the partially orientation of the CNF. 

Probably the corresponding arc to ����� is merged with ����� on the diffractograms 

due to their very close scattering angles. The orientation index of the new filament

was calculated to be 0.67. It is clearly seen in representative stress-strain curves that 

the spun filaments have better mechanical properties compared to randomly 

orientated CNF-nanopaper. It is also seen that CNF6.5-288 have better mechanical 

properties than the CNF8-216. 

 

 

Figure 8 shows a 3-D plot of the modulus, strength and normalized density based 

on the spinning rate and CNF concentration for all filaments. It is seen, that the 

modulus, strength and density of the CNF6.5-288 filament has increased compared to 

the others. The density was calculated based on the weight and average diameter of a 

filament with a minimum length of 120 mm and then normalized such that the 

filament with highest density was set to 100%. The tensile test results for showed a 

modulus of 12.6 ± 1.5 GPa and strength of 222 ± 16 MPa with diameter of 154 ± 5.

The modulus of CNF6.5-288 improved by 157% and the strength by 78% compared 

to the nanopaper.  Although the mechanical properties has improved here, we believe

that this partially alignment mostly happens on the filaments surface because higher 

mechanical properties are expected if the nanofibers are aligned throughout the 

Figure 7. X-ray diffractograms and representative stress-strain curves of the prepared 
CNF-nanopaper, CNF8-216 and CNF6.5-288. 
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filament as Sehaqui et al.27 reported improvements of 220% for modulus and 114% 

for strength for the drawn cellulose nanopaper.20 

The results presented in this study are better than values reported by Torres-

Rendon et al.18 for undrawn TEMPO-oxidated CNF fibers (modulus of 8.2 ± 2.4 GPa

and strength of 118 ± 12) spun with two times higher spinning rate. However the 

result are slightly lower than values reported by Iwamoto et al.10 for wood and 

tunicate TEMPO-oxidated CNF filaments, spun at a similar spinning rate (modulus of 

19.1 ± 2.6 GPa and strength of 332 ± 93 MP for wood and modulus of 16.7 ± 2.1 GPa 

and strength of 282 ± 67 MPa for tunicate). The filaments produced here are more 

uniform, (cross sections and standard deviations) and can be prepared more 

economical and environmental friendly because no chemical treatments have been 

used.  

4. Conclusions  

For the first time, dry spinning of cellulose nanofibers (CNF) based on banana 

waste were successfully made using piston driven extrusion (capillary rheometer). 

The effect of CNF concentration in the spinning suspensions as well as spinning rate 

was evaluated. The results are very promising. The filaments showed good 

mechanical properties, which were increased with increased spinning rate and 

decreased CNF concentration. X-ray confirmed that the orientation index of CNF in 

filaments was increased with increased spinning rate independent of the 

Figure 8. The 3D plots of the modulus and strength of the produced filaments where the 
effect of spinning rate and CNF concentration are taken into account. 
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concentration. Fracture surface study of the filaments proved the denser structure for 

the filaments spun with low CNF concentration.  

Although the mechanical properties did not reach to the level of natural fibers such 

as soft wood fibers (40 GPa) we are already having properties similar to regenerated 

cellulose filaments (viscose 11 GPa) and the fact that these filaments are based on 

native cellulose and produced from biomass waste using a simple spinning process 

without any additional chemicals, mean they have considerably potential for further 

development. The filaments produced here are uniform, (cross sections) and can be 

prepared economical and environmental friendly because no chemical treatments have 

been used.  

Thus, we believe that by using suitable nanofiber concentration together with 

improved processing procedure, even higher mechanical properties can be achieved.  
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