
DOCTORA L  T H E S I S

Department of Engineering Sciences and Mathematics
Division of Materials Science

Processing of Continuous Fibers Based on 
Nanocellulose: Influence of Dispersion and 

Orientation on Mechanical Properties

Saleh Hooshmand 

ISSN 1402-1544
ISBN 978-91-7583-601-0 (print)
ISBN 978-91-7583-602-7 (pdf)

Luleå University of Technology 2016

Saleh H
ooshm

and    Processing of C
ontinuous Fibers B

ased on N
anocellulose: Influence of D

ispersion and O
rientation on M

echanical Properties

Wood and Bionanocomposites





Processing of continuous fibers based on nanocellulose:  

Influence of dispersion and orientation on mechanical properties 

Saleh Hooshmand 

Doctoral Thesis 

Luleå University of Technology 

Department of Engineering Sciences and Mathematics 

Division of Materials Science 

June 2016 



Printed by Luleå University of Technology, Graphic Production 
2016

ISSN 1402-1544  
ISBN 978-91-7583-601-0 (print)
ISBN 978-91-7583-602-7 (pdf)

Luleå 2016

www.ltu.se

AKADEMISK AVHANDLING 

Som med tillstånd av Luleå Tekniska Universitet framlägges till offentlig granskning 

for avläggande av teknologie doktorsexamen den 9 juni 2016, kl. 10:00 i sal E632, 

E Huset på Laboratorievägen, LTU, Luleå. Avhandlingen försvaras på engelska.  

Principal supervisor: Prof. Kristiina Oksman 

Opponent: Prof. Stephen Eichhorn, University of Exeter, United Kingdom. 



 

 

 

 

 

 

 

 

To my parents,  

Mahvash & Mohammad  





 i 

Abstract 

The aim of the work was to prepare continuous bio-based fibers where nano-sized 
cellulose was used to improve the mechanical properties. Two different strategies 
were used to reach this aim: melt spinning of thermoplastic fibers reinforced with 
nanocellulose and dry spinning of cellulose nanofibers without solvent or chemicals.  

In the first strategy, melt-spun fibers were reinforced with cellulose nanocrystals. 
First, nanocomposite fibers of cellulose acetate butyrate (CAB) reinforced with 
cellulose nanocrystals (CNC) and plasticized with triethyl citrate (TEC) were 
prepared. Two different techniques for dispersing CNC were compared: a process of 
solvent exchange of the aqueous CNC suspension to ethanol by centrifugation and sol-
gel process. The mechanical properties and microscopy results indicated that the sol-
gel process enhanced the dispersion. Subsequently, the effect of CNC concentration 
and solid-state drawing (SSD) was studied. The results were defect-free and smooth 
fiber surfaces, in which an addition of 10 wt% CNC and drawing increased the tensile 
strength and Young’s modulus by 43% and 134% compared to the as-spun 
unreinforced fibers. This melt spinning process was also used to process melt-spun 
nanocomposite fibers of polylactic acid (PLA) and CNC. In this study the effect of 
surface modification of the CNC and the melt draw ratio (MDR) were investigated. 
The results showed that the increased MDR together with the surface modification 
resulted in better mechanical properties.  

In the second strategy, continuous fibers of native cellulose nanofibers (CNF) were 
prepared by dry spinning. First, the effect of the spinning rate and the CNF 
concentration on the mechanical properties were investigated. The highest orientation 
and mechanical properties were achieved by combining a low CNF concentration 
with a high spinning rate. The modulus of the fibers increased from 7.7 to 12.6 GPa 
and the strength from 131 to 222 MPa. After this, to further improve the orientation of 
the CNF, a small amount of hydroxyethyl cellulose (HEC) was used as a binder and 
the fibers were cold drawn after the spinning. The results showed that the addition of 
the binder and cold drawing increased the modulus and strength by 76% and 73%, 
being 15 GPa and 260 MPa, respectively. The results also confirmed that dry spinning 
of CNF has potential for up-scaling, providing a continuous fiber production with 
well-controlled speed. 

These studies demonstrated that the dispersion and alignment of nanocellulose in 
spun fibers play key roles in improving the mechanical properties of these continuous 
bio-based fibers.  
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1. Introduction  

 Background  1.1.

Fibers have important textile and industrial applications; hence, there are many 
different types. Fig. 1-1 shows the hierarchical classification of the different types of 
fibers including a few examples for each category.1 Fibers can be combined with 
polymer matrices to enhance the mechanical properties of polymers. In recent decades 
composites made from cellulose-based natural fibers have received increasing 
attention, since they have low environmental impact, low production cost and good 
mechanical properties.2  

 

 

Fig. 1-1. Classification flowchart of different fibers including few examples for each 
category, redrawn form Ref.1 

 

Table 1-1 shows the density and mechanical properties of wood and some typical 
plant natural fibers. Although these fibers have high mechanical properties, they are 
short and discontinuous. For instance, the length of a single flax fiber as one of the 
longest natural fibers varies between 9 and 70 mm.3 Other natural fibers such as 
bamboo and wood fiber are even shorter, about 2-5 mm.4 Whereas in fiber-reinforced 
composites, the highest mechanical properties are achieved when fibers are 
continuous and aligned in the direction of applied load.5 
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Table 1-1. Classification and properties of some typical cellulose-based 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 adapted from Wambua et al.6 
** The results are adapted from Faruk et al.7 
*** The results are adapted from Bledzki et al.2 
 

Fiber-reinforced composites are materials consisting of fibers of high strength and 
modulus embedded in a matrix. In this form, both fibers and matrix retain their 
physical and chemical identities, while they produce a combination of properties that 
cannot be achieved with either of the constituents acting alone. In general, fibers are 
the principal load-carrying members, while the matrix keeps them in the desired 
location and orientation, acts as a load transfer medium between them and protects 
them from environmental damage.8 Fig. 1-2 shows some possible arrangements of 
fibers in fiber-reinforced composites.  

 

 

Fig. 1-2. Some possible arrangements of fibers in fiber-reinforced composites, 
adapted from Ref.9 

 

To make the natural fibers long and continuous, they need to be twisted; however, 
the conventional spinning techniques used for these fibers result in continuous yarns 
with mechanical properties considerably lower than those of the single fibers. For 
instance, Chabba and colleagues10, 11 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.12 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,11 moisture absorption 
and low durability13 are considered as other drawbacks for natural fibers. 
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One solution to overcome some of the limitations of natural fibers is to prepare 
continuous man-made fibers using biobased polymers (transformed natural polymers). 
The demand for biopolymers is increasing dramatically,14 but lower mechanical 
properties and performance limitations of biopolymers have limited their 
applications.15 One way to overcome the low mechanical properties of biopolymers is 
to add a second phase as reinforcement. However, since the diameter of the fibers is 
usually small, the use of traditional reinforcing elements is limited due to their large 
size. Therefore, adding nano-sized reinforcement to prepare nanocomposite fibers can 
potentially be an effective way to improve the mechanical properties and overcome 
the size factor.16 In addition, other properties such as high mechanical properties and 
large surface area of nanoreinforcements make them attractive for nanocomposite 
preparation. A nanocomposite can be described as a multiphase solid material in 
which one of the phases has at least one dimension less than 100 nm.17 

Different types of biopolymers and nanoreinforcements can be used in 
nanocomposite fiber manufacturing. Cellulose is the most abundant polymer and it is 
also 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 a tasteless, odorless and hydrophilic material with a contact angle of 
20-30° and it cannot be dissolved in water or most organic solvents.18 It is mainly 
isolated from wood and plants cell walls,2, 19, 20 but it is also synthesized by some 
bacteria (Gluconacetobacter xylinus), algae (Valonia) and even animals (tunicates).21  

  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. 1-3), which is a 
covalent bond joining a carbohydrate molecule to another group.22 Cellulose can be 
broken down to glucose by chemical treatment at high temperature.22 

 

 

Fig. 1-3. (a) Schematic molecular structure of cellulose, (b) the repeating unit in the 
cellulose chain, called cellobiose showing 1-4 glugosodic bonds and hydrogen bonds, 

reproduced from Ref.23 
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As can be seen in Fig. 1-3, each repeating unit consisting of two cellulose 
molecules, called cellobiose, contains six 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 adjoining ring molecules 
stabilizes the linkage and provides 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 form cellulose fibrils.23, 24 

Different crystalline structures of cellulose have been identified by the position of 
hydrogen bonds between and within strands. Natural or native cellulose is called 
cellulose I and is 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 a 
higher proportion of cellulose Iβ.

21, 25 

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. In another process, 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 an irreversible process, 
the term of metastable is usually used to describe cellulose I and stable is used for 
cellulose II.  

  Hierarchical structure of wood and plant cell wall 1.2.2.

Fig. 1-4 shows the hierarchical structure of wood, showing the top-down approach 
from macro to nano. The figure shows a schematic view of a tree, the wood fibers 
(cells), wood cell wall, microfibrils in the cell wall, elementary fibrils and the 
cellulose molecules. 

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. 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 a very high amount of lignin. This layer does not 
actually belong to the cell wall and its role is to bind 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.26, 27 

The secondary wall is several times thicker (1-5 μm) than the primary wall and 
consists of three layers. These layers have different microfibril orientations and 
compositions. S1 is a thin and lignin-rich layer with randomly oriented microfibrils; S2 
is the thickest layer with the highest cellulose content and it is where the microfibrils 
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are arranged parallel (5-30°) to the cell axis; and finally S3 is a hemicellulose-rich 
layer where the microfibrils are arranged at a nearly transverse orientation.26, 28   

 

 

Fig. 1-4. Hierarchical structure of wood, showing the wood micro and nanostructures, 
redrawn from Ref.29 

 

Natural fibers e.g, flax has a structure similar to wood fiber, but the microfibrils in 
the secondary layers are more aligned which increases the stiffness and strength of the 
fiber.30 

  Cellulose nanoreinforcements  1.2.3.

From cellulosic sources two different types of nanomaterials can be obtained: 
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,31 they show great potential as reinforcing 
elements in nanocomposites.32 However, one of the challenges in using them as 
reinforcement is the difficulty to disperse them in non-polar polymers due to presence 
of free hydroxyl groups on the surface.33 These hydroxyl groups have a strong 
tendency towards aggregation through hydrogen bonds, which make the dispersion of 
the nanocellulose challenging.33, 34  

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 regions of cellulose with a diameter of 10-40 nm and a length up to a 
couple of microns,35 depending on the processing conditions and the origin of the raw 
material. Its first successful isolation was reported in 1983.36, 37 The isolation of CNF 



 6 

from the original cellulose fiber, which is also called the nanofibrillation process, is 
usually done by mechanical treatment. However, depending on the chemical 
consistency of the raw materials, chemical purification can be applied to remove 
lignin and other substances.38 Since cellulose microfibrils from plants are embedded 
in waxes, extractives, hemicellulose and lignin, some purification is required to make 
the fibrillation process possible.30 Chemical purification to prepare purified CNF 
usually consists of three steps shown in Fig. 1-5. 

 

 

Fig. 1-5. The chemical purification steps required prior to the CNF isolation from 
plants, redrawn from Ref.30 

 

The sole use of mechanical treatment in fibrillation process can lead to high energy 
consumption. Thus, some pretreatments e.g., cryo-crushing,39 TEMPO-mediated 
oxidation,40 carboxymethylation41 as well as enzymatic pretreatments42 have been 
shown to be useful ways to reduce the energy consumption. The high-pressure 
homogenizer, ultra-fine grinder and microfluidizer are the most common instruments 
used for the isolation; however, some other techniques such as cryo-crushing and 
ultrasonication have been reported as other possible treatment techniques.38   

1.2.3.2 Cellulose nanocrystals  

When native cellulose is subjected to strong acid hydrolysis the chemical reaction 
dissolves the amorphous and leaves the crystalline rod-like particles unaffected. These 
particles are called cellulose nanocrystals (CNC) or cellulose nanowhiskers (CNW).43 
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. 1-6).44, 45  
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Fig. 1-6. Esterification of cellulose hydroxyl groups during sulfuric acid hydrolysis, 
redrawn from Ref.45 

 

These negatively charged groups provide a good dispersion and colloidal stability 
of CNC in aqueous media, due to the electrostatic repulsion.44, 45 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 raw material can benefit from a pretreatment to remove components 
such as hemicellulose and lignin.44 As with CNF, 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,44, 46 and the elastic 
modulus is approximately 135 GPa.47 

 Man-made fibers 1.3.

Man-made fibers are a class name for various fibers (including filaments), 
produced from fiber forming substances to distinguish them from natural fibers.48 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 compounds, which cannot occur 
naturally e.g., nylon and carbon fibers. The third group is fibers with mineral origin, 
such as glass fibers.48 The manufacturing process of man-made fiber can be divided 
into two main 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 processes. However, some other 
techniques, which are subcategories of the mentioned techniques, such as dry-jet wet 
spinning,49  melt-electrospinning50 and wet-electrospinning, have been used.51 

In the textile industry, fiber mechanical properties are commonly reported based on 
the linear density instead of typical units based on the force and cross section of the 
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fiber. Denier, defined as weight in grams of 9000 m of a fiber52 and tex, defined as 
weight in grams per 1000 m,53-55 are two common units used in textile industry and 
found in literature.  

1.3.1.1.  Melt spinning  

Melt spinning is the process in which the thermoplastic fiber-forming 
polymer/composite is melted and extruded into air or a suitable liquid to be cooled 
and solidified. The force to pass the polymer through the spinneret can be provided by 
a piston in a spinning device56-61 or capillary rheometer62-64 or by a screw in a single-
screw extruder52, 65 or twin-screw extruder.53 For melt-spun composite fibers with 
diameters ranging between 10 and 100 μm, only nanoscaled particles can be used as 
reinforcement.61 

The first melt-spun fiber, Nylon 6.6, was synthetized in 1939. Since then, the 
fibers industry has developed and improved the properties and processability of the 
melt-spun fibers.66 It took almost 60 years for the first melt-spun nanocomposite 
fibers to be prepared, and this was done by Haggenmuller et al. (2000), who prepared 
poly(methyl methacrylate) (PMMA) reinforced with single-wall carbon nanotube 
(SWNT).59 The first melt-spun nanocomposite fiber in which nanocellulose was used 
as reinforcement was introduced in 2013 and was made by melt spinning of 
polylactic acid (PLA) and cellulose nanocrystals (CNC).65 However, the addition of 
CNC did not lead to significant improvement in mechanical properties, due to the 
poor dispersion of CNC in the matrix. Afterwards, different groups developed the 
preparation of melt-spun nanocomposite fibers using nanocellulose as 
reinforcement.16, 67-70 

1.3.1.2.  Solution spinning 

Solution spinning is the oldest method of making man-made fibers and was 
introduced in the 1880s. The first plant to commercially produce a fiber based on 
regenerated cellulose, called “artificial silk”, was built in 1891. At the beginning of 
the 20th century the production of this fiber increased dramatically and in 1924 it was 
given a new name, “viscose-rayon”. Though, shortly thereafter, by introducing 
petroleum-based synthetic fibers, the production of the regenerated cellulose fibers 
was limited to some special applications. Recently, due to environmental issues 
associated with petroleum-based polymers, the preparation of environmentally 
friendly regenerated cellulose fibers has received increasing attention.71  

Solution spinning includes wet spinning and dry spinning. In both methods a 
viscous polymer solution/suspension is pumped to a spinneret, and then the solvent 
subsequently is removed and the fiber remains.71 In the wet spinning process the fiber 
forming material is dissolved or dispersed in an appropriate solvent, and this 
solution/suspension 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 and the fiber is formed. Afterwards, the fiber is washed with a 
nonsolvent e.g., water, before being dried on heated rolls. Viscose is produced using 
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wet spinning technique. If the spinneret is placed outside 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 
fiber compared to viscose, is produced using a dry-jet spinning machine.48, 49, 71 

Recently, wet spinning became a promising method to produce strong 
nanocomposite fibers. In 2006, Araki et al. prepared partially dissolved 
microcrystalline cellulose (MCC) fiber with a nanocomposite-like structure with non-
dissolved oriented cellulose nanocrystals along the fiber axis.72 Another technique to 
prepare wet-spun nanocomposite fibers involves adding CNC as reinforcement in the 
solution dope, which was first reported in 2010 by spinning of CNC-reinforced 
alginate.73 Afterwards, several studies using different matrix materials to prepare wet-
spun nanocomposite fibers reinforced with CNC have been reported.74-78 The latest 
development in spinning using nanocellulose is wet spinning of only cellulose 
nanofibers (CNF) without the use of matrix or binder. First time the method was 
introduced in 2011 by Iwamoto et al.79 and Walther et al.80 They prepared fibers by 
simply wet spinning of tempo-mediated oxidized CNF through a syringe into a bath 
containing an organic liquid (Fig. 1-7). Alignment of CNF is a key factor to achieve 
high mechanical properties. Thus, different groups developed this technique to 
increase the CNF alignment along to the direction of the fiber axis.81, 82 

 

 

Fig. 1-7 Wet-spun CNF fibers prepared using a syringe and its morphology, 
reproduced from Ref.79  

 

In dry spinning, the fiber forming polymer/composite is forced through a spinneret 
in a heated chamber to remove the solvent. Dry spinning can be applied for 
production of acetate (cellulose acetate) fibers.48, 71 The first CNC-reinforced 
nanocomposite fiber was also produced using cellulose acetate (CA) as the matrix in 
2014.83 

1.3.1.3.  Electrospinning 

Electrospinning is a unique technique to make polymer fibers with micro/nano 
diameter size. Since electrospinning first patented,84 the process has received great 
attention.85 Electrospun fibers are made by electrical forces on the polymeric fluid 
surface, which leads to the formation of a fiber with a submicron diameter. By 
reducing the diameter of the fiber from micrometer to nanometer range, interesting 
properties are achieved due to the high surface area per unit volume and unique 
characteristics that make the bundle of fibers produced suitable for a number of 
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applications, for instance, filtration for submicron or nano-materials, separator, 
tissues, sensors, textiles, artificial organs, etc.86-88  

Electrospinning consists of three main parts. The first part is a high-voltage 
supplier that usually supplies a direct current (DC). The second part is a syringe or 
capillary tube with a very small diameter that is connected to one of the electrodes. 
Finally, the last part is a metal collector. The collector is a metallic conductor screen 
that generates an electrical field.86  

 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.48 In the 
case of melt spinning, if the drawing takes place immediately after the molten 
polymer emerged from the spinneret, it is called melt drawing (MD). The melt draw 
ratio (λ) or (MDR) can be calculated by the following equation: 

 

where  is the spinneret diameter and  is the fiber diameter.58, 59 Another method to 
calculate the melt draw ratio is based on the throughput of the spinning machine, as 
shown in the following equation: 

 

where  is the take-up velocity (cm/min),  is throughput (cm3/min) and  is the 
cross-sectional area of the spinneret (cm2).60,61 Due to high elongation of the polymers 
in molten state, a very high melt draw ratio can be achieved. For instance, 
Haggenmueller et al. reported melt draw ratio between 60 and 3600 for poly(methyl 
methacrylate) (PMMA)/ single-wall carbon nanotube (SWNT) nanocomposite 
fibers.59   

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 (SDR) is the ratio between 
rotation speeds of two rolls as shown below.53, 57, 65 

 

SDR also can simply be calculated based on the final length of the fiber divided by 
its primary length before drawing.  Although the spinning processes can provide some 
orientation due to shear force in the spinneret, drawing, especially in SSD, plays an 
important role in aligning the polymer chain and nanoreinforcements, and 
subsequently improving the mechanical properties. For instance, Hooshmand et al.53 
reported an improvement of 100% for modulus and tenacity of melt-spun 
polypropylene/polyamide and carbon nanotube (CNT) composite fibers by a draw 
ratio of 3. Fig. 1-8 shows a hypothesized model for the alignment of polymer chains 
and nanoreinforcements in drawn fibers compared to as-spun fibers. 
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Fig. 1-8. Hypothesized model for the alignment of polymer chains and 
nanoreinforcements in as-spun and drawn fibers, adapted from Ref.54 

 

 Objectives 1.4.

The objective of this work was to prepare environmentally friendly continuous 
cellulose based fibers with enhanced mechanical properties. 

In the first strategy (Papers I, II and III) the aim was to prepare continuous melt-
spun biopolymer fibers reinforced with CNC and study the effect of dispersion 
technique and fiber drawing on the mechanical properties of the fibers. 

The aim of the second strategy (Papers IV and V) was to prepare aligned 
continuous cellulose-based fibers with high mechanical properties using CNF for 
potential use in structural applications. 
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2. Experimental procedure 

This part is a summary of materials and experimental techniques used in this 
thesis. More detailed information can be found in attached papers at the end of the 
thesis. 

 Materials 2.1.

 Melt-spun nanocomposite fibers 2.1.1.

Cellulose nanocrystals (CNC) were prepared using microcrystalline cellulose 
(MCC) from VIVAPUR (Weissenborn, Germany) (Paper I), a never-dried dissolving 
cellulose residue (sludge) obtained from Domsjö Fabriker AB (Örnsköldsvik, 
Sweden) (Papers I and II) and MCC purchased from Sigma Aldrich (Paper III). The 
chemical composition of the cellulose residue is 95% cellulose, 4.5% hemicellulose 
and 0.1% lignin.89 The extraction was done based on the sulfuric acid hydrolysis 
described by Bondeson et al.43 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. 
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Cellulose acetate butyrate (CAB), supplied by Eastman Chemical Company 
(Kingsport, USA), was used as matrix (Papers I and II). CAB is a brittle thermoplastic 
polymer, produced by esterification of cellulose, which was chosen as polymer matrix 
since it is based on cellulose and also soluble in ethanol. To increase the flow of the 
CAB and make it spinnable, triethyl citrate (TEC) C12H20O7, an environmentally 
friendly plasticizer, provided by Fluka Chemie GmbH (Buchs, Switzerland) was 
added to the matrix. Polylactic acid (PLA), supplied by NatureWorks (Minnetonca, 
USA) was used as the matrix for Paper III.   

Sulfuric acid (96%), ethanol (99.9%) and 1,4-Dioxane were purchased from VWR, 
L-lactide, stannous octoate (Sn(Oct)2), chloroform, toluene, dichloromethane and 
N,N-dimethylformamaide (DMF) were purchased from Sigma Aldrich. 

 Dry spun CNF fibers 2.1.2.

Cellulose nanofibers (CNF) used in Papers IV and V were isolated using bleached 
banana rachis pulp, supplied by Pontifical Bolivarian University (UPB), Colombia 
(Paper IV) and birch Kraft pulp, supplied by SCA (Munksund, SE) (Paper V). The 
isolation was done by ultra-fine grinding process using a MKZA10 Super 
Masscolloider (Masuko Sangyo Co., Saitama, Japan). Fig. 2-2 shows the processing 
steps of the produced CNF. 2-Hydroxyethyl Cellulose (HEC), average Mv≈1,300,000 
g/mol, in powder form was purchased from Sigma-Aldrich to be used as a binder 
(Paper V). 

 

 

Fig. 2-2. Isolation of CNF using mechanical process. Grinding is repeated until a gel 
is formed. 
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 Methods 2.2.

 Melt-spun nanocomposite fibers 2.2.1.

In Paper I, nanocomposites containing 2 wt% CNC and 15 wt% TEC were 
prepared by means of solution casting. To achieve well-dispersed CNC in the matrix, 
two different solvent exchange techniques (centrifugation and sol-gel), to exchange 
the water in aqueous CNC to ethanol, were compared.  

The prepared nanocomposites were crushed and melt spun using a 15 ml twin-
screw microcompounder, DSM Xplore (Geleen, The Netherlands) at 160°C with a 0.4 
mm single-hole spinneret in batch spinning mode. Based on the mechanical properties 
and morphology of the fibers, in the next step (Paper II), a nanocomposite with higher 
CNC concentration (10 wt%) was 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 a 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 of the preparation of CAB/TEC/CNC melt-spun 
nanocomposite fiber processing. 
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In Paper III, melt-spun fibers of PLA and its CNC nanocomposite using surface 
modified CNC were prepared and the effect of surface modification on CNC was 
investigated. The modified CNC (CNC-g-PLLA) was used to improve the 
compatibility between matrix and CNC and it was used as received; The PLLA had 
been grafted onto the CNC surface using a “grafting from” reaction, in which the 
hydroxyl groups on the surface of the CNC were used as the initiator for the 
polymerization. The process consisted of two steps: composite preparation and melt 
spinning. In the first step, spheres of neat PLA and nanocomposites of PLA/CNC and 
PLA/CNC-g-PLLA (1 wt%) were prepared using solvent evaporation method by 
rapid quenching of the solution followed by solvent removal, as shown in Fig. 2-4. In 
the second step, the fibers were produced in the batch-spinning mode using the same 
micro-compounder mentioned above and collected with different melt-draw ratios 
(MDR).  

 

 

Fig. 2-4. Schematic overview of PLA nanocomposite microspheres preparation. 

 

 Dry-spun CNF fibers 2.2.2.

In the second strategy, grinded cellulose nanofibers were concentrated to the 
desired concentrations (8, 10 and 12 wt%), and were then 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 a length of 20 mm. The spun 
fibers were collected and mounted on glass sheets and let to be dried (Paper IV). The 
mechanical results showed better properties for the fiber spun in lower concentration 
and higher spinning rate. However, due to the low wet strength of the fibers, a 
minimum concentration of 6.5 wt% for the suspension was required. Hence in 
Paper V, to reduce the minimum concentration of the suspension to 4 wt%, the water 
soluble polymer, 2-hydroxyethyl cellulose (HEC), was added as a binder to the 
suspension prior to the centrifugation step. The semi-dried fibers were then stretched 
with a periodic relaxation using a universal tensile machine. The process is shown 
schematically in Fig. 2-5. 
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Fig. 2-5. Schematic overview on the preparation of dry spun CNF fibers using a 
rheometer. 

 

 Theoretical modulus of the fibers 2.2.3.

The theoretical modulus of the fibers was estimated based on the rule of mixtures-
based micromechanical model, usually implemented for short-fiber composites 
(Papers II and IV). 90 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 nanocellulose (≈135 GPa)47,  is the 

nanocellulose volume fraction and  is the nanocellulose 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 in the case of CAB/TEC/CNC fibers it was 
assumed that the matrix is isotropic and that  with  = 0.3. In 

case of CNF dry-spun fibers, the  term is zero and  is the shear 

modulus between the CNF, since there is no matrix. In this case  was taken from 
back-calculations done in another study based on CNF network.91  is the length of the 

nanocellulose,  is the radius of nanocellulose,  is the ratio of the interfiber 
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distance to the nanocellulose radius, which can be calculated from , where  

is a packing number (0.785 for CNC and 0.907 for CNF).92  

 Characterization methods 2.3.

The characterization of the CNC and CNF was emphasized in the determination of 
morphological properties like size, shape and crystallinity as well as the dispersion, 
while spun fibers were characterized with emphasis on mechanical and thermal 
properties, as well as microstructure and orientation. The characterization techniques 
used in this work are listed in Table 2-1. 
 

Table 2-1. Summary of characterization techniques used in this work.  

Technique  Characterization  Involved paper 

Flow birefringence  Dispersion study of CNC I, II, III 

XRD Crystallinity study of nanocellulose and fibers  II, III, IV, V 

AFM Morphology study of CNC and CNF  I, II, IV, V 

Optical microscopy 
Micro-structure study of the spun fibers 

I 

SEM I, II, III, IV, V 

XHR-SEM Nano-structure study of the spun fibers IV, V 

TGA Thermal analysis of the spun fibers II, III 

2D-WAXRD Orientation study of CNF IV, V 

DMA Interaction study between CNC and matrix II 

Tensile test Mechanical properties of the spun fibers I, II, III, IV, V 

 

 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 (Papers I and II) and in DMF (Paper III) 
as well the CNC organogel in dissolved CAB/TEC (Paper II) and CNC in dissolved 
PLA (Paper III).  

 Morphological characterizations  2.3.2.

The morphology of the CNC (Papers I and II) and CNF (Papers IV and V) were 
studied using an atomic force microscopic (AFM), Veeco Multimode scanning probe 
(CA, USA) with Nanoscope V software. To prepare the samples, a drop of very 
diluted aqueous CNC or CNF suspension was cast on a cleaved mica substrate and 
dried at room temperature.  
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To study the morphology of the fibers, a Nikon ECLIPSE MA200 (Tokyo, Japan) 
optical microscope equipped with polarized filter was used to obtain optical 
micrographs of the fibers (Paper I). In addition, a JOEL JSM-6460LV (MA, USA) 
scanning electron microscope (SEM) for Papers I, II, IV and V and a Philips XL30 
was used for Paper III. The samples were sputter coated with a gold layer prior to the 
examination. An extremely high resolution scanning electron microscopy (XHR-
SEM), Magellan 400 XHR-SEM (Eindhoven, the Netherlands) was used to study the 
nanostructure morphology of the fibers as well as CNF alignments on the surface of 
the platinum coated fibers (Papers IV and V).  

 Thermal analysis  2.3.3.

The thermogravimetric analysis (TGA) was carried out using a TA instrument, 
TGA-Q500 (DE, USA) to determine the thermal stability of the fibers (Papers II and 
III). 

 X-ray diffraction 2.3.4.

To study the effect of CNC on crystallinity of the materials, X-ray diffraction 
(XRD) was performed using a PANalytical Empyrean (Almelo, The Netherlands) for 
Paper II and a Bruker D8 Advance (WI, USA) for Paper III. To determine the 
crystallinity index, , of the CNF (Paper IV), XRD was performed using the same 
instrument (PANalytical Empyrean) and  was calculated based on the Segal 
empirical method:93  

  (4) 

where  is the peak intensity corresponding to cellulose I, and  is the peak 
intensity of the amorphous fraction at 2θ=18°.  

In addition, to study the orientation of the CNF along to the fiber axis, a 2- 
dimensional wide-angle X-ray diffraction (2D-WAXRD) was performed on spun 
fibers using a PANalytical Empyrean multi-purpose diffractometer (Almelo, The 
Netherlands) for Paper IV and a Bruker D8 Venture Single crystal diffractometer (WI, 
USA) was used for Paper V. 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:94  

           (5) 

where the  is the full width at half maximum (FWHM) of the azimuthal peak. Fig. 
2-6 shows the schematic visualization of fiber diffraction pattern for the cellulose II 
structure. 
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Fig. 2-6. Schematic visualization of fiber diffraction pattern for the cellulose II 
structure, reproduced from Ref.95 

 

 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. 2-7a) and Shimadzu Autograph AG-X (Kyoto, Japan) for Papers II, IV 
and V, using paper frames (Fig. 2-7b). The machines were equipped with 100 N load 
cell and the tests were performed with 0.1 N preload. In addition, for Paper III, an 
Instron 4411 universal testing machine (Instron Corporation, MA, USA) equipped 
with a 5 N load cell was used.  

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. 2-7. Grips used for tensile testing on universal testing machines (a) Tinius-Olsen 
UTM (Paper I), (b) Shimadzu Autograph AG-X (Papers II, IV and V). 
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3. Results and discussion  

In this section a summary of the important resulted obtained during the course of 
this thesis is presented. More detailed information can be found in attached papers at 
the end of the thesis. 

 Nanocellulose characterization (Papers I, II, IV, V)  3.1.

In this thesis different types of nanocellulose were used and this section 
summarizes their morphology and crystallinity. Fig. 3-1 shows the morphology and 
size of the CNC and CNF used in this work (Papers I, II, IV and V). However, in the 
case of nanofibers, bundles of CNF can be seen, which were possibly formed during 
sample preparation or due to incomplete fibrillation process. The CNC and CNF were 
assumed to be cylindrical and their height was measured from the height images and 
considered as the diameter of the fibers, to avoid broadening effect.  
 

 

Fig. 3-1. AFM height images of nanocellulose used, (a) CNC form MCC, (b) CNC 
from sludge, (c) CNF from banana rachis and (d) CNF from birch. 

 

The XRD diffractograms of the CNC and CNF are shown in Fig. 3-2. The 
diffractograms confirm the crystallinity pattern of native cellulose.93,96 However, due 
to the different source of nanocellulose used, some slight difference at 2θ 
corresponding to the peaks can be seen.  

 

Fig. 3-2. XRD diffractograms of the different types of nanocellulose used.  
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 Dispersion of CNC in the dissolved polymer (Papers I- III) 3.2.

In order to prepare composite fibers using CNC as reinforcement, the dispersion 
and distribution of CNC in the matrix plays an important role, since small aggregation 
can cause spin failure. Having well-dispersed CNC in the dissolved matrix prior to the 
solidification of the mixture is a preliminary requirement to ensure good dispersion in 
the final composite. However, due to the hydrophilic nature of the cellulose, its 
dispersion in organic solvents is poor. Hence, choosing the suitable solvent and 
dispersion medium is very important to achieve good dispersion. Fig. 3-3a-c indicate 
the flow birefringence of CNC extracted from MCC and sludge dispersed in water as 
well as CNC organo-gel mixed with the CAB-TEC ethanol solution. Moreover, Fig. 
3-3d-g show the dispersion of the modified and unmodified CNC in DMF as well as 
in solution of dissolved PLA in 1,4-dioxane. This is a preliminary indication of a 
successful isolation and dispersion of CNC. 
 

 

Fig. 3-3. Flow birefringence of (a) aqueous CNC from MCC, (b) aqueous CNC from 
sludge, (c) CNC organo-gel in CAB/TEC in ethanol solution, (d) CNC in DMF, (e) 
CNC-g-PLLA in DMF, (f) CNC in PLA/dioxane solution and (g) CNC-g-PLLA in 

PLA/dioxane solution. 

 

 Thermal properties (Paper II) 3.3.

The processing conditions might strongly affect the final properties of the fibers. 
Hence, in order to determine the effect of time and temperature, the thermal stability 
of materials prior to and after spinning was investigated. Fig. 3-4a shows the 
isothermal stability of the crushed CAB/TEC and its nanocomposite prior to spinning 
at 160°C, which was the performing spinning temperature (Paper II). As can be seen, 
after about 3 minutes, the materials start to be degraded and by increasing the CNC 
content, the degradation rate increased slightly, which can result in a dramatic 
decrease in mechanical properties of the final product. Thus, it was very important to 
reduce the residence time as much as possible by performing the spinning in 
continues mode. Fig. 3-4b and c show the results of weight loss and derivative of 
weight loss of the as-spun fibers as well as the CNC isolated from sludge, which was 
used in the related study. It can be seen that for all produced fibers the degradation 
started around 250°C. However, due to the lower thermal stability of the CNC 
compared to the matrix, by increasing the CNC content the thermal stability decreased 
slightly. The lower thermal stability of CNC is due to the presence of the negatively 
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charged sulfate groups on the surface of the CNC, which induce the degradation of 
cellulose at lower temperature. It has been reported that introducing sulfate groups, 
remains from sulfuric acid hydrolysis, significantly lower the activation energies of 
the CNC degradation.97,98 
 

 

Fig. 3-4. (a) Isothermal stability of the crushed CAB/TEC and its nanocomposites at 
160°C (b) weight loss and (c) derivative weight loss of CNC and melt-spun fibers. 

 

 Mechanical properties  3.4.

 Melt-spun CAB-TEC nanocomposite fibers (Papers I and II) 3.4.1.

In Paper I, the effect of two solvent exchange methods, centrifugation and sol-gel, 
on dispersion of 2 wt% CNC and subsequently mechanical properties of fibers was 
compared. Four samples in total, two nanocomposites and two references, were 
prepared. The mechanical properties together with the standard deviations of 
produced fibers are summarized in Table 3-1. 

 

Table 3-1. Solvent exchanged method and the mechanical properties of produced 
fibers. 

Sample Solvent exchange 
method 

Modulus 
(MPa) 

Strength 
(MPa) 

Strain      
(%) 

CAB/TEC C Centrifugation 289 ± 36 27.0 ± 1.3 33.1 ± 5.3 

CAB/TEC/2CNC C Centrifugation 250 ± 7 20.3 ± 1.1 29.9 ± 5.0 

CAB/TEC SG Sol-gel 263 ± 18 24.5 ± 0.9 43.5 ± 7.4 

CAB/TEC/2CNC SG Sol-gel 309 ± 22 23.0 ± 1.1 27.2 ± 4.0 
 

It can be seen that the tensile strength and Young’s modulus for nanocomposite 
fibers prepared using centrifugation technique was reduced significantly by 25% and 
13%, respectively, compared to the reference CAB/TEC fiber. The lower tensile 
properties of the nanocomposite can be due to defects introduced in the fibers and 
because of the aggregations of the CNC in the matrix. However, the nanocomposite 
fiber prepared using sol-gel showed better mechanical properties. The Young’s 
modulus was improved significantly, by 17% compared to the reference fiber, while 
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the strength decreased slightly by 3%. Although 17% increase is not too much, even 
this minor improvement for only 2% CNC can make the sol-gel process a promising 
method to provide homogenous dispersion of CNC in the matrix and, consequently, 
obtain higher mechanical properties. Moreover, in both nanocomposite fibers, the 
strain was reduced compared to the reference materials (11% and 38% for 
centrifugation and sol-gel respectively). The reduction for fibers produced by 
centrifugation was not significant, while the fibers produced by sol-gel process were 
significantly different. The reduction of the strain may be due to improved interaction 
between the matrix and the CNC because of the more efficient removal of water from 
the crystal surfaces, which might limit the polymer chains mobility.  

In Paper II, based on the results achieved in the Paper I, the sol-gel was chosen as 
the dispersion technique, the concentration of the CNC was increased to 10 wt% and 
the fibers were solid-state drawn (SSD) to increase alignment. According to the 
isothermal properties of the composite (see section 3.3), to avoid thermal degradation 
of the materials, the fibers were spun in continuous mode to reduce the residence time 
to below 3 minutes. Six samples in total were prepared and the results obtained from 
tensile test with their standard deviations are summarized in Table 3-2. It can be seen 
that the low fraction of CNC (2 wt%) in the matrix had a great improvement on the 
modulus, increasing it by 57% from 933 to 1469 MPa. In addition, 2 wt.% CNC had a 
slight improvement of 12% (significant at the 5% significance level) in the tensile 
strength. However a significantly decreased in elongation of 66% was also seen in the 
reinforced fiber, which shows that the CNC restricted the movement of the polymer. 
The higher weight fraction of CNC (10 wt.%) increased the tensile strength to 25.8 
MPa and modulus to 1770 MPa, which are 23% and 90% higher than unreinforced 
fiber. Again, the elongation decreased dramatically, in this case by 73%. 

 

Table 3-2. Mechanical properties of as-spun and drawn CAB/TEC nanocomposite 
fibers. 

Sample Modulus (MPa) Strength (MPa) Strain (%) 

CAB/TECAS 933 ± 9 20.9 ± 0.9 21.2 ± 3.1 

CAB/TEC/2CNCAS 1469 ± 46 23.6 ± 1.1 7.1 ± 2.2 

CAB/TEC/10CNCAS 1770 ± 30 25.8 ± 0.3 5.7 ± 1.5 

CAB/TECDR 1483 ± 46 30.5 ± 3.0 4.1 ± 0.4 

CAB/TEC/2CNCDR 1498 ± 47 26.0 ± 1.2 3.2 ± 0.3 

CAB/TEC/10CNCDR 2185 ± 135 29.9 ± 3.7 2.3 ± 0.5 

 

In case of drawn fibers, stretching the fibers resulted in an improvement of 45% 
for the strength and 59% for the modulus for CAB/TECDR compared to CAB/TECAS. 
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However, less improvement was seen for the CAB/TEC/2CNCDR and 
CAB/TEC/10CNCDR fibers. In these fibers the strength increased by 10% and 16% 
and for the modulus by 2% and 23% compared to the as-spun fibers with the same 
CNC concentrations. Higher mechanical properties of CAB/TECDR are clearly the 
effect of the alignment of polymer chains in the direction of the applied load. Table 
3-2 shows that CAB/TECDR and CAB/TEC/2CNCDR have very similar stiffness, 
which is very close to the stiffness of the CAB/TEC/2CNCAS. It seems that the 
reinforcing effect of the 2% CNC in drawn fiber was negligible, possibly because of 
the restriction of the alignment of the polymer chains due to the presence of the CNC. 
But increasing the CNC concentration to 10%, the stiffness was improved by 23% 
compared to the reinforced as-spun fiber (CAB/TEC/10CNCAS) indicating an 
alignment effect most likely from a combination of the alignment of both CNC and 
polymer chains.  

The theoretical stiffness of the fibers was estimated based on the rule of mixtures-
based micromechanical model. The experimental values were compared to calculated 
theoretical values and are shown in the Fig. 3-5. As can be seen for as-spun fibers, the 
measured value for CAB/TEC/2CNCAS was even greater than that the predicted by the 
model, which only predicts an increase of 19% (1109 MPa). This may be because, in 
case of as-spun fibers, the CNC was assumed to be randomly orientated; however, 
probably some partial orientation was formed in the die during the spinning.  It may 
also be that the model did not completely capture the behavior of the composite. This 
is possibly due to the fact that the model does not take into account the large surface 
area of the nanosized crystals that appear to lead to properties beyond that of a simple 
combination of those of the matrix and crystals. However, in the case of the higher 
concentration of CNC (10 wt%) the model predicted a more dramatic increase in the 
stiffness (124%). The lower measured value compared to theoretical one is thought to 
be due to some inhomogeneities. This means the crystal size is not exactly that which 
is assumed in the model. It is also possible that the partially orientated CNC shown in 
the CAB/TEC/2CNCAS fiber still exists but is masked by effects of aggregation. It 
should be mentioned that this model strongly depends on the geometry of the fibers 
and any changes in length and diameter of the crystals can have a dramatic effect on 
the predicted values. 

In case of dawn fibers, for CAB/TEC/2CNCDR, the measured value is 57% of the 
theoretical value, while by increasing the concentration of CNC to 10 wt%, the 
measured value is only 26% of the predicted one. These lower values compared to the 
predicted ones can indicate that there was very small orientation for CNC in the 
matrix.  
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Fig. 3-5. Theoretical and experimental values of fibers modulus for comparison. 

 

The representative curves for the storage modulus (E’), loss modulus (E’’) and tan 
δ of the CAB/TEC and its nanocomposite fibers as a function of temperature using 
DMA instrument are shown in Fig. 3-6 (Paper II). In the case of the as-spun fibers, 
across the whole temperature range of the experiment, the nanocomposite fibers 
showed higher storage modulus compared to the CAB/TEC fibers. The materials 
showed glassy behavior until the transition around 80°C and thereafter the storage 
modulus dropped rapidly. By comparing the storage modulus of the materials at 30 
and 130°C, it can be seen that at 30°C, the CAB/TECAS fiber exhibited a storage 
modulus (E’) of 908 MPa, and the addition of 2% and 10% CNC to the matrix 
increased it by 47% and 149% to 1332 and 2260, respectively. A greater reinforcing 
effect was observed in the transition region at 130°C, where the storage modulus 
increased from 5.4 MPa to 12.3 MPa (≈ 130%) and 85.4 MPa (≈ 500%) for the 2 and 
10% CNC nanocomposites, respectively. The improvement in storage modulus for 
both nanocomposite fibers can be evidence of a good dispersion of the CNC in the 
matrix.  

 

Fig. 3-6. Dynamic mechanical properties of as-spun CAB/TEC fiber and its 
nanocomposites, (a) storage and loss modulus, (b) tan delta as function of Temp. 
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The loss modulus curves shown in Fig. 3-6a were analyzed to understand the effect 
of CNC on the relaxation peak temperature. These E’’ curves show a shoulder around 
99°C for CAB/TEC and nanocomposite with 2% CNC. This shoulder was slightly 
shifted to 106°C in the case of nanocomposites with 10% CNC. This positive shift of 
7°C for CAB/TEC/10CNCAS indicates favorable interactions between CNC and CAB, 
which induce restriction of polymer chain mobility owing to good dispersion of CNC 
in CAB. The tan δ curves for the as-spun fibers, shown in Fig. 3-6b, shows no clear 
tan δ peak, but the shoulder around 110°C may be attributed to the tan δ peak. 
Unfortunately, it was not possible to continue the experiment above 130°C because of 
the form of the sample and the high amount of plasticizer used.  This is because the 
single fiber is more prone to softening than the thin film and the plasticizer reduced 
the melt temperature making the temperature at which the tan δ peak occurs (the 
relaxation temperature) very close to the melting temperature. In Fig. 3-6b it can also 
be seen that the intensity of the tan δ peak decreased with addition of CNC, which 
indicate lower amounts of amorphous regions taking part in the transition in the case 
of nanocomposites compared to the plasticized matrix.  

 Melt-spun PLA nanocomposite fibers (Paper III) 3.4.2.

In Paper III, melt-spun fibers of PLA and its nanocomposites using surface 
modified nanocrystals (CNC-g-PLLA) were prepared and the effect of addition of 
CNC and CNC-g-PLLA (1 wt%) as well as effect of melt draw ratios (MDR) were 
investigated. In total, 15 materials were prepared, one as-spun and four drawn fibers 
for each composition.  However, since the number of samples prepared was high, 
only as-spun fibers and the fibers drawn at highest draw ratio (named MDR2) for 
each composition are compared here. The tensile test results and their standard 
deviations are shown in Table 3-3. 

 

Table 3-3. Mechanical properties of as-spun and drawn PLA and its nanocomposite 
fibers. 

Sample Modulus (MPa) Strength (MPa) Strain (%) 

PLA AS 1759 ± 119 53.5 ± 2.8 26.3 ± 12.5 

PLA MDR2 3455 ± 158 82.2 ± 6.6 5.0 ± 1.1 

PLA/CNC AS 1918 ± 184 53.5 ± 0.9 21.3 ± 7.7 

PLA/CNC MDR2 3852 ± 241 118.5 ± 16.5 51.1 ± 11.3 

PLA/CNC-g-PLLA AS 2265 ± 366 51.2 ± 9.0 18.1 ± 6.9 

PLA/CNC-g-PLLA MDR2 4125 ± 440 171.0 ± 12.6 91.7 ± 12.2 
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The trend reveals that in the case of as-spun fibers, addition of both CNC and 
CNC-g-PLLA increased the modulus, whereas the strength showed no remarkable 
changes. A similar trend can be seen for drawn fibers, with significant improvement 
in strength as well. It is clearly seen that the main improvement here is caused by 
melt-drawing; however, by comparing drawn fibers, it can be seen that the modulus 
improved from 3455 MPa for neat PLAMDR2 to 3852 MPa for PLA/CNCMDR2 and to 
4125 MPa for PLA/CNC-g-PLLAMDR2. In the same way, the strength improved from 
82 MPa to 118 MPa and 171 MPa for the unmodified and modified CNC 
nanocomposite fibers, respectively. These improvements are assumed to be due to the 
alignment of the CNC along the fiber axis. An improvement of 234% was observed 
for PLA/CNC-g-PLLAMDR2 compared to PLA/CNC-g-PLLAAS, which can be 
evidence of a flexible interface between CNC-g-PLLA and the PLA matrix, allowing 
high elongation and consequently high strength. Thus, it can be concluded that the 
reinforcing effect of the CNC and CNC-g-PLLA is more obvious when the 
nanocrystals are aligned to the direction of the fiber axis.  

  Dry-spun CNF-based fibers (Papers IV and V) 3.4.3.

In Paper IV, to study the effect of spinning rate and CNF concentration, 9 materials 
were prepared, three concentrations (8, 10 and 12 wt%) at three spinning rates (72, 
144 and 216 mm/s). Moreover, to compare the result with a randomly orientated 
sample, a CNF nanopaper was prepared by vacuum filtration. The tensile properties 
of the nanopaper, and the spun fibers with lowest and highest concentrations spun at 
lowest and highest spinning rates are summarized in Table 3-4.  
 

Table 3-4. Mechanical properties of the spun fibers with different concentration and 
spinning rates compared with the nanopaper as reference material. 

Sample* Modulus (GPa) Strength  (MPa) Strain (%) 

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

CNF8-72 8.3 ± 0.8 147 ± 15 3.6 ± 0.3 

CNF8-216 11.2 ± 0.9 198 ± 11 3.6 ± 0.6 

CNF12-72 7.8 ± 0.7 131 ± 15 2.8 ± 0.6 

CNF12-216 7.7 ± 0.5 148 ± 7 4.3 ± 1.3 

* The first number attributes to the CNF concentration and the second to 
the spinning rate (mm/s). 

 

It is seen that the mechanical properties of the spun fibers are better compared to 
the properties of the CNF-nanopaper. The properties are also slightly increased with 
increased spinning rate, in particular for the fibers spun with lower concentration, 
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where for the CNF8 fibers the strength increased from 147 to 198 MPa and the 
modulus from 8.3 to 11.2 GPa by increasing the spinning rate from 72 to 216 mm/s. 

Thus it was believed that increasing the spinning rate would provide a higher shear 
force and subsequently increase the alignment of the CNF in the fiber axis direction. 
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 the lowest spinnable concentration (6.5 wt%), and then a maximum 
spinning rate was used (288 mm/s), this spinning rate being limited by the manual 
collection process. This new fiber was coded as CNF6.5-288. Fig. 3-7 shows a 3D 
plot of the modulus and the strength based on the spinning rate and CNF 
concentration for all the spun fibers. It is seen that the modulus and strength of the 

new fiber (CNF6.5-288) has increased compared to the others, being 12.6 ± 1.5 GPa 

and 222 ± 16 MPa for modulus and strength respectively, which are 157 and 78% 
higher than the properties of the CNF-nanopaper. However, by assuming that all the 
CNF were orientated, the theoretical modulus calculated based on the 
micromechanical model was estimated 101 GPa, which indicates that in CNF6.5-288 
fiber (modulus of 12.6 GPa) the orientation was very low or just on the surface of the 
fiber. It is also possible that the CNF used had a lower modulus than 135 GPa, 
assumed in the model. 
 

 

Fig. 3-7. 3D plots of the modulus and strength of all produced fibers where the effect 
of spinning rate and CNF concentration were taken into account, reproduced from 

Ref.99 

 

In the next step, Paper V, to increase the orientation and subsequently mechanical 
properties of the fibers, the concentration of the spinning suspension was reduced to 
4.3 wt% by addition of a water-soluble polymer hydroxyethyl cellulose (HEC) as a 
binder. Moreover, to increase the CNF orientation further, the semi-dried spun fibers 
were cold-drawn. Four materials were prepared and their mechanical properties are 
summarized in Table 3-5. 
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Table 3-5. Composition of the fibers in wet and dry state as well as their mechanical 
properties. 

Sample CNF/HEC 
in wet state 
(wt%/wt%)  

CNF/HEC 
in dry state 
(wt%/wt%) 

Draw 
ratio 
(%) 

Modulus  
(GPa) 

Strength  
(MPa) 

Strain  
(%) 

CNF AS ≈ 7/0 100/0 0 8.5 ± 2.0 150 ± 32 5.1 ± 3.7 

CNF DR ≈ 7/0 100/0 ≈ 1.5 11.3 ± 1.9 179 ± 35 4.5 ± 1.6 

CNF/HEC AS ≈ 3.8/0.5 ≈ 88/12 0 12.4 ± 1.7 233 ± 15 8.3 ± 3.3 

CNF/HEC DR ≈ 3.8/0.5 ≈ 88/12 ≈ 4 15.0 ± 2.2 260 ± 29 5.7 ± 1.6 

 

As can be seen, only ≈ 1.5 % drawing of the fiber solely based on CNF improved 
the modulus by 33%, from 8.5 to 11.3 GPa. In addition, the drawing increased the 
strength from 150 to 179 MPa (20%). A similar trend is seen for the CNF/HEC fibers 
drawn with a ratio of ≈ 4 %, in which the modulus increased from 12.4 to 15 GPa and 
the strength from 233 to 259 MPa, which are 21% and 11% respectively, higher than 
as-spun CNF-HEC fibers. These increases in mechanical properties are thought to be 
due to the increased alignment of the nanofibers in drawn form. 

 Despite higher draw ratio of CNF/HEC fiber compared to solely CNF one 
(4 compared to 1.5%), it can be seen that drawing resulted in less improvement in 
modulus and strength for CNF/HEC compared to solely CNF fiber. It might be due to 
the fact that CNF-HECAS already achieved higher alignment during spinning 
compared to the CNFAS; this higher orientation probably limited the further 
alignments of nanofiber during the drawing process. This hypothesis is supported by 
the comparison of the mechanical properties of CNFAS and CNF/HECAS as well as 
CNFDR and CNF/HECDR fibers. Addition of HEC to the suspension improved the 
modulus and strength of as-spun fibers by 46% and 55%, while in case of drawn 
fibers; the improvement was only 33% and 45%.  

 Orientation study (Paper IV) 3.5.

Fig. 3-8 shows the XRD diffractograms and the azimuthal distribution for lattice 
plane 200, where the banana CNF-nanopaper as a randomly orientated sample and the 
fiber with the lowest possible spinnable concentration (6.5 wt%) spun at highest 
spinning rate (288 mm/s) are compared (Paper IV). It can be seen that the 
diffractogram of the nanopaper shows a ring pattern, indicating random orientation, 

while the diagrams for fiber indicate equatorial arcs corresponding to ( ) and ( ) 
confirm the partial orientation of the CNF. Probably, the corresponding arc to  

is merged with  on the diffractograms due to their very close scattering angles. 
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The orientation index  of the fiber was calculated to be 0.67, based on the full 
width at half-maximum of the azimuthal peak. 

 

Fig. 3-8. XRD diffractograms and the azimuthal distribution for lattice plane 200 for 
banana CNF-nanopaper as a randomly orientated sample and the fiber with the lowest 
possible spinnable concentration (6.5 wt%) spun at highest spinning rate (288 mm/s). 

 

The diffractograms and the azimuthal distribution of the fibers with lowest 
(CNFAS) and the highest (CNF/HECDR) mechanical properties are shown in Fig. 3-9a 
and b (Paper V). The orientation index  was increased by 43% from 0.49 to 0.70 
due to the effect of HEC and also cold drawing. This increase in the orientation 
support the results achieved for the mechanical properties of the fibers. Fig. 3-9c 
shows the 3D XRD pattern for the CNF/HECDR, which has the highest orientation 
index compared to other filaments. 
 

 

Fig. 3-9. (a) and (b) X-ray patterns and the azimuthal distribution for lattice plane 200 
for fibers with highest and lowest mechanical properties and orientation index, (c) the 

3D diffractogram for the CNF/HEC DR.   
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 Morphological study of the spun fibers (Papers I- V) 3.6.

The focus of the morphological study in the first strategy was to analyze the 
surface of the fibers to check if any defect or CNC aggregation could be found. 
However, in the second strategy, the focus was to observe the alignment of the CNF 
and the cross-sectional geometry of the spun fibers.  Fig. 3-10 shows the morphology 
of nanocomposite fibers containing 2 wt%, in which centrifugation and sol-gel were 
used to dispersed CNC in the matrix (Paper I). Fig. 3-10a and b indicate uniform 
diameter for fibers prepared with both methods. However, higher magnification SEM 
micrographs Fig. 3-10c and d) reveal that some clusters formed on the surface of the 
fibers prepared by centrifugation, which can be due to the aggregation of the CNC, 
whereas the surface of fiber prepared by sol-gel shows no surface roughness. To 
confirm this idea, the films of both nanocomposites were prepared by pressing the 
nanocomposite fibers between two glass microslides in an oven. The films were 
examined using an optical microscopy equipped with a polarized filter Fig. 3-10e 
and f). As can be seen, the dots caused by light scattering are bigger and denser in the 
nanocomposite prepared by centrifugation than the one prepared by sol-gel, which 
supports the idea of more aggregation in the case of the centrifugation method and, 
consequently, lower mechanical properties. 
 

 

Fig. 3-10. SEM and optical microscopy images of CAB/TEC nanocomposite fibers 
containing 2 wt% CNC prepared using centrifugation (a, c and e) and sol-gel (b, d, e). 

 

Micrographs of the drawn CAB/TEC fiber and its nanocomposite containing 
2 and 10 wt% CNC are shown in Fig. 3-11a-c (Paper II). The images indicate that 
even addition of a higher amount of CNC (10 wt%) as well as solid-state drawing of 
the fibers (DR 1.5) caused no defects such as microcracks or increased surface 
roughness, which can be evidence of good dispersion and interaction for CNC and 
CAB matrix. Similar results can be seen for the PLA and its melt-drawn 
nanocomposites having 1 wt% modified and unmodified CNC as shown in Fig. 
3-11c-e (Paper III). 
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Fig. 3-11. SEM images of solid-state drawn (a) CAB/TEC, (b) CAB/TEC 
nanocomposite fibers containing 2 wt% and (c) 10 wt% CNC as well as melt-drawn 

(d) PLA, (e) PLA fiber containing 1 wt% CNC and (e) 1 wt% CNC-g-PLLA. 

 

Fig. 3-12 shows the cross sections of dry-spun cellulose only fibers with 8 and 
12 wt% CNF suspension spun in 72 and 216 mm/s spinning rates (Paper IV). The 
insert figures show the surfaces of these fibers.  

 

Fig. 3-12. SEM microstructure of the CNF fibers spun with 8 wt% concentration and 
spinning rate of (a) 72 mm/s (b) 216 mm/s as well as CNF fibers spun with 12 wt% 

and spinning rate of (c) 72 mm/s and (d) 216 mm/s. 
 

It can be seen that the fibers are approximately circular with the exception of some 
flattening on one side and that there is some porosity in the fibers. The porosity is 
believed to be caused by air trapped in the suspension during the feeding process. 
However, less porosity was observed in fibers spun with low concentrations and high 
spinning speed. In addition, in fibers from low concentrations a flange was formed. 
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This is due to the contact of the wet fibers with the glass sheets. However, it is 
assumed that this thin structure does not affect the mechanical behavior. 

Fig. 3-13a and b show the cross sections of drawn CNF and CNF/HEC fibers and the 
insert figures show the surfaces of the fibers close to the fracture surface. It can be 
seen that the fibers have a rough surface and approximately circular cross section with 
a flange shape on a side, similar to the ones shown in the Fig. 3-12. The figures reveal 
more plastic deformation on the fracture surface of CNF/HEC fibers compared to 
solely CNF ones. Moreover, no cavity could be seen in the fibers, which can be 
evidence of an organized and compact structure. Fig. 3-13c and d show high-
resolution images of the fracture surface of the drawn fibers. It can be seen that 
aligned structures of aggregated CNF in the direction of the filament axis are formed 
and also there is evidence of partial alignment of CNF on the surface and even inside 
of the fibers for both CNF and CNF/HEC. However, solely CNF fiber showed a 
slightly more porous structure because of the absence of matrix between CNF.  

 

 

Fig. 3-13. SEM microstructure for cross section and the surface of the produced 
drawn CNF and CNF/HEC fibers. 
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4. Conclusions 

In this thesis it was shown that continuous fibers using nanosized cellulose can be 
prepared using different spinning techniques. Solvent exchange and surface 
modifications were used to improve the nanomaterials dispersion and to create a 
flexible interface between the nanocellulose and the polymer matrix, which enhanced 
the final fiber properties. Drawing in different ways was used to create alignment of 
the nanocellulose and polymer chains and, thereby, improve the mechanical 
properties. 

In the melt spinning approach, it was showed that the dispersion of the 
nanomaterials in the polymer matrix plays a key role on the mechanical properties of 
the fibers. Well-dispersed nanocrystals were achieved using sol-gel methods as well 
as by grafting the polymer chains on the CNC surface. Moreover, it was shown that 
solid and melt state drawing resulted in alignment of the cellulose nanoreinforcement, 
which has a highly positive impact on the mechanical performance of the fibers.  

In the dry spinning approach it was demonstrated that this type of spinning of 
cellulose nanofibers is possible without the addition of chemicals or solvents. The 
mechanical properties of these fibers were shown to be highly dependent on the 
alignment of the cellulose nanofibers. The alignment was due to the shear forces 
during the process as well as the concentration of the nanocellulose suspension. 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 
with an environmentally friendly process shows that they have considerable potential 
for further development to achieve higher properties and be scaled up. Thus these 
continuous biobased fibers have excellent industrial potential in the composite 
industry.  
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5. Future work 

The use of cellulose for production of man-made fibers has been well known for 
many years, but the use of nanostructured cellulose is a relatively new concept in this 
area. It is believed that use of nanocellulose can lead to materials with high 
mechanical properties to be used in fiber-reinforced composites. The next step of this 
study will focus on developing the process to increase the orientation of the 
nanocellulose and enhance the mechanical properties of the filaments and preparation 
of fiber-reinforced composites using the produced fibers. Preparation of the 
regenerated cellulose fibers reinforced with nanocellulose can be an interesting 
subject as well. 
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6. 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 nanocrystals (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 enhancies the 
dispersion of cellulose nanocrystals and can be a suitable way to prepare 
nanocomposite fibers. 
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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 solid-state drawn (SSD) 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 the case of drawn nanocomposite fiber with 
10 wt% improvements of 134% and 43% for modulus and strength, respectively, were 
seen. 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%). 
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Paper III: Poly(lactic acid) melt-spun fibers reinforced with functionalized 
cellulose nanocrystals 

In the third study, the effect of surface modification of the cellulose nanocrystals as 
well as melt drawing (MD) on mechanical properties of melt-spun nanocomposite 
fibers was studied. To reach the goal, the surface of CNC was functionalized by 
grafting PLLA chains onto the CNC surface to form CNC-g-PLLA. Afterwards, the 
nanocomposite microspheres of PLA/CNC and PLA/CNC-g-PLLA were prepared 
using solvent evaporation method by dropwise addition of the mixture in liquid 
nitrogen followed by solvent removal using freeze-drying. The nanocomposites were 
spun and melt drawn with different melt draw ratios (MDR). The tensile test results 
showed no improvements for as-spun fibers or fibers drawn in low MDR for both 
nanocomposite fibers compared to the neat PLA one. However, by increasing the 
MDR, the mechanical properties of nanocomposite fibers, in particular the one 
reinforced with modified CNC, increased compared to the PLA fiber. Modulus of 
4.1 GPa and strength of 171 MPa, which are 134% and 220% more than the as-spun 
PLA fiber, were achieved for the CNC-g-PLLA reinforced fiber drawn at high MDR.  
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Paper IV: Dry-spun single-filament fibers using only cellulose nanofibers from 
bio-residue 

In the fourth 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 
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 was investigated and the results showed that better mechanical 
properties was obtained when the lowest concentration and highest spinning rate were 
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 good potential for upscaling; however, 
further work is required to increase the orientation and, subsequently, the mechanical 
properties. 
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Paper V: Dry-spun filaments of cellulose nanofibers: effect of binder and cold 
drawing on mechanical properties  

 

The aim of fifth study, as an extension of the fourth study, was to improve the 
mechanical properties of fibers by increasing the orientation of the nanofibers along 
the fiber axis. Thus, a cellulose-based water-soluble polymer, 2-hydroxyethyl 
cellulose (HEC), was added as a binder to the CNF suspension prior to the 
concentrating step. The addition of HEC improved the processability and lowered the 
spinnable concentration of the suspension by ≈ 40% from 7 wt% for solely CNF to 
4.3 wt% for CNF-HEC. Moreover, the nanofibers were further aligned by stretching 
the semi-dried CNF-HEC fiber by draw ratio of ≈ 4%. The orientation index of the 
drawn CNF-HEC fiber compared to undrawn CNF fiber increased by 43%, which 
resulted in improvements of 76% and 73% in modulus and strength respectively. The 
continuous nature of these filaments and their mechanical properties, which are in a 
range similar to some regenerated cellulose fibers (e.g., viscose and Lyocell), 
indicating that they have potential for use in fiber-reinforced composites. However, 
further work is required to optimize the process and improve the properties.  
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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.
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Abstract Bio-based continuous fibers were prepared

by melt spinning cellulose acetate butyrate (CAB),

cellulose nanocrystals (CNC) and triethyl citrate.

A CNC organo-gel dispersion technique was used

and the prepared materials (2 and 10 wt% CNC) were

melt spun using a twin-screw micro-compounder and

drawn to a ratio of 1.5. 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.

Keywords Cellulose nanocrystal �
Reinforcement � Melt-spinning � Fibers �
Mechanical properties

Introduction

Melt spinning is one of the most economical and

convenient methods for manufacturing continuous

man-made fibers in large quantities for the textile

industry. From the time when the first man-made fiber,

based on Nylon 6.6, was synthesized by melt spinning,

the fiber industry has continuously been developing

and different techniques have been applied to improve

the processability and properties of the spun fibers

(O’Brien and Aneja 1999). One way to improve the

mechanical properties of a polymer is to add a second

phase as reinforcement. However in fiber manufac-

turing, since the diameter of the fiber is small, the use

of traditional reinforcing elements are not possible due

to their large size. Therefore, nanosized reinforce-

ments, defined as materials in which at least one

dimension is less than 100 nm (Schadler 2004), can

potentially be an effective way to improve the

mechanical properties and overcome the size factor.

Carbon nanotubes (CNT) (Haggenmueller et al. 2000;

Pötschke et al. 2005; Fornes et al. 2006; Mazinani

et al. 2010; Pötschke et al. 2010; Hooshmand et al.

2011; Scaffaro et al. 2012), layered-silicates (Yoon

et al. 2004; Solarski et al. 2008; Lee and Youn 2008)

and cellulose nanocrystals (CNC) (John et al. 2013;
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K. Oksman (&)

Division of Materials Science, Composite Centre Sweden,
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Hooshmand et al. 2014) are examples of the nanosized

reinforcements which have been combined with

different polymers with the goal to develop melt spun

fibers with new functionalities and improved mechan-

ical properties. These additives can improve electrical

conductivity (Haggenmueller et al. 2000; Pötschke

et al. 2010; Scaffaro et al. 2012), thermal stability

(Hooshmand et al. 2011; John et al. 2013) and

crystallinity (Mazinani et al. 2010) as well as

mechanical properties (Haggenmueller et al. 2000;

Yoon et al. 2004; Pötschke et al. 2005; Fornes et al.

2006; Mazinani et al. 2010; Scaffaro et al. 2012). For

instance Scaffaro et al. (2012) prepared melt spun

polyamide nanocomposite fibers using CNT as rein-

forcement. In this study plasma functionalized CNT

were batch mixed with the polymer and melt spun to

fibers. The composite fibers showed improved stiff-

ness and tensile strength of approximately 200 and

30 % respectively, with the addition of 2 wt% CNT.

In another study by Yoon et al. (2004) melt spun

nylon/clay nanocomposite fibers with 5 wt% layered-

silicates showed an improved modulus of approxi-

mately 30 % but decreased tensile strength by 25 %.

CNC were used for first time as an additive for melt

spun PLA fibers in a study by (John et al. 2013 and no

improvements of the mechanical properties were

obtained. The authors suggested that this was due to

poor dispersion of the CNC in the PLA matrix. Later,

our study on the comparison of different dispersion

techniques of CNC in cellulose acetate butyrate

(CAB) fibers, showed more promising results and a

slight improvement of 17 % for the stiffness was

observed (Hooshmand et al. 2014).

The key elements to improve the mechanical

properties are the properties of the reinforcing phase,

its size and the dispersion as well as its interaction with

the matrix polymer. CNC have a modulus of approx-

imately 138 GPa (Sakurada et al. 1962), high aspect

ratio and large surface area and therefore have

attracted attention as reinforcements in nanocompos-

ites (Azizi Samir et al. 2005). In addition the hydroxyl

groups on the CNC surface have a strong tendency for

self-association (Van den Berg et al. 2007), which is

advantageous for the formation of percolating archi-

tectures within the host polymer matrix (Capadona

et al. 2009). These percolating architectures facilitate

the stress transfer in the crystals network due to the

presence of hydrogen bonding between the CNC

(Capadona et al. 2008). However, the CNC–CNC

interactions can also lead to aggregation during

nanocomposite fabrication (particularly in non-polar

matrices) and consequently a reduction in the mechan-

ical properties of the materials compared to the

predicted properties (Schroers et al. 2004; Capadona

et al. 2007; Petersson et al. 2009). This emphasizes the

importance of good dispersion in achieving improved

mechanical properties. In our recent study (Hoosh-

mand et al. 2014), we showed the potential of a sol–gel

pre-process prior the to melt spinning of CAB

nanocomposite fibers in order to improve the disper-

sion of the nanocrystals. This dispersion process was

done avoiding the use of surfactants or surface

modifications, because these treatments can lead to a

poor interphase and thus suppress the reinforcing

effect of the nanocrystals (Grunert and Winter 2002;

Bondeson and Oksman 2007).

In this current study, the effect of increasing the

weight fraction of CNC from 2 wt% to 10 wt% in

CAB-based fibers manufactured using the process

established earlier (Hooshmand et al. 2014) was

investigated. The effect of the increased concentration

on the mechanical and thermal performance of the

fibers was evaluated as well as the effect of drawing

these fibers. However, unlike the previous study, to

decrease the residence time and consequently avoid-

ing the thermal degradation of materials, the spinning

process was carried out in continuous mode instead of

batch mode. The influences of the fiber drawing and

the CNC concentration on characteristics of the fibers

were examined by X-ray diffraction, thermogravimet-

ric analysis, dynamic mechanical thermal analysis and

scanning electron microscopy. The mechanical prop-

erties of the fibers were evaluated using tensile testing

and the results were compared to theoretical predic-

tions using a micromechanical model commonly used

for short-fiber composites.

Experimental

Materials

Cellulose acetate butyrate, supplied by Eastman

Chemical Company (Kingsport, USA) with butyrate

content of 46 wt%, acetyl content of 2 wt% and

hydroxyl content of 4.8 wt% was used as the matrix

polymer. CAB is a thermoplastic and it is produced

through the esterification of cellulose and can be used
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as substitute for petroleum-based plastics (Park et al.

2004). The main drawback of cellulose ester is that its

melt temperature is above its decomposition temper-

ature and also that it is very brittle. To overcome these

problems a plasticizer has to be used.

Triethyl citrate (TEC) C12H20O7 supplied by Fluka

Chemie GmbH (Buchs, Switzerland) is an ester of

citric acid and was used as plasticizer.

Sulfuric acid (96 %) for acid hydrolysis as well as

ethanol absolute (99.99 %) for the preparation of CNC

organo-gel and to dissolve CAB were purchased from

VWR.

Never-dried dissolving cellulose residue (sludge)

provided by Domsjö Fabriker AB (Örnsköldsvik,

Sweden) was used as raw material for the preparation

of the CNC. CNC were extracted by acid hydrolysis

based on the method reported earlier (Herrera et al.

2012).

Preparation of cellulose nanocomposite

CNC and ethanol organo-gels were prepared follow-

ing the procedure described by Siqueira et al. (2011)

whereby a suspension of 8.0 mg/ml of CNC in a

beaker was subjected to a brief sonication to homog-

enize it and remove air bubbles. Then 350 ml ethanol

was gently added on top of the CNC suspension. This

organic layer on the top of the aqueous dispersion was

slightly agitated and exchanged once a day to accel-

erate the solvent exchange. The gel-like CNC ethanol

organo-gel was formed after 6–7 days and then broken

using bath sonication (Fig. 1a).

Watson et al. (2013) studied the influence of

different organic liquids on the nanostructure of

precipitated phosphoric acid swollen cellulose. They

suggested that the gel-like material formed by washing

cellulose with ethanol could be due to the formation of

interchain hydrogen bonds that potentially inhibit the

formation of intrachain hydrogen bonds. Probably

similar mechanism happens during the sol–gel process

used in this study.

The process of mixing was similar to the one

described by Siqueira et al. (2011) and Hooshmand

et al. (2014). First, the CAB was dissolved in ethanol

to form 15 wt% solution using mechanical stirring for

12 h at room temperature. The dissolved CAB was

then mixed with TEC (15 % weight fraction of the

final nanocomposite). The organo-gels of CNC (2 and

10 wt%) were added to the CAB–TEC mixture. The

CAB–TEC–CNC suspensions were mixed using mag-

netic stirring for 4 h followed by ultrasonication for

3 min to get good dispersion of CNC in the mixture.

The suspensions were then casted in polystyrene Petri

dishes and left in a vacuum oven at 60 �C for 24 h. For

Fig. 1 a Schematic view of

solvent exchange process

using sol–gel technique.

b Nanocomposite

preparation by solution

mixing
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the first 5 h, a pressure of 800 mbar was used before a

full vacuum was applied, to avoid bubble formation.

The films were removed from the Petri dishes using

deionized water and left in an oven at 60 �C overnight

and then were crushed and pulverized using a Warring

blender and dried in an oven for one week (60 �C at

atmospheric pressure) to remove any remaining sol-

vent. The same procedure was applied to prepare

unreinforced CAB–TEC (85–15 wt%) as a reference

material. Figure. 1b shows the schematic of the

nanocomposite preparation.

Melt spinning and fiber drawing

All three materials (CAB–TEC, CAB–TEC–2CNC

and CAB–TEC–10CNC) were melt spun by a 15 ml

twin-screw micro-compounder, DSM Xplore (Geleen,

The Netherlands) at 160 �C in an argon atmosphere.

To decrease the residence time and consequently

avoid thermal degradation of the materials, melt

spinning was carried out in continuous mode (see

Fig. 2). The feeding was done manually from top of

the micro-compounder and a force control mode

(4,000–5,000 N) was chosen instead of screw speed

control to achieve more uniform fibers. A 0.4 mm

spinneret was attached to the outlet of the micro-

compounder to extrude the fiber monofilaments. The

as-spun fibers were cooled by air and collected directly

on a rotating take-up roll, which was placed 50 cm

from spinneret. The as-spun fibers were then solid-

state drawn with ratio of 1.5 over two godet-rolls

(FOURNÉ Polymertechnik, Alfter, Germany see

Fig. 3) in a separate process to the melt spinning.

The first roll was heated to approximately 105 �C and

the second one had a temperature of 90 �C. The

compositions of the fibers produced are summarized in

Table 1.

Analysis

Flow birefringence was investigated using two polar-

izing filters and a lamp to indicate the dispersion of the

CNC in water as well as dispersion of the CNC

organo-gel in the dissolved CAB–TEC suspension.

Several authors consider the presence of flow bire-

fringence as a preliminary indication of successful

isolation and dispersion of the CNC in an organic

solvent (Azizi Samir et al. 2004; Ayuk et al. 2009;

Siqueira et al. 2009; Herrera et al. 2012).

To characterize the isolated CNC, a drop of a very

diluted suspension of the isolated CNC in water was

deposited on a mica surface and dried at room

temperature. The atomic force microscopy (AFM) in

tapping mode was performed on a Veeco Multimode

Scanning Probe (Santa Barbara, CA, USA) with

Nanoscope V software to collect the height and

amplitude images.

A JEOL JSM-6460LV scanning electron micro-

scope (SEM) with the acceleration voltage of 15 kV

was used to study the morphology of the fibers. The

fibers were sputter-coated with gold prior the analysis

to avoid charging.

To study the crystallinity of the materials, X-ray

diffraction was performed using a PANalytical Empy-

rean (Almelo, The Netherlands) with CuKa radiation

(wave length of 1.5405 Å) with 2h scan range of 5�–

40�. For sample preparation, a bundle of fibers were

placed between two metal plates and pressed for 1 min

at 50 �C to make film, which was cut and placed in the

sample holder to run the examination.

To determine the effect of residence time on

thermal degradation of the material during the spin-

ning process, the isothermal stability of crushed CAB–

TEC and its nanocomposites were examined at 160 �C

for 30 min on a TA instrument TGA-Q500 (New

Fig. 2 Schematic view of the twin-screw micro-compounder in

continuous mode (DSM Xplore, Geleen, The Netherland)
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Castle, DE, USA) in a nitrogen atmosphere. In

addition, thermal properties of the as-spun fibers were

studied by the same instrument in ramp mode (20 �C/

min from 30 to 600 �C).

Dynamic mechanical analysis of the spun fibers

was performed on a TA instrument DMA-Q800 (New

Castle, DE, USA) using in tensile mode and a fiber

measurement tool with 15 mm gauge length. Prior to

testing, fibers were placed in an oven for 1 h and

30 �C. The measurement was carried out at a constant

frequency of 1 Hz, 0.1 % strain and a preload force of

0.01 N. The temperature range was 30–130 �C and a

heating rate of 3 �C/min was used.

A universal testing machine, Shimadzu Autograph

AG-X (Kyoto, Japan) equipped with a 100 N load cell

was used to study the mechanical properties of the

fibers. All the samples were placed in an oven for 1 h

at 30 �C prior to testing. The tests were performed at

room temperature using a constant speed of 5 mm/min

and a preload of 0.1 N. The gauge length was 50 mm

and the samples were mounted on paper frames before

being tested. The fiber diameters of each fiber tested

were measured using a Leitz Dialux optical micro-

scope (Leica, Wetzlar, Germany). The average value

and standard deviation of four replicates for each

sample were calculated. In addition, statistical ana-

lysis based on the ANOVA and Tukey-HSD multiple

comparison test at a 5 % significance level was used to

test for significant differences. In this comparison, the

values for the as-spun fibers were compared with one

another and so were the values for the drawn fibers.

The reinforcing effect of CNC on polymers was

modeled using a simple rule of mixtures based

micromechanical model usually implemented for

short-fiber composites (Andersons et al. 2006). Using

this, the modulus, E, in the loading direction can be

predicted based on the properties of the reinforcing

elements and the matrix as

E ¼ gf goEf mf þ 1� mf

� �
Em ð1Þ

where

gf ¼ 1� tanh bl=2ð Þ
bl=2

ð2Þ

and

b ¼ 1

rf

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Gm

Ef ln R=rf

� �
s

ð3Þ

Fig. 3 Schematic view of

the fiber drawing (FOURNE

Polymertechnik, Alfter,

Germany)

Table 1 The code, composition and draw ratio of the fibers

Sample CAB

(wt%)

CNC

(wt%)

TEC

(wt%)

Draw

ratio

CAB–TECAS 85 0 15 0

CAB–TEC–2CNCAS 83 2 15 0

CAB–TEC–10CNCAS 75 10 15 0

CAB–TECDR 85 0 15 1.5

CAB–TEC–2CNCDR 83 2 15 1.5

CAB–TEC–10CNCDR 75 10 15 1.5
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and where Ef is the elastic modulus of the CNC, Emis the

elastic modulus of the matrix, mf is the CNC volume

fraction andgf is the CNC length efficiency given by Eq. 2

and go is an orientation factor. In Eqs. 2 and 3, l is the

length of the CNC, and assumed to be 240 nm (Siqueira

et al. 2011), rf is the fibers radius and set to the average

value of 3.9 nm obtained from AFM. Gm is the shear

modulus of the matrix and we assume that the matrix is

isotropic and that Gm = Em/2(1 ? m) with m = 0.3. R/rf is

the ratio of the interfiber distance to the CNC radius,

which can be calculated from
ffiffiffiffiffiffiffiffiffiffiffiffi
KR=mf

p
, where KR is a

packing number. For rectangular packing this is p/4,

and is the number used here for these randomly

orientated CNC (Andersons et al. 2006). In all cases Ef

is assumed to be 138 GPa (Sakurada et al. 1962).

The theoretical value of E was calculated from

Eqs. 1–3 for both fiber fractions of CNC with the

volume fraction converted from the mass fraction

under the assumption of no voids in the composite. In

case of as-spun fibers, the crystals are assumed to be

3D randomly orientated, hence the orientation factor,

go, was set to 0.2 (Andersons et al. 2006) and Em set to

the measured value of the modulus of the matrix-only

fibers. In case of drawn fibers, Em was set to the

matrix-only drawn fiber’s modulus and go was

assumed to be 1 in the Eq. 1.

Results and discussion

Cellulose nanocrystals characterization

Figure 4a shows the flow birefringence of the cellu-

lose nanocrystals in suspension. For comparison

Fig. 4b is pure water. The pattern shown in Fig. 4a

indicated a nematic liquid crystalline alignment,

showing the existence of crystals after hydrolyzing.

Figure 4c shows the flow birefringence of CNC

organo-gel mixed with the CAB–TEC ethanol solu-

tion, confirming the dispersion and distribution of

crystals. Again for comparison Fig. 4d is the CAB–

TEC in absence of the CNC.

Figure 5 shows the structure and size of the

prepared CNC analyzed by AFM. The height and

amplitude show the presence of well-isolated and

dispersed crystals in the nanometer scale with diam-

eters in the range of 4–12 nm. To avoid the effects of

broadening, only the height of crystals were measured

and considered as the nanocrystals diameter.

Spinning and fiber drawing of nanocomposite

fibers

Having well-dispersed nanoparticles in the matrix is

very important for spinning of the nanocomposites

fibers. Since the diameter of the fibers is small, even

small aggregation of the nanoreinforcements can cause

spin failure. In this study CAB–TEC as-spun nanocom-

posite fibers were successfully prepared using a two-step

process involving (1) composite preparation using sol–

gel process as the dispersion technique followed by

solution casting, (2) continuous melt spinning. The

produced fibers were uniform and had diameters in

range of 340–450 lm. The variation between fiber

diameters is most likely due to variation in the spinning

rate. This is because the materials were fed manually

and hence the amount of materials inside the com-

pounder was changing during the process. To allow for

this, force control mode was chosen instead of screw

Fig. 4 Flow birefringence of a CNC in water, b water, c CAB–TEC–CNC and d CAB–TEC
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speed control mode. However, although the fibers using

this mode will be more uniform than using screw speed

control some variation in the fibers diameter will still

exist due to variation in the spinning rate.

The fibers were drawn successfully up to a drawing

ratio of 1.5. The drawn fibers were also uniform and

had diameters in range of 295–395 lm. The fiber

drawability was highly sensitive to the addition of the

CNC, which leads to lower elongation and thus causes

breakage of the nanocomposite fibers (particularly

10 wt% CNC) under the drawing process. Hence,

drawing at higher ratios than 1.5 (DR = 1.5) was not

possible. Similar limitations of nanocomposite fiber

drawability have been earlier reported by others

(Solarski et al. 2008; Pötschke et al. 2010; John

et al. 2013). It can be noted, however, from

preliminary experiments on drawing CAB–TEC only

fibers up to factor of 3, that no significant improve-

ment could be observed after ratio of 1.5.

Microscopy

Figure 6 shows SEM micrograph of the surface of the

as-spun and drawn CAB–TEC fibers and their nano-

composites containing 2 and 10 wt%. The micro-

graphs indicated uniform diameters for all fibers and

no defects such as microcracks or increased surface

roughness were observed on the surfaces of the

nanocomposite fibers. Similar results were reported

by Hooshmand et al. (2014) for CAB–TEC nanocom-

posite fibers containing 2 wt% CNC using sol–gel

process whereas an increase in surface roughness for

PLA fibers reinforced with CNC was reported by John

et al. (2013). Having no clusters or agglomerates on

the surface of the fibers even for 10 wt% CNC

indicates that CNC were well-dispersed in the matrix.

X-ray diffraction

The XRD analysis of the nanocomposite fibers was

studied as a function of the CNC content, and the

corresponding diffractograms are shown in Fig. 7. All

of the CAB fibers exhibited a rather low crystalline

structure with two peaks angle around 2h = 6� and

20�, which were assigned to crystalline segment of

CAB (Rodríguez et al. 1998; Kosaka et al. 2006). The

broad peak of CAB–TEC indicated highly amorphous

CAB polymer. The XRD pattern of pure cellulose

crystals displayed three well-defined diffraction peaks

at 14.8, 16.4 and 22.6, exhibiting typical diffraction of

cellulose I (Segal and Conrad 1957; Segal et al. 1959).

The shoulder at 22.6� in both composites confirms the

presence of CNC, however the two other peaks of

CNC did not appear in the diffractograms. This is

assumed to be because these peaks are small and the

amount of the CNC (max. 10 %) is low.

Thermal properties

Figure 8a indicates the isothermal stability of the crushed

CAB–TEC and its nanocomposites prior to spinning at

160 �C. It can be seen that after approximately 3 min, the

materials start to be degraded. In addition, increasing the

CNC content caused a slight increase in rate of degra-

dation. For this reason, it was necessary to reduce the

residence time as much as possible and the use of

continuous mode allowed a substantial reduction in the

residence time to be achieved.

Fig. 5 AFM images of amplitude, height and crystals dimension measurement of the height image
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The TGA results of CAB–TEC and its nanocom-

posite as-spun fibers as well as prepared cellulose

crystals are shown in Fig. 8b. As seen all produced

fibers have thermal stability up to &300 �C, but the

addition of CNC slightly decrease the thermal stability

of the composites, because of the lower thermal

stability of the CNC compared to the matrix.

Mechanical properties

The representative curves for the storage modulus (E0),
loss modulus (E00) and tan d of the CAB–TEC and its

nanocomposite fibers as a function of temperature are

shown in Fig. 9. In the case of the as-spun fibers, across

the whole temperature range of the experiment, the

nanocomposite fibers showed higher storage modulus

compared to the CAB–TEC fibers. The materials

showed glassy behavior until the transition around

80 �C and thereafter the storage modulus dropped

rapidly. The storage modulus of the materials at 30 and

130 �C are given in Table 2 for comparison. At 30 �C,

the CAB–TECAS fiber exhibited a storage modulus (E0)
of 908 MPa, and the addition of 2 % and 10 % CNC to

the matrix, increased it by 47 and 149 %, respectively. A

greater reinforcing effect were observed in the transition

region at 130 �C, where the storage modulus increased

from 5.4 to 12.3 MPa (&130 %) and 85.4 MPa

(&1,500 %) for the 2 and 10 % CNC nanocomposites,

respectively. The improvement in storage modulus for

both nanocomposite fibers can be evidence for a good

dispersion of the CNC in the matrix. Improvements in

storage modulus for CAB by the addition of CNC have

also been reported earlier, though direct comparison are

difficult because of differences in concentrations of

CNC and plasticizer (Bondeson et al. 2007; Ayuk et al.

2009; Siqueira et al. 2011).

The loss modulus curves shown in Fig 9a were

analyzed to understand the effect of CNC on the

relaxation peak temperature. These E00 curves

shows a shoulder around 99 �C for CAB–TEC and

Fig. 6 SEM image of the both as-spun and drawn fibers. a CAB–TECAS, b CAB–TEC–2CNCAS, c CAB–TEC–10CNCAS, d CAB–

TECDR, e CAB–TEC–2CNCDR, and f CAB–TEC–10CNCDR

Fig. 7 XRD diffractograms of the pure CNC as well as CAB–

TEC and its nanocomposite fibers
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nanocomposite with 2 % CNC. This shoulder was

slightly shifted to 106 �C in the case of nanocompos-

ites with 10 % CNC. This positive shift of 7 �C for

CAB–TEC–10CNCAS indicates favorable interactions

between CNC and CAB, which induce restriction of

polymer chain mobility owing to good dispersion of

CNC in CAB. The tan d curves for the as-spun fibers,

shown in Fig 9c, show no clear tan d peak, but the

shoulder around 110 �C may be attributed to the tan d
peak. Unfortunately, it was not possible to continue

the experiment above 130 �C because of the form of

the sample and the high amount of plasticizer used.

This is because the single fiber is more prone to

softening than the thin film and the plasticizer reduced

the melt temperature making the temperature at which

the tan d peak occurs (the relaxation temperature) very

close to the melt temperature. Similar results regard-

ing tan d are reported by Ayuk et al. (2009) and

Siqueira et al. (2011) for samples where CNC were

dispersed using solvent exchange techniques, however

Fig. 8 a Isothermal

stability of the crushed

CAB–TEC and its

nanocomposite prior to melt

spinning. b Thermal

stability of the CNC, CAB–

TEC and its nanocomposite

fibers

Fig. 9 Dynamic mechanical properties of prepared fibers, a storage and loss modulus, b tan delta of as-spun fibers and c storage and

loss modulus, d tan delta of drawn fibers
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Bondeson et al. (2007) reported a remarkable shift of

31 �C for the tan d peak by using a liquid feeding

method in extruder. In Fig. 9c it can also be seen that

the intensity of the tan d peak decreased with addition

of CNC, which indicates lower amounts of amorphous

regions taking part in the transition in the case of

nanocomposites compared to the plasticized matrix.

Drawing of the fibers led to an improvement in

storage modulus of the CAB–TEC fibers. As it can be

seen in Fig. 9b that across the temperature range tested

CAB–TECDR and CAB–TEC–2CNCDR have very

similar storage modulus, while CAB–TEC–10CNCDR

had a higher storage modulus. Table 2 shows that the

storage modulus of CAB–TECDR fiber was increased

by 80 and 290 % at 30 and 130 �C respectively

compared to CAB–TECAS at the same temperatures.

However, the difference in storage modulus of the as-

spun and drawn nanocomposite fibers are negligible.

The relaxation point, as shown by the shoulder of the

loss modulus curves of CAB–TECAS and CAB–

TECDR (Fig. 9a, b) shows a shift of 5 �C indicating

that once drawn, a restriction of the polymer chain

mobility is induced. As mentioned earlier, the addition

of the CNC (in particular for 10 % CNC) restricted the

mobility of the polymer chains as was seen from the

positive shift of 7� in CAB–TEC–10CNCAS fibers.

Therefore, it is possible then this reduced mobility

induced by the CNC restricts polymer alignment under

drawing, and this would explain why drawing led to no

improvement in storage modulus of the composite

fibers compared to as-spun ones.

The results obtained from tensile test are summa-

rized in Table 3 and the representative stress–strain

curves are shown in Fig. 10. It can be seen that the low

fraction of CNC (2 wt%) in the matrix had a great

improvement on the modulus, increasing it by 57 %

from 933 to 1,469 MPa. In addition, 2 wt% CNC had a

slight improvement of 12 % (significant at the 5 %

significance level) in the tensile strength. However a

significant decreased in elongation of 66 % was also

seen in the reinforced polymer, which shows that the

CNC are restricting the movement of the polymer. The

higher weight fraction of CNC (10 wt%) increased the

tensile strength to 25.8 MPa and modulus to

1,770 MPa which is an increase of 23 % and 90 %

respectively. Again, the elongation decreased, in this

case by 73 %.

The dispersion technique used is thought to play an

important role in reducing aggregation and hence

obtaining these improved mechanical properties over

that of the matrix alone. The support for this is from

the fact that in some earlier studies, decreased

mechanical properties of nano-reinforced fibers have

been reported (Solarski et al. 2007,2008; John et al.

2013).

By comparing the obtained results with the study of

Siqueira et al. (2011), who used a similar dispersion

technique, it can be seen that the current study shows

better improvement in stiffness particularly for the

lower 2 % CNC concentration, however improvement

in tensile strength was lower than the results reported

by Siqueira et al. (2011). The result for the nanocom-

posite fiber produced here do not however match the

improvements in CAB shown by Bondeson et al.

(2007), where increases of 100 and 300 % for tensile

strength and modulus were reported for CAB–

15 %TEC–5 %CNC film produced by extrusion and

compression molding with the CNC were fed as a

suspension into an extruder.

In case of drawn fibers, stretching the fibers resulted

in an improvement of 45 % for the strength and 59 %

for the modulus for CAB–TECDR compared to as-spun

ones. However, lower improvements were seen for the

CAB–TEC–2CNCDR and CAB–TEC–10CNCDR

fibers. In these fibers the strength increased by 10 %

and 16 % and for the modulus by 2 % and 23 %

compared to the as-spun fibers with the same CNC

concentrations. Higher mechanical properties of

CAB–TECDR are clearly the effect of the alignment

of polymer chains in the direction of the applied load.

Table 3 shows that CAB–TECDR and CAB–TEC–

2CNCDR have very similar stiffness, which is very

close to the stiffness of the CAB–TEC–2CNCAS. It

seems that the reinforcing effect of the 2 % CNC in

drawn fiber was negligible possibly because of the

Table 2 Storage modulus (E0) of the CAB–TEC and its

nanocomposite fibers at 30 and 130 �C

Sample Storage modulus (MPa)

At 30 �C At 130 �C

CAB–TECAS 908 5.4

CAB–TEC–2CNCAS 1,332 12.3

CAB–TEC–10CNCAS 2,260 85.4

CAB–TECDR 1,641 21.1

CAB–TEC–2CNCDR 1,422 22.4

CAB–TEC–10CNCDR 2,133 88.0
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restriction of the alignment of the polymer chains due

to the presence of the CNC, as mentioned earlier. But

increasing the CNC concentration to 10 %, the

stiffness was improved by 23 % compared to the

reinforced as-spun fiber (CAB–TEC–10CNCAS) indi-

cating an alignment effect most likely from a combi-

nation of the alignment of both CNC and polymer

chains.

The parameter values used in the short-fiber model

described by Eqs. 1–3 to calculate theoretical values

of the length efficiency, gf, and modulus, E, of

nanocomposite fibers are summarized in Table 4. In

addition, to see how the improvements compare to

what can be expected from these nanocomposites,

both theoretical and measured values are shown in

Fig. 11. As it can be seen for as-spun fibers, the

measured value for CAB–TEC–2CNCAS was even

greater than that the predicted by the model, which

only predict an increase of 19 % (1,109 MPa). It

seems therefore that the model does not completely

capture the behavior of the composite. This is possibly

due to the fact that the model does not take into

account the large surface area of the nanosized crystals

that appears to lead to properties beyond that of a

simple combination of those of the matrix and crystals.

Note that this large surface area effect would only have

a positive effect if there is a good interaction between

the nanocrystals and the matrix. However, in the case

of the higher concentration of CNC (10 wt%) the

model predicted a more dramatic increase in the

stiffness (124 %). The lower measured value com-

pared to the theoretical one is thought to be due to

some inhomogeneities. This means the crystal size is

not exactly that which is assumed in the model. It is

also possible that the surface area effect shown in the

Fig. 10 Representative stress–strain curves of the CAB–TEC

and its nanocomposite fibers

Table 3 Fiber diameter, tensile strength, Young’s modulus and strain at break of CAB–TEC and its nanocomposite fibers

Sample Diameter (lm) Tensile strength

(MPa)

Young’s modulus

(MPa)

Strain

(%)

CAB–TECAS 470 ± 15 20.9a ± 0.9 933.4a ± 9.4 21.2a ± 3.1

CAB–TEC–2CNCAS 393 ± 23 23.6b ± 1.1 1,469.3b ± 46.5 7.1b ± 2.2

CAB–TEC–10CNCAS 370 ± 13 25.8c ± 0.3 1,770.2c ± 30.1 5.7b ± 1.5

CAB–TECDR 362 ± 21 30.5A ± 3.0 1,483.4A ± 46.5 4.1A ± 0.4

CAB–TEC–2CNCDR 396 ± 11 26.0A ± 1.2 1,497.6A ± 47.2 3.2B ± 0.3

CAB–TEC–10CNCDR 340 ± 36 29.9A ± 3.7 2,184.9B ± 135.4 2.3C ± 0.5

Average values with same superscript letter in the same column are not significantly different at 5 % significance level based on

ANOVA and Tukey-HSD multiple comparison test. The values for the as-spun fibers samples were compared with one another and

so were the values for the drawn fibers samples

Table 4 Parameters used in the short-fiber model, described

by Eqs. 1–3, to calculate theoretical values of the length effi-

ciency (gf) and modulus (E) of nanocomposite fibers

Parameter CAB–

TEC–

2CNCAS

CAB–

TEC–

10CNCAS

CAB–

TEC–

2CNCDR

CAB–

TEC–

10CNCDR

Ef (MPa) 138,000 138,000 138,000 138,000

Em (MPa) 933 933 1,483 1,483

Gm (MPa) 358a 358a 570a 570a

Vf (%) 1.64 8.35 1.64 8.35

R/rf 6.92 3.07 6.92 3.07

rf (nm) 3.9 3.9 3.9 3.9

l (nm) 240 240 240 240

b (x1e6) 13.29 17.46 16.76 22.02

go 0.2 0.2 1 1

gf 0.42a 0.54a 0.52a 0.63a

E (MPa) 1,109a 2,093a 2,636a 8,566a

a Calculated values from Eqs. 1–3
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CAB–TEC–2CNCAS fiber still exists but is masked by

effects of aggregation. It should be mentioned that this

model strongly depends on the geometry of the fibers

and any changes in length and diameter of the crystals

can have a dramatic effect on the predicted values.

In case of drawn fibers, for CAB–TEC–2CNCDR,

the measured value is 57 % of the theoretical value,

while by increasing the concentration of CNC to

10 wt%, the measured value is only 26 % of the

predicted one. These lower values compared to the

predicted ones, can indicate that there was no or very

small orientation for CNC in the matrix.

Conclusion

In this study the effect of increased CNC concentration

as well as the influence of fiber drawing on the melt

spun CAB nanocomposite fibers were evaluated.

Results showed that the combination of the used

dispersion technique and melt spinning is a suitable

technique to prepare nanocomposite fibers with higher

concentrations of CNC (10 wt%). This is shown from

the SEM microstructure study of the fibers, which

indicated a defect-free smooth surface for both as-

spun and drawn fibers.

The viscoelastic behavior of the fibers were studied

and the results showed that addition of CNC increased

the storage modulus of the fibers, the shift of

relaxation temperature indicates good interaction

between the CNC and the CAB and that the CNC

increased the thermal stability.

The mechanical performance of the fibers showed

that a 2 wt% CNC concentration increased the

mechanical properties. This increase is above the

predicted value from the micromechanical modeling

and is possibly because of the large surface area and

molecular interaction, which are not included in the

fiber matrix models, and leads to properties beyond

that of a simple combination of the matrix and the

crystals. In the case of 10 wt% CNC concentration,

both the tensile strength (23 %) and modulus (90 %)

were improved, however the model predicted a higher

stiffness than that was seen in the nanocomposites.

This suggests some aggregation of the CNC in the

matrix as the CNC concentration increases.

Fiber drawing was shown to have a positive effect

on the mechanical properties of the 10 % CNC

nanocomposites fibers. However, according to theo-

retical estimation, high orientation of the CNC should

results in much higher properties. Hence the achieved

improvement is thought to be due to only a slight

orientation of both the matrix and CNC. However, the

combined effect of reinforcing using CNC and draw-

ing still provides even further improvement in

mechanical properties.
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Poly(lactic acid) melt-spun fibers reinforced with
functionalized cellulose nanocrystals

A. Mujica-Garcia,ab S. Hooshmand,c M. Skrifvars,d J. M. Kenny,ab K. Oksmanc

and L. Peponi*b

Poly(lactic acid)-cellulose nanocrystals (PLA/CNC) nanocomposite fibers with 1% weight fraction of

nanocrystals were prepared via melt-spinning. In order to improve the compatibility between PLA and

the CNC, PLLA chains were grafted onto the CNC surface using a “grafting from” reaction. For

comparison, melt-spun PLA fibers and nanocomposites with unmodified CNC were also prepared. The

morphology and thermal and mechanical properties of the fibers with different draw ratios were

determined. The results of this research show that the surface modification together with drawing

resulted in improved fiber properties, which are expected to depend on the alignment of the CNC and

PLA molecular chains. The modification is also expected to lead to a flexible interface, which leads to

more stretchable fibers. The main conclusion is that PLLA grafting is a very promising approach to

improve the dispersion of CNC in PLA, thus creating interfacial adhesion between the phases and making

it possible to spin fibers that can be drawn with improved mechanical performance.

Introduction

Nowadays, the use of high performance materials is required in
numerous application elds, from aerospace to the biomedical
sector and the demand for new multifunctional materials is a
key factor in both research centres and industry.1 Moreover, due
to the strong increase in the consumption of polymeric-based
materials, the use of biodegradable polymers is required to
obtain environmental-friendly materials to be used in daily life
products. At the same time, attention is focused on the
manufacturing and processing conditions of biodegradable
polymers. For example, scaffolds created from biodegradable
polymers are fabricated using particulate leaching, textile
technologies, or three-dimensional (3D) printing techniques.2

In this regard, the use of polymeric bers to form a biodegrad-
able scaffold provides several advantages for tissue-engineering
applications because of their large surface area-to-volume ratio.
Moreover, they present a high potential to provide ideal living
conditions for cells due to the ability of the bers to be pro-
cessed into a variety of shapes and sizes, thus achieving the
required mechanical and biological properties.3,4,7

Currently, poly(lactic acid) (PLA), which is an aliphatic
polyester, represents the most representative biodegradable
and biobased polymer in the market due to its cost-

competitiveness with respect to conventional not biodegrad-
able polymers.5,6 In particular, PLA is a thermoplastic biode-
gradable polyester of great interest from the environmental
point of view due to its thermoplastic processability, good
biocompatibility, biodegradability and good mechanical prop-
erties.7–9 Some limitations of PLA are its poor toughness, slow
degradation rate,10 and low thermal stability, which limit its
processing temperature.6,10,11

In order to improve the properties of PLA, the preparation
of nanocomposite materials by the addition of nanoparticles
to the PLA matrix is a possibility that has been largely devel-
oped over the past years.12–14 Among the nanoparticles, the
attraction for cellulose nanocrystals (CNC) to be used as
nanoreinforcements in the PLA matrix has greatly increased
recently.15–20

CNC are rod-like nanoparticles that are obtained by the acid
hydrolysis of cellulose bers, which have a diameter in the
range of 3–20 nm and length in the range of 100–600 nm,
depending on the cellulose source.5 Since they are derived from
cellulose, CNC offer many advantages such as high reactivity,
renewability, biodegradability, and natural abundance.1 In
addition, CNC can be used as a nanoreinforcement in
composite materials based on biopolymers, such as PLA, due to
their suitable qualities as a consequence of the combination of
nanoscale dimensions and high aspect ratio together with their
good mechanical properties. In this way, fully biobased nano-
composites can be obtained.15 However, polymer/cellulose
nanocomposites have a drawback relative to the poor disper-
sion of cellulose in non-polar media because of their polar
surface,19 hence there is interfacial incompatibility between the
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dSchool of Engineering, University of Borås, Borås, Sweden
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hydrophobic PLA matrix and hydrophilic CNC, which causes
CNC to aggregate.5,21 As a consequence of the abovementioned
issues, the preparation of CNC-based nanocomposites by
extrusion can be considered as an alternative to improve their
compatibility. Oksman et al.19 studied the feasibility of using
extrusion to process nanocellulose-based PLA nanocomposites.
They prepared a suspension of CNC, which was pumped into
the polymer melt during the extrusion process. CNC were ob-
tained previously from commercial microcrystalline cellulose
(MCC). MCC was treated with N,N-dimethylacetamide (DMAc)
containing lithium chloride (LiCl) to swell and partially separate
the CNC. The dispersion of CNC within the PLA matrix was
appreciable. The mechanical properties of the nanocomposites
were improved compared to the reference material. However,
DMAc/LiCl caused the composites to degrade when processed
at high-temperatures.

Another approach to improve their dispersion is the graing
of polymer chains on the surface of CNC by a covalent linkage
between CNC and the graed polymer chains.22 Thus, the
graed polymer chains act as a compatibilizer between the CNC
and the polymeric matrix, which improves the interfacial
adhesion and as a result, optimizes the compatibility between
the polymer and the CNC.1 The improvement of the compati-
bility between PLA and CNC graed with poly(L-lactic acid)
(PLLA) was studied by Navarro-Baena et al.23 They prepared
lms of poly(ester-urethane) based on the PCL–PLLA triblock-
copolymer with functionalized and unfunctionalized CNC and
reported an increase in their mechanical and shape memory
properties when graed CNC were used.

Some techniques can be used to obtain PLA nano-
composites bers such as melt spinning8,24–26 solution spin-
ning27,28 and electrospinning.6,29–31 From an environmental
point of view, melt spinning is a suitable technique to prepare
polymeric bers. It is a solvent-free process that provides
a more environmentally friendly processing method, in which
there is no need for solvent removal and high throughput and
high take-up speeds can be achieved. As a consequence, the
melt-spinning process can be considered as the main conve-
nient commercial method to produce large quantities of
bers in industries.4 Moreover, processing conditions
strongly inuence the nal properties of bers, for example,
the tendency of PLA melt-spun bers to crystallize. In fact,
crystallization can be induced in the ber axis by drawing the
ber during its formation4 thus considering that the drawing
of the ber can orient the polymer chains in the direction of
the ber axis. Consequently, a wide range of mechanical
properties can be achieved for bers by adjusting the melt
draw ratio, MDR.4 However, PLA shows a tendency to undergo
thermal degradation in the molten state, due to the scission
of polymer chains, which produces melt-spun bers with poor
mechanical properties. Its degradation is dependent on time,
temperature, low-molecular weight impurities and catalyst
concentration.8,32

In recent years, the morphologies, thermal and mechanical
properties of melt-spun PLA bers have been studied.7,33,34

Persson et al.4 prepared PLA ber-based scaffold architectures
using the melt-spinning technique and solid-state drawing. The

inuence of process variables, such as draw ratios and
temperatures, on the properties of the bers was studied in the
preparation of monolament and multilament bers. They
reported that physical properties, such as crystallinity,
mechanical strength and ductility, can be largely controlled by
the drawing process by taking into account the solid-state
drawing and drawing temperatures.

Only a few studies regarding melt-spun PLA/CNC nano-
composite bers have been found in the literature. John et al.35

prepared melt spun PLA/CNC nanocomposite bers through
the melt-compounding of PLA and CNC using a twin-screw
extruder, in which compounded pellets were generated as the
feed for melt spinning. They reported that PLA/CNC bers
showed an increase of surface roughness and aggregations of
CNC. Moreover, the ber stiffness was not changed by the
addition of the CNC, which is probably due to the aggregation of
CNC and the poor interphase between the matrix and CNC. In
another study reported by Blaker et al.,36 melt-spun bers of
a PLA/CNC nanocomposite were prepared and neat and esteri-
ed bacterial cellulose were compared. They showed that high
ber diameters were produced when CNC was added, as
a consequence of the increase in the viscosity of the polymer
melt and in the reduction of the draw-ratio of the bers. In
addition, they reported that the presence of CNC also enhanced
the nucleation and growth of crystals and thus an improvement
in mechanical properties.

In this study, melt-spun bers of PLA and its nano-
composites were successfully prepared in two steps. First, PLA
nanocomposites reinforced with neat and functionalized CNC
were prepared and then the bers were obtained by melt-
spinning process. The effect of the addition of CNC, both neat
and graed with PLLA, on the properties of the PLA melt-spun
bers was determined, with attention focused on the ber
drawing effect on the nal properties of the melt-spun bers. In
order to characterize the CNC graed with PLLA, vibrational
spectroscopy techniques, such as Fourier transform infrared
and Raman spectroscopy, were used, as well as thermogravi-
metric analysis to determine the amount of CNC and PLA in the
melt-spun bers. The Molau test was used to study the inter-
facial interaction between the PLA matrix and functionalized
CNC. Moreover, the dispersion of the nanocrystals was
controlled by birefringence. The inuence of temperature
reached in the compounder on the possible degradation
process of the PLA matrix was examined via gel permeation
chromatography (GPC). The inuence of drawing and the
incorporation of CNC (graed and neat) on the nal structure
and properties of the melt-spun bers was examined by scan-
ning electron microscopy, thermogravimetric analysis, wide-
angle X-ray diffraction, differential scanning calorimetry and
tensile testing.

Experimental
Materials

Poly(lactic acid) (PLA 3051D) was supplied by NatureWorks
(EE.UU.), which had 3% of D-lactic acid monomer and
a molecular weight (Mn) of 110.000 g mol�1.

9222 | RSC Adv., 2016, 6, 9221–9231 This journal is © The Royal Society of Chemistry 2016
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Cellulose nanocrystals (CNC) were synthesized by the acid
hydrolysis of commercial cellulose microcrystals. Microcrystalline
cellulose (MCC) powder was purchased from Sigma Aldrich.
Moreover, in order to increase the compatibility between the
hydrophobic polymer and the hydrophilic nanocrystals, surface
modications of CNC were carried out via a “graing from”

reaction, wherein PLLA chains were graed onto the CNC external
surface to obtain CNC-g-PLLA.

L-Lactide, stannous octoate (Sn(Oct)2), chloroform (CHCl3),
toluene, dichloromethane and N,N-dimethylformamide (DMF)
were purchased from Sigma Aldrich (Spain). 1,4-Dioxane was
supplied by VWR International.

We refer to the bers obtained from commercial polymer as
PLA bers and to the polymeric chains graed onto the CNC
surface as PLLA, which was obtained due to the ring opening
polymerization (ROP) of L-lactide.

Synthesis of cellulose nanocrystals

CNC were prepared following the method reported in
previous work by the acid hydrolysis of commercial cellulose
microcrystals.37,38 First, 20 g of MCC and 175 mL of sulphuric
acid solution (64% (w/w)) were mixed in a 250 mL three-neck
round-bottom ask and homogenised with a mechanical
stirrer and hydrolysis was carried out at 45 �C for 30 min in
the ask. The obtained product was diluted in 4 L of deion-
ised water to stop the hydrolysis reaction. Next, to remove the
excess acid, the suspension was centrifuged, and 1 L of CNC
suspension was obtained, which was dialysed for 5 days for
neutralization. To purify the suspension, ion exchange resin
(Dowex Marathon MR-3 hydrogen and hydroxide form) was
added and stirred for 24 hours and then removed by ltra-
tion. The pH of the CNC suspension was adjusted to around
9.0 using a 1.0% NaOH buffer solution.38 Finally, the CNC
suspension was sonicated in order to obtain a stable
suspension of the nanocrystals, which was stored in a fridge
at 3 �C to avoid bacterial growth.

CNC functionalization with PLLA chains

Surface modication of the CNC was carried out via a “graing
from” reaction, in which PLLA chains were graed onto the
CNC surface via the ROP of L-LA, using the supercial hydroxyl
groups of the CNC as the initiator. The modication of cellu-
lose was performed according to a previous study reported by
Navarro-Baena et al.23 The aqueous suspension of CNC was
solvent-exchanged with acetone, dichloromethane and dried
toluene by centrifugation and re-dispersion cycles. The
modication reaction was carried out in a three-neck round-
bottom ask equipped with a condenser and a calcium chlo-
ride tube, and the system was kept under a nitrogen atmo-
sphere. The monomer was dissolved in dry toluene for 10 min
at 50 �C and aer that, the CNC dispersed in toluene was
added.

The solution was heated to 80 �C and 0.2 g of Sn(Oct)2, which
was the catalyst, was added to the mixture using a syringe. Aer
24 hours, the product was dissolved in toluene to recover it.
Aer that, centrifugation–redispersion cycles using methanol,

ethanol and acetone were carried out to remove the un-reacted
monomer and the non-graed polymer. Finally, the PLLA
functionalized CNC, which is named CNC-g-PLLA, was dis-
solved in CHCl3 for storage.

Nanocomposite preparation

CNC and CNC-g-PLLA nanocomposites based on the PLA matrix
were prepared following a similar procedure to that described
by Persson et al.3 First, PLA was dissolved in 1,4-dioxane to form
a 10 wt% solution, which was magnetically stirred for 24 h at
room temperature. At the same time, CNC and CNC-g-PLLA
were dispersed separately (1 wt%) in DMF and magnetically
stirred for 2 h and ultrasonicated for 2 min. In the second step,
to achieve a homogeneous dispersion of the CNC in the dis-
solved PLA matrix, both the polymer solution and the CNC
suspensions were mixed, stirred (2 h) and then sonicated (2
min) to form nanocomposites, which had a 1% weight fraction
of CNC in the nal composition. Finally, PLA/CNC and PLA/
CNC-g-PLLA nanocomposite microspheres were prepared using
the solvent evaporation method based on thermally induced
phase separation (TIPS).36 In particular, microspheres were
formed by the dropwise addition of the mixtures in liquid
nitrogen to avoid agglomeration of the nanoparticles by rapid
quenching, followed by solvent removal using freeze-drying at
�50 �C for 24 h. The same process was performed to prepare
neat PLA microspheres as a reference material and three
different samples were prepared (PLA, PLA/CNC and PLA/CNC-
g-PLLA).

Melt-spinning and melt drawing

Nanocomposite bers were prepared by the melt-spinning of
neat PLA microspheres, as well as PLA/CNC and PLA/CNC-g-
PLLA, in batch mode, using a 15 mL twin-screw micro-
compounder, DSM Xplore (Geleen, The Netherlands), equip-
ped with a 0.5 mm single hole spinneret.

The experiment was carried out in speed control mode with
the rotation speed varied between 50 and 80 rpm with a 5 min
residence time at 190 �C in an argon atmosphere.

The bers were cooled using a gentle air ow and collected
using different rates on a rotating take-up roll and subsequently
the melt draw ratio (MDR) was calculated based on eqn (1):

MDR ¼ (D0/D)2 (1)

where D0 is the spinneret diameter and D is the ber diameter.
Fig. 1 shows a schematic of the melt-spinning setup. Samples
with varied MDR were prepared and the compositions as well as
the processing parameters are summarized in Table 1. The
name of the samples are MDR1-A and MDR1 (collected at lower
speeds), MDR2-A and MDR2 (collected at higher speeds), and
AS, as-spun. The ber drawing was made only in the melt state.
As a consequence of the elevated number of samples to analyse
and in order to simplify the analysis of the results, we compare
only the properties of the AS, MDR1 and MDR2 melt-spun
bers.
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Characterization

Several techniques were used to characterize the melt-spun
bers based on PLA and PLA reinforced with neat and func-
tionalized CNC. First, the neat CNC and functionalized CNC-g-
PLLA were characterized by vibrational spectroscopy techniques
in order to verify their functionalization. Fourier transform
infrared spectroscopy (FTIR) was performed on a Spectrum One
FTIR spectrometer Perkin Elmer equipped with an internal
reection element of diamond in the range of 650–4000 cm�1

with 1 cm�1 resolution and an accumulation of 16 scans. FTIR
spectra were obtained in the attenuated total reectance (ATR)
mode. Raman spectroscopy was conducted on a Renishaw InVia
Reex Raman system. The Raman scattering was excited using
a diode laser at a wavelength of 785 nm. The laser beam was
focused on the sample with a 100 � 0.85 microscope objective.
The laser power at the sample was 320 mW. The exposure was
10 s and 2 accumulations for the Raman measurements. In

addition, an optical microscope was coupled to the system.
Moreover, thermogravimetric analysis (TGA) was used to
determine the amount of PLLA chains graed on the CNC
surface. TGA was performed using approximately 10 mg of
sample from room temperature to 700 �C at 10 �C min�1 under
a nitrogen atmosphere with a ow of 60 mL min�1. The
instrument used was a TA-TGA Q500 analyser. Moreover, TGA
was used to determine the thermal stability of the bers.

The Molau test was used to study the interfacial interaction
between the PLA matrix and CNC.23 Three different solutions
were prepared: a mixture of CNC and PLA, only CNC and CNC-g-
PLLA in DMF, using the same concentrations used to prepare
the nanocomposites. The solutions were stirred for two hours
with a magnetic stirrer and then, le to stand for 48 hours at
room temperature; furthermore, their suspension state was
carefully observed.

The ow birefringence of CNC and CNC-g-PLLA dispersions
in DMF, as well as in PLA solution was studied using two
polarizing lters and a lamp. The presence of ow birefringence
has been considered by several authors as an indication of well
dispersed CNC in organic solvents and polymer solutions.39–42

The morphology of melt-spun bers was examined using
scanning electron microscopy (SEM), PHILIPS XL30 (USA). A
thin layer of gold/palladium was sputter coated onto the
samples to minimize the charging by employing a Polaron
SC7640 (UK). Moreover, the bers were immersed in liquid
nitrogen and then fractured in order to analyse their cross-
sections by SEM.

The molecular weight of the samples before and aer the
melt-spinning process was determined by means of gel
permeation chromatography (GPC) using a refractomer index
detector, Waters 2414. 5 mg of sample was dissolved in 1 mL of
ltered tetrahydrofuran (THF) and then, ltered using a PTFE
lter before measurements. For the determination of their
molecular weights, the samples were referenced to polystyrene
standards between 4.000 and 400.000 g mol�1.

Fig. 1 Schematic of the melt-spinning setup: the compounder and
the collecting roll.

Table 1 Codes, compositions, diameters and melt draw ratios (MDR) of the produced fibers for the different materials obtained

Samples codes PLA (wt%) CNC (wt%) CNC-g-PLLA (wt%) Take-up velocitya (cm min�1) Diameterc (mm) MDR

PLAAS 100 0 0 30–100b 358 � 4 2
PLAMDR1-A 100 0 0 1125 120 � 6 17
PLAMDR1 100 0 0 2025 80 � 1 39
PLAMDR2-A 100 0 0 3150 63 � 3 63
PLAMDR2 100 0 0 4500 53 � 3 89
PLA/CNCAS 99 1 0 30–100b 491 � 7 1
PLA/CNCMDR1-A 99 1 0 1125 181 � 14 8
PLA/CNCMDR1 99 1 0 2025 79 � 14 40
PLA/CNCMDR2-A 99 1 0 3150 60 � 13 69
PLA/CNCMDR2 99 1 0 4500 47 � 5 113
PLA/CNC-g-PLLAAS 99 0 1 30–100b 471 � 80 1
PLA/CNC-g-PLLAMDR1-A 99 0 1 1125 268 � 23 3
PLA/CNC-g-PLLAMDR1 99 0 1 2025 122 � 17 17
PLA/CNC-g-PLLAMDR2-A 99 0 1 3150 86 � 4 34
PLA/CNC-g-PLLAMDR2 99 0 1 4500 55 � 6 83

a Take-up velocity was calculated based on the bobbin's circumference and number of rotations per minute. b In the case of the as-spun bers, the
take-up velocity was varied to avoid stretching of the bers. c Diameter of the bers was measured by a micrometer.
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Wide-angle X-ray diffraction (WAXD) measurements were
performed using a Bruker D8 Advance instrument with a Cu Ka
source (0.154 nm) and a VANTEC-1 detector. The scanning
range was 2�–50�, step-size and count time per step was
0.023851� and 0.5 s, respectively.

Then, thermal analysis was performed using differential
scanning calorimetry ((DSC), Mettler Toledo DSC822e (Swit-
zerland)) under a nitrogen atmosphere. Specimens of approxi-
mately 10 mg were mechanically sealed in aluminium pans.
Thermal cycles composed of two heating scans (25–200 �C and
�90 to 200 �C) with a cooling scan (200 to�90 �C) in between
were performed at a heating rate of 10 �C min�1.

The melting temperature (Tm) and the cold crystallization
temperature (Tcc) were taken as the maximum and minimum of
the endothermic and exothermic peak, respectively, from the
rst heating scan. Glass transition temperatures (Tg) were also
calculated. The degree of crystallinity (Xc) was calculated from
the melting enthalpy (DHm), which was measured from the
thermogram peak and by considering the ideal melting
enthalpy of 93 J g�1 (ref. 9) for PLA (DHm,100), according to
eqn (2):

Xc ¼
DHm

DHm;100%

� 100 (2)

Finally, the mechanical properties of the melt-spun bers
were measured using an Instron 4411 universal test machine
(Instron Corporation, Canton, MA) with single bollard grips
suitable for bers and equipped with a 5 N load cell. A
crosshead speed of 2 mmmin�1 and an initial grip separation
of 10 mm were used. The samples were mounted on paper
frames before testing. Prior to testing, the bers were condi-
tioned in a desiccator at 23 �C and 46% relative humidity for
at least 48 h prior to testing. The cross-section of the laments
was assumed to be circular and the diameter for each test
sample was measured by a micrometer. An average value and
standard deviation of 6 individual tensile determinations are
reported.

Results and discussion

Several steps were performed in order to obtain melt-spun
nanocomposite bers based on PLA, which were reinforced
with both neat and functionalized CNC. First, CNC were
synthesized and functionalized. Then, homogeneous disper-
sions of PLA with modied and unmodied CNC were ob-
tained and nally, melt-spun bers based on PLA were
prepared.

Characterization of CNC functionalization with PLLA chains

In order to ensure the presence of the PLLA chain in the
cellulose nanocrystals surface, vibrational spectroscopy was
used. Fig. 2A shows the FTIR spectrum of PLA, CNC and CNC-g-
PLLA.

The main difference between the spectra for the neat and
graed CNC is the presence of the peak at 1753 cm�1, which

corresponds to the stretching frequency of the carbonyl group
in PLA and/or lactic acid oligomers.43 Moreover, the FTIR
spectra of the CNC and the CNC-g-PLLA show a characteristic
broad band in the region from 3000 cm�1 to 3600 cm�1, which
corresponds to the hydroxyl group present in the original
cellulose structure. Moreover, the Raman spectrum (Fig. 2B)

Fig. 2 Vibrational spectroscopy of CNC-g-PLLA: (A) FTIR spectra and
(B) Raman spectra.

Fig. 3 Thermogravimetric analysis of functionalized CNC.
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of CNC-g-PLLA shows the characteristic bands of PLA and
CNC. These results conrm the success of the graing
procedure.

To determine the amount of CNC and PLLA in CNC-g-PLLA,
TGA was carried out. The weight loss and the derivative of
weight loss are shown in Fig. 3. Three overlapped peaks are
observed, in which two of them correspond to the thermal
degradation of CNC and the other to the thermal degradation of
the PLLA chains. In particular, the CNC peaks present
a maximum corresponding to 275 �C, whereas PLLA shows the
maximum peak at 230 �C.

CNC present a more broad degradation, as a consequence of
the different decomposition mechanism due to the direct solid-
to-gas phase transitions catalysed by the sulphate groups on
their surface, as reported in the literature.38 The amount of
components were computed by tting the curves with two
Gaussian curves, which resulted in the amount of PLLA graed
chains of 67 wt% and the amount of CNC of 33 wt%. The CNC
peaks present a maximum corresponding to 275 �C, whereas
PLLA shows the maximum peak at 230 �C.

As is well known, cellulose is hydrophilic, hence the
dispersion of cellulose in organic solvents is poor.23 In the
Molau test, three different solutions were prepared. One of
them was a mixture of CNC and PLA dissolved in DMF (vial 1),
the second solution was CNC dissolved in DMF (vial 2) and
nally CNC-g-PLLA was dissolved DMF (vial 3), using the same
concentrations used to prepare the nanocomposites. Fig. 4A
shows the image of the solutions taken just aer stopping the
stirring process. In Fig. 4B, the images were taken aer standing
for 48 hours. It can be observed that the CNC of both neat CNC
and the mixture of CNC and PLA solutions precipitated.
However, the suspension of functionalized CNC in the CNC-g-
PLLA solution remains stable, as a consequence of the excellent
functionalization.

Cellulose nanocrystals suspension characterization

To prepare nanocomposite melt-spun bers, it is important to
obtain well-dispersed nanoparticles in the polymeric matrix
because small aggregations of the nano-reinforcements can
cause spin failure. On the other hand, the surface modication
of CNC is carried out to increase the compatibility between
CNC and hydrophobic polymers in order to achieve good
dispersion in non-polar solvents, thus making dispersion in
biopolymers, such as PLA, easier. For this reason, a study on
the dispersion of neat and graed CNC in different suspen-
sions of DMF and 1,4-dioxane was conducted before the
nanocomposite ber melt-spinning process. The study of
birefringence gives an indication of the degree of association
or isolation of CNC in a suspension. Therefore, the dispersion
of nanoparticles in DMF, as well as in dissolved PLA, was
studied using birefringence. Fig. 5A and B show suspensions
of CNC and CNC-g-PLLA in DMF, respectively. Fig. 5C shows
the dissolved PLA in 1,4-dioxane, and Fig. 5D and E show the
suspension of CNC and CNC-g-PLLA in DMF mixed with the
dissolved PLA in 1,4-dioxane. Both suspensions of CNC and
CNC-g-PLLA showed birefringence, which indicates the good
dispersion of CNC in DMF without agglomeration. In the same
way, the suspensions of CNC and CNC-g-PLLA mixed with the
PLA solution show clear ow birefringence, which was not
observed in the case of the PLA solution, thus indicating that
the dispersion is good.

Melt-spun bers of PLA and its PLA/CNC nanocomposite

Fiber morphology. Neat PLA and its nanocomposite bers
were successfully prepared at different melt draw ratios. Melt
spinning of nanocomposites renders many challenges, mostly
because bers with their small cross sectional area are very
sensitive to aggregated CNC, impurities and defects, which
affect their properties and can easily cause ber breakage. Thus,
having well-dispersed nanocrystals (CNC) in the PLA matrix will
be a key point in the process. Otherwise, the aggregated

Fig. 4 Molau test results of a mixture of CNC and PLA (vial 1), CNC (vial
2) and CNC-g-PLLA (vial 3) in DMF.

Fig. 5 Observation through crossed polarizing filters (A) CNC in DMF,
(B) CNC-g-PLLA in DMF, (C) PLA in 1,4-dioxane, (D) PLA/CNC and (E)
PLA/CNC-g-PLLA, showing flow birefringence of dispersions where
CNC are present.

Fig. 6 SEM images of melt-spun fibers with the same magnification
showing the surface morphology and diameter decrease from as spun
to drawn fibers: (A) PLAAS, (B) PLA/CNCAS, (C) PLA/CNC-g-PLLAAS, (D)
PLAMDR2, (E) PLA/CNCMDR2 and (F) PLA/CNC-g-PLLAMDR2.
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particles can cause ber defects, thus inducing low drawability
and low strain, which will lead to lower maximum strength and
toughness in the bers. As expected, the diameters of the melt-
spun bers decrease when a high collection speed is used (Table
1). In the case of the PLA bers, the diameter was reduced by
�77% and 85% for MDR1 and MDR2, respectively, compared to
the as-spun bers. Moreover, the reduction in diameter, which
was caused by drawing, is 84% and 90% for PLA/CNC and 77%
and 88% for the PLA/CNC-g-PLLA bers when two different
MDR are taken into account.

The surface morphology of the melt spun bers was studied
by SEM and the PLA, PLA/CNC and PLA/CNC-g-PLLA melt-spun
bers collected using different speeds are shown in Fig. 6. A
continuous and homogeneous surface is observed for every
ber, as well as uniform diameters.

Moreover, the SEM images do not reveal the presence of
nanoparticle agglomerates along the bers surface, which is
evidence of well-dispersed cellulose nanocrystals in the PLA
matrix.40,41 However, it can be seen from the SEM images that
the increase in the collecting speed slightly increased the
roughness along the bers. Cryo-fractured cross-sections of
the bers are shown in Fig. 7. PLA reinforced with CNC and
PLA reinforced with CNC-g-PLLA were homogenous and
agglomerates of nanoparticles were not observed, which
indicate the good dispersion of cellulose nanocrystals in the
PLA matrix.

Thermal properties. It is well known that processing condi-
tions can strongly affect the nal properties of melt-spun bers.
Hence, in order to determine the effect of time and temperature
on the thermal degradation of the material during the melt-
spinning process, the thermal stability of raw PLA, PLA rein-
forced with CNC and PLA reinforced with CNC-g-PLLA before
feeding into the machine, as well as their as-spun bers, were
analysed by TGA.

Fig. 8A shows the results of the weight loss and Fig. 8B the
derivative of weight loss. The as-spun bers present thermal
stability up to 300 �C.

In addition, in the case of raw PLA and PLA reinforced with
cellulose nanocrystals graed with PLA, the as-spun bers show
higher thermal stability than the feed materials. Moreover, the
addition of nanocrystals increased the thermal stability of the
nanocomposites, because of the higher thermal stability of the
nanoparticles compared to PLA.

Molecular weight characterization was carried out by GPC in
order to study the inuence of temperature reached in the
compounder on the possible changes on the polymer molecular

weight, as a consequence of chain-scission. The PLA molecular
weight was evaluated in comparison to the feed material
(PLAFeed) with as-spun bers (PLAAS) and bers collected using
the highest collection speed (PLAMDR2), which is shown in
Fig. 9. Both the molecular weight and the distribution of
molecular weight remain constant aer the melt-spinning

Fig. 7 SEM images of cryo-fracture surfaces of the melt-spun fibers
of: (A) PLAAS, (B) PLA/CNCAS and (C) PLA/CNC-g-PLLAAS.

Fig. 8 Thermogravimetric analysis of the feed materials and as-spun
fibers: (A) weight loss profiles and (B) normalized derivative of weight
loss.

Fig. 9 GPC of the feed PLA, PLA fiber after spinning (PLAAS) and PLA
after spinning at the highest speed (PLAMDR2).
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process, hence it is possible to conclude that the temperature
used in the compounder does not affect the thermal stability of
the materials.

Furthermore, the crystallinity of the melt-spun bers can be
strongly inuenced by the processing conditions such as melt-
draw ratio. In this regard, WAXD and thermal analyses were
performed.

The WAXD results are reported in Fig. 10A for PLLA, CNC
and CNC-g-PLLA. Functionalized CNC show diffraction peaks
corresponding to both PLLA and CNC. Moreover, the WAXD
results are reported in Fig. 10B for the PLAMDR1, PLA/CNCMDR1

and PLA/CNC-g-PLLAMDR1 melt-spun bers. The peak intensity
corresponding to PLA crystals (Fig. 10B) became stronger
when nanoparticles were added, which conrms that the
crystallization process was favoured in the nanocomposite
bers.

Fig. 11 shows DSC thermograms corresponding to the rst
and second heating scan of the melt-spun bers of raw PLA
(Fig. 11A), PLA reinforced with CNC (Fig. 11B) and PLA rein-
forced with CNC-g-PLLA (Fig. 11C) compared to bers collected
using different speeds.

The experimental results are reported in Table 2. The degree
of crystallinity determined from the rst heating scan increases

with an increase in the melt-draw ratio, and as a consequence,
molecular orientation also increases by increasing the MDR. On
the other hand, the degree of crystallinity increases with the
addition of CNC-g-PLLA when a higher collection speed is used,
hence the inuence of nanoparticles on the degree of crystal-
linity is more important when the melt-draw ratio is high. This
fact can be explained by taking into account the fact that

Fig. 10 WAXD measurements of (A) PLA, CNC and CNC-g-PLLA and
(B) PLAMDR1, PLA/CNCMDR1 and PLA/CNC-g-PLLAMDR1 melt-spun
fibers.

Fig. 11 Comparative DSC first and second heating scan curves of feed
material and spun fibers collected using different speeds of (A) PLA, (B)
PLA/CNC and (C) PLA/CNC-g-PLLA.
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cellulose nanocrystals are heterogeneous nucleation sites that
favour the start of crystal growth.

In addition, nanocrystals produce a crystalline slide in the
bers surface called a “transcrystalline slide”.44 Moreover, in
the case of the nanocomposites, the cold crystallization
temperature is lower than the temperature presented for the
raw PLA.

Finally, the crystallization temperature decreases with an
increase in MDR.

Even though the rst heating scan is representative to study
the thermal properties of the bers, the ber structure disap-
pears aer this scan, and in this case, the second heating scan
provides information about the chain orientations. The align-
ment of chains provides a residual high order, which appears as
crystallinity in the second heating.

Mechanical properties. The mechanical properties of the
melt spun bers are summarized in Table 3. In general, when
the bers with different compositions and melt-draw ratios
are compared, the trend observed is that increased MDR as
well as the addition of only 1 wt% CNC result in improved
stiffness, strength and strain. These are remarkable results
that have not been observed before for spun PLA bers. In an
earlier study by John et al.35 wherein CNC were used to

reinforce melt spun PLA, the mechanical properties were not
improved as seen in the present study. It is clearly seen that
the main improvement here is caused by melt-drawing but if
the materials with the highest draw ratio are compared, the
modulus improves from 3455 MPa for neat PLAMDR2 to 3852
MPa for PLA/CNCMDR2 and to 4125 MPa for PLA/CNC-g-
PLLAMDR2. In the same way, the strength improved from 82
MPa for PLAMDR2 to 118 MPa for PLA/CNCMDR2 further to 171
MPa for the modied bers PLA/CNC-g-PLLAMDR2 and for the
strain the improvement was from 5% > 51% > 91%. These
great improvements are assumed to be due to the alignment
of the CNC along to the ber axis. A very large tensile strength
improvement (234%) was observed for PLA/CNC-g-PLLAMDR2

compared to PLA/CNC-g-PLLAAS, which can be considered as
evidence of a exible interface between CNC-g-PLLA and the
PLA matrix, which allows high stretching and this results in
high maximum strength. Hooshmand et al.41 discussed the
effect of nanocellulose and molecular chain alignment on
ber mechanical properties in their study on melt-spun
cellulose acetate butyrate nanocomposite bers reinforced
with CNC. The addition of CNC and CNC-g-PLLA had no
signicant effect on the tensile modulus and tensile strength
of the as-spun bers and bers drawn at a lower draw ratio
(MDR1), as indicated in Fig. 12, which is a reasonable result
because the addition of CNC is only 1%. The reinforcing
effect of the CNC and CNC-g-PLLA is more obvious when the
nanocrystals are aligned to the direction of the ber axis,
especially in the higher draw ratio (MDR2). The fact that the
tensile strength of the bers reinforced with CNC and CNC-g-
PLLA was improved signicantly, suggests the very good
dispersion of the nanocrystals, as well as a exible interface
between matrix and reinforcements.

Fig. 12 summarizes the tensile modulus increase with the
addition of both CNC and CNC-g-PLLA to the PLAmatrix, as well
as by increasing the draw ratio. The same trend was detected for
the tensile strength (Fig. 12B) and for the elongation at break
(Fig. 12C).

Table 2 Main thermal characteristics obtained from the first heating
scan for melt-spun fibers collected using different speeds of PLA, PLA/
CNC and PLA/CNC-g-PLLA

Materials Tg (�C) Tc (�C) Tm (�C) Xc (%)

PLAAS 63 127 150 0.2
PLAMDR1 64 100 151 8.8
PLAMDR2 64 107 145 11.3
PLA/CNCAS 62 123 149 5.8
PLA/CNCMDR1 64 95 151 3.7
PLA/CNCMDR2 64 85 151 14.4
PLA/CNC-g-PLLAAS 62 124 149 1.3
PLA/CNC-g-PLLAMDR1 64 93 152 7.1
PLA/CNC-g-PLLAMDR2 64 84 151 15.0

Table 3 Tensile modulus, max tensile strength and elongation at break of neat PLA and its melt-spun nanocomposite fibers, as spun and with
different MDR

Materials
Tensile modulus
(MPa) Tensile strength (MPa)

Elongation at
break (%)

PLAAS 1759 � 119 53.5 � 2.8 26.3 � 12.5
PLAMDR1-A 1652 � 636 66.4 � 2.3 47.7 � 4.1
PLAMDR1 2823 � 130 77.8 � 5.6 59.0 � 7.8
PLAMDR2-A 3091 � 235 50.9 � 4.2 4.9 � 1.2
PLAMDR2 3455 � 158 82.2 � 6.6 5.0 � 1.1
PLA/CNCAS 1918 � 184 53.5 � 0.9 21.3 � 7.7
PLA/CNCMDR1-A 1805 � 369 58.8 � 8.9 46.8 � 4.4
PLA/CNCMDR1 2943 � 368 74.8 � 7.7 60.9 � 11.3
PLA/CNCMDR2-A 3232 � 764 51.6 � 12.2 24.8 � 4.2
PLA/CNCMDR2 3852 � 241 118.5 � 16.5 51.1 � 11.3
PLA/CNC-g-PLLAAS 2265 � 366 51.2 � 9.0 18.1 � 6.9
PLA/CNC-g-PLLAMDR1-A 2171 � 101 47.2 � 0.3 25.0 � 11.5
PLA/CNC-g-PLLAMDR1 2973 � 214 65.8 � 9.3 41.9 � 3.2
PLA/CNC-g-PLLAMDR2-A 3734 � 382 74.0 � 10.0 4.0 � 0.5
PLA/CNC-g-PLLAMDR2 4125 � 440 171.0 � 12.6 91.7 � 12.2
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Conclusions

Nanocomposite melt spun bers based on poly(lactic acid) and
cellulose nanocrystals at 1 wt% (PLA/CNC) were prepared in two
steps. First, neat PLA and nanocomposites microspheres were
obtained using the solvent evaporation method, starting from
a DMF-PLA solution, based on thermally induced phase sepa-
ration. The prepared microspheres were spun into bers using
a micro twin-screw extrusion with a ber drawing facility.
Furthermore, the CNC were successfully graed with PLLA with
the aim to improve the dispersion of the CNC and to create
a good interface between the CNC and PLA. FTIR and Raman
spectroscopy, as well as TGA analysis and the Molau test,

conrmed the success of the graing reaction. The presence of
ow bi conrmed the good dispersion of CNC in the DMF–PLA
solutions. It was also shown that the melt-spun nano-
composites bers did not degrade during the melt spinning
process, since the GPC results did not show differences in the
molecular weight or molecular weight distribution of the spun
bers compared with the starting material. The addition of
cellulose nanocrystals was shown to increase the thermal
stability of the nanocomposites, which presented a higher
inuence on the degree of crystallinity than the melt-draw ratio.
Finally, the mechanical properties of the PLA nanocomposite
bers were signicantly improved with addition of only 1 wt%
CNC, with and without modication. The reinforcing mecha-
nism is the alignment of the CNC and of PLA chains, in which
we have earlier shown that such low amount of CNC alone
cannot cause a such large increase, but if the CNC together with
the polymer is oriented, the orientation very effectively rein-
forces the bers. However, the PLLA graed nanocrystals (CNC-
g-PLLA) resulted in increased strain and toughness. These
results conrmed better interfacial adhesion between CNC-g-
PLLA and the PLA matrix, which indicates that graing posi-
tively affects the properties by acting as a exible interface
between the nanocellulose and PLA thus leading to a higher
degree of alignment of the CNC and polymer molecular chains.
Furthermore, the dissolving process of PLA was successful to
create a good dispersion but needs to be replaced with com-
pounding extrusion in order to produce these bers on a larger
scale.
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University of Technology. Authors are also grateful for Bio4-
Energy, Swedish strategic research program for the nancial
support.

Notes and references

1 L. Peponi, D. Puglia, L. Torre, L. Valentini and J. M. Kenny,
Mater. Sci. Eng., R, 2014, 85, 1–46.

2 V. J. Chen and P. X. Ma, Biomaterials, 2004, 25, 2065–2073.
3 M. Persson, G. S. Lorite, S. W. Cho, J. Tuukkanen and
M. Skrifvars, ACS Appl. Mater. Interfaces, 2013, 5, 6864–6872.

4 M. Persson, S.-W. Cho and M. Skrifvars, J. Mater. Sci., 2013,
48, 3055–3066.

5 A. L. Goffin, J. M. Raquez, E. Duquesne, G. Siqueira,
Y. Habibi, A. Dufresne and P. Dubois, Biomacromolecules,
2011, 12, 2456–2465.

6 L. Peponi, A. Mujica-Garcia and J. M. Kenny, Poly(lactic acid)
Science and Technology: Processing, Properties, Additives and
Applications, 2015, p. 171.

Fig. 12 The effect of 1 wt% CNC, modified CNC and draw ratios on (A)
tensile modulus; (B) strength and (C) elongation at break.

9230 | RSC Adv., 2016, 6, 9221–9231 This journal is © The Royal Society of Chemistry 2016

RSC Advances Paper

Pu
bl

is
he

d 
on

 0
7 

Ja
nu

ar
y 

20
16

. D
ow

nl
oa

de
d 

on
 0

9/
05

/2
01

6 
09

:2
3:

51
. 

View Article Online



7 L. Fambri, A. Pegoretti, R. Fenner, S. D. Incardona and
C. Migliaresi, Polymer, 1997, 38, 79–85.

8 X. Yuan, A. F. T. Mak, K. W. Kwok, B. K. O. Yung and K. Yao, J.
Appl. Polym. Sci., 2001, 81, 251–260.

9 L. Peponi, I. Navarro-Baena, J. E. Báez, J. M. Kenny and
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Dry-Spun Single-Filament Fibers Comprising Solely Cellulose
Nanofibers from Bioresidue
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†Division of Materials Science, Composite Centre Sweden, Lulea ̊ University of Technology, Lulea ̊ SE-97187, Sweden
§PANalytical B.V., Almelo, The Netherlands

ABSTRACT: We demonstrated that low-cost and environ-
mentally 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
bioresidue from banana cultivation. The relationship between
spinning rate, CNF concentration, and the mechanical
properties of the filaments were investigated and the results
showed that the modulus of the filaments was increased from
7.8 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

1. INTRODUCTION

Fibers play an important role for textile and industrial
applications in our society. One application for fibers is in
polymer composites, where they are combined with polymer
matrices to enhance the mechanical properties of the matrix. In
structural applications, the highest mechanical properties for
composite materials are achieved when fibers are continuous
and aligned in the direction of applied load. In recent years,
composites made from natural fibers based on cellulose have
received increasing attention because they have a low
environmental impact and good mechanical properties; for
example, soft wood fibers have an approximate modulus of 40
GPa and strength of 1000 MPa.1,2 The modulus and strength of
flax fibers is even higher at 60−80 GPa and 800−1500 MPa,
respectively.3 However, natural fibers are short and discontin-
uous and the conventional spinning techniques used to produce
continuous fibers from them results in yarns with mechanical
properties considerably lower than that of the single fiber. For
instance, Chabba and co-workers4,5 reported a Young’s
modulus between 4.8 and 8.5 GPa and a 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, whereas low twisted
yarns displayed low processability. Moreover, wide variation
and inhomogeneity in the individual fiber properties are
considered as another drawback of natural fibers.5

One solution in order to overcome the limitations of natural
fibers is to prepare continuous biobased fibers and because
cellulose is the most abundant biomaterial on the earth, it is an
interesting compound from which to prepare manmade 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 modulus 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 partial alignment
of the CNC, the final 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 fiber. 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 modulus of the 11
GPa and strength of 590 MPa.2,12 As mentioned earlier,
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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
multiwalled 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 a strength of ∼600
and ∼500 MPa for regenerated BC fiber and regenerated BC/
MWCNT fiber, respectively. Although high mechanical proper-
ties of the fibers produced were reported, scaling up of this
regenerated BC and use of MWCNT has drawbacks both
economically and environmentally.
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 regions of cellulose.14,15 CNFs 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 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
reported,10,17,18 tempo-mediated oxidation and the solvents
used for precipitation do not make the process so economical
and environmentally friendly. In another study, Hak̊ansson 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 a collecting bath to reduce the electrostatic
repulsion of the charged CNF suspension. The fibers were then
placed for 24 h in a water bath to allow the electrolytes to
diffuse out and finally 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 was done,
again carboxymethylation and the use of electrolytes and
solvent provide some limitations to scaling up and commerci-
alizing 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 a
modulus of 14 GPa and a strength of 124 MPa were reported.
The goal of current study was to, as much as possible, reduce

the cost of processing and raw materials in the preparation of
aligned cellulosic filaments with high mechanical properties.
Thus, a bioresidue from banana rachis was used as the source
for the CNFs. This is an ideal source because annually ∼80 MT
of bananas are produced in the world, making them the second
largest produced fruit with a 16% contribution to 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 reduce waste. To the best
of our knowledge, this is the first study to show that continuous
cellulose fibers can be prepared by dry spinning 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 were investigated.

2. EXPERIMENTAL SECTION
2.1. Preparation of Cellulose Nanofibers and Its Dry

Spinning. CNFs were isolated from bleached banana rachis pulp,
kindly supplied by Pontifical Bolivarian University (UPB), Colombia.
The isolation procedure was done using ultrafine grinding with a
MKZA10 Super Masscolloider (Masuko Sangyo Co., Saitama, Japan).
First, a suspension of 2 wt % was passed through the grinder until a
thick gel was formed. The gel was then concentrated to the desired
concentrations (8, 10, and 12 wt %) using several steps of
centrifugation. Figure 1a shows the concentrated CNF gel with a 10
wt % 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 CNF was fed manually from top of the rheometer into the
capillary and 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 min at room temperature. To avoid
shrinkage, we mounted the semidried filaments 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 h to remove any remaining moisture. The rheometer used in this
study is very similar to piston machines, which are used in the melt
spinning of fibers,23 providing great potential for the process to be
scaled up.

To compare the orientation and mechanical properties of the
produced filaments with a randomly orientated reference, we prepared
a nanofiber network from the same batch of CNF by vacuum filtrating
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. This was
repeated three times to remove the excess 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
under a load of 450 N. All prepared samples were coded and
summarized in Table 1.

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
cast on a cleaved mica substrate and dried at room temperature.

X-ray Diffraction (XRD). To determine the crystallinity index of the
CNF, we performed XRD 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, CIr, was calculated based on the Segal empirical
method24

= − ×C
I I

I
(%) 1002

Ir
00 am

200 (1)

Figure 1. (a) Concentrated CNF (10 wt %), (b) continuous spinning
of CNF using the capillary rheometer. and (c) fiber drying process.
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where I200 is the peak intensity corresponding to cellulose I, and Iam is
the peak intensity of the amorphous fraction at 2θ = 18°.
Scanning Electron Microscopy (SEM). The fracture cross-section of

the filaments broken in the tensile test were studied 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. In
addition, the same instrument was used for filament density
measurement based on the weight, length and the average cross
section area of several SEM images of different fiber sections using
Photoshop CS5.
Extreme High Resolution Scanning Electron Microscopy (XHR-

SEM). To study the surface of the spun filaments and possible
orientation of the CNFs on the surface of 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.
Two-Dimensional Wide-Angle X-ray Diffraction (2D-WAXRD). To

study the orientation of the CNFs along the filament axis, we
performed 2D-WAXRD patterns on spun filaments and the nanopaper
using a PANalytical Empyrean multipurpose diffractometer (Almelo,
The Netherlands) using Cu-radiation with a wavelength of 0.1540598
nm. The system was equipped with a 2D focusing mirror of
Kirkpatrick-Baez type for Cu-radiation focusing on the detector
position and a PIXcel3D 2 × 2 detector, imaging a 2θ-range of ±30°2θ
with a static exposure. This detector has a pixel size of 55 μm and a
detection efficiency of >95% for Cu-radiation. The measurements were
performed on single filaments with a measurement time of 15 min per
filament. Subsequent data treatment and azimuthal integrations along
the diffraction rings were performed using the software packages
XRD2DScan and Fit2D.
The orientation index ( fc) was calculated based on azimuthal

intensity distribution graphs for the lattice plane of 200 (the most
intense peak) according to the following equation25

β
=

° −
°

f
(180 )

180c
c

(2)

where the βc is the full width at half-maximum of the azimuthal peak.
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 slippage, the samples were
mounted on paper frames before being tested. Five 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 testing. The cross-section of
the filaments was assumed to be circular and the diameter of the
fracture point 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
3.1. Characteristics of Cellulose Nanofibers. Figure 2a

shows the structure and size of the ground CNF using AFM.

On the basis of the AFM study, the diameters of the finest
fibers varied between 8 to 35 nm. To avoid a broadening effect,
the CNF diameters were measured from height images. In
addition to the isolated fibers in Figure 2a, bundles of
nanofibers can be seen, which can possibly be formed during
drying in sample preparation.
The XRD diffractogram of the used CNF is shown in Figure

2b. 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 11̅0 and 200, respectively) and
two short and broad shoulders around 16.1 and 34.4 (lattice
plane 110 and 004, respectively), assigned to the diffraction of
cellulose I. The crystallinity index of the CNF was calculated to
63%, based on the Segal’s method, which gives a relative
measure of the crystallinity.

3.2. Dry Spinning of Cellulose Filaments. Filaments
were successfully prepared by dry spinning a concentrated
aqueous suspension of CNF. 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 on increasing the spinning rate.

3.3. Structure and Morphology of the Spun Fila-
ments. The diameter of the filaments varied between 180 and
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 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 concentrations 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.

Table 1. 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

Figure 2. (a) AFM image, and (b) XRD diffractograms of the used
CNF.
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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).
3.4. Orientation and Mechanical Properties of

Filaments. The orientation index ( fc) and mechanical
properties of all filaments were 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
concentrations of CNFs.
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 216 mm/s. In
the case of CNF10, the increased spinning rate resulted in a
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. Summarizing the
orientation study and mechanical properties, it is believed that
increasing the spinning rate will provide a higher shear force
and subsequently increase the alignment of the CNF in the
filament axis direction. In general, the effect of CNF alignment
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 the lowest spinnable concentration (6.5 wt %) and then a
maximum spinning rate was used (288 mm/s), this spinning
rate being 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 an 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 filament
(CNF6.5-288) are compared. It can be seen that the
diffractogram of the nanopaper shows a ring pattern, indicating
random orientation, while the diagrams for both filaments
indicate equatorial arcs corresponding to (11 ̅0) and (200)
confirming the partially orientation of the CNF. Probably the
corresponding arc to (110) is merged with (11 ̅0) on the
diffractograms because of 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 when
compared to randomly orientated CNF-nanopaper. It is also
seen that CNF6.5-288 has better mechanical properties than
CNF8-216.
Figure 8 shows a 3D plot of the modulus and the strength

based on the spinning rate and CNF concentration for the all
spun filaments. It is seen that the modulus and strength of the
latest filament (CNF6.5-288) has increased compared to the
others, being 12.6 ± 1.5 GPa and 222 ± 16 MPa for modulus
and strength, respectively, and its diameter decreased to 154 ±
5 μm. The modulus of CNF6.5−288 improved by 157% and
the strength by 78% compared to the nanopaper. Although the
mechanical properties have improved here, we believe that this
partial alignment mostly happens on the filaments surface
because higher mechanical properties are expected if the
nanofibers are aligned throughout the filament as Sehaqui et
al.27 reported improvements of 220% for modulus and 114%
for strength of the drawn cellulose nanopaper with the draw
ratio of 1.6. Moreover, in another study done by Gindl-

Figure 3. (a) Schematic of the die and (b) visual appearance and
flexibility of the filaments.

Figure 4. SEM microstructure of the filaments with 8 and 12%
concentrations spun at 72 and 216 mm/s.

Figure 5. Surface structure of the CNF8 filaments spun with different
rates of (a) 72 and (b) 216 mm/s.
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Altmutter,28 improvements of ∼370% and ∼85% for modulus
and strength have been reported respectively for cellulose
nanopaper stretched by ratio of 1.3.
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. Though
the results 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). However, the
filaments produced here are more uniform in cross-section and
can be prepared more economically and in a way that is more
environmentally friendly because no chemical treatments have
been used.
The theoretical modulus of the filaments can be estimated

based on a rule of mixture-based micromechanical model
usually implemented for short-fiber composites.29 In a

composite, the modulus, E, in the loading direction can be
predicted based on the properties of the reinforcing elements
and the matrix as

η η= + −E E E(1 )of f f f m (3)

where

η β
β

= − l
l

1
tanh( /2)

/2f (4)

and

β =
r

G
E R r

1 2
ln( / )f

m

f f (5)

where Ef is the elastic modulus of the CNF, Vf is the CNF
volume fraction and was determined from the measured density
of the CNF6.5-288 filament (1.37 g/cm3) and density of
cellulose Iβ (1.64 g/cm3).30 ηf is the CNF length efficiency
given by eq 4 and ηo is an orientation factor which is assumed
to be 1 to show the potential of the fully aligned CNF on the
modulus of the filament. The (1 − Vf)Em term is zero and the
shear modulus, Gm, is the bond shear modulus between the
CNF since in this case there is no matrix. Gm was taken from
back-calculations that have been done in earlier work based on
CNF networks.31 l is the length of the CNF and was assumed
as 1 μm, rf is the fiber radius and set to the average value
obtained from AFM image measurement, R/rf is the ratio of the
interfiber distance to the CNF radius, which can be calculated
from (KR/Vf)

1/2, where KR is a packing number, which for
parallel hexagonal packing is 0.907,32 and is the number used

Table 2. Orientation Index, Fiber Diameter, Modulus, Strength and Strain at Break of All Produced Samplesa

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

aAverage 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 rates.

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.

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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here for this highly packed filament. The parameter values used
in this model as well as the theoretical stiffness of the filament
are summarized in Table 3.

From eq 1, the theoretical modulus is 101 GPa assuming all
the CNF are orientated. With the CNF6.5-288 filament giving a
stiffness of 12.6 GPa, this indicates that the orientation must be
very low or just on the surface of the filaments. It is also
possible that the CNFs used here have a lower modulus that
the estimated 135 GPa.

4. CONCLUSIONS
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
suspensions as well as the 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 the filaments
was increased with increased spinning rate. Fracture surface
study of the filaments showed that the filaments spun with low
CNF concentration had a denser structure.
Although the mechanical properties did not reach the level of

natural fibers such as soft wood fibers (40 GPa), even at this
initial stage, the properties are 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 relatively
uniform in cross-section and can be prepared economically
and in an environmental friendly way with no chemical
treatments.
Thus, we believe that by using suitable nanofiber

concentrations together with an improved processing proce-
dure, even higher mechanical properties can be achieved.
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