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Abstract 
 
Nanocomposites in the form of continuous and aligned cellulose fibers have been 
obtained by electrospinning. Cellulose acetate (CA) was used as matrix and a mixture 
of acetic acid and acetone (1:1) was used as solvent. Cellulose nanowhiskers (CNW) 
with different concentrations (0.2; 0.6; 0.9; 1.2 and 1.8 % w/w) were used as the 
reinforcement phase. Preliminary experiments were performed in order to find the 
optimal process parameters that generate the best alignment. The results showed that 
the alignment was affected by parameters such as voltage, distance of the gap and 
collection time. Electrospinning experiments performed at 11 kV with 3 cm as 
distance of the gap provided the best alignment. SEM cross section images showed 
electrospun cellulose fibers with non-uniform size and shape. The measurements on 
the height AFM images showed that the diameters of the obtained nanocomposites in 
the form of fibers varied between 300 and 3000 nm. A tendency to decrease the fiber 
diameters by the incorporation of cellulose nanowhiskers into cellulose acetate was 
found. The results from both SEM and AFM images also showed the presence of 
some porosity, beads, nanofibers doublets, cellulose nanowhiskers agglomerations 
and bundles in all the compositions; however, the formation of beads and  cellulose 
whiskers aggregations were more prominent at higher cellulose whiskers 
concentration. Mechanical properties of aligned cellulose nanofibers were determined 
using a Dynamic Mechanical Thermal Analysis (DMTA). Maximum tensile strength 
and Young’s modulus of electrospun fibers decreased by 72% and 53% respectively 
with the addition of cellulose nanowhiskers whereas the maximum strain was almost 
unaffected. These results could be explained due to presented defects such as beads, 
porosity and cellulose nanowhiskers aggregations on the fibers as well as could be 
due to the testing procedures. 
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1. Introduction  
 
In the last few decades, a huge interest in the field of nanomaterials has appeared 
because of their excellent properties and wide variety of potential applications. 
Polymer nanofibers have unique and interesting features such as a high surface area 
to volume ratio, flexibility in terms of surface functionalities, and good mechanical 
performance; therefore, they can be employed in a large range of applications such as 
textiles, filters for catalysis, artificial tissue scaffolds, porous electrodes, biomaterials, 
electronics and composite reinforcement (1,2).  
 
Electrospinning is a novel process used to the forming polymer fibers with 
micro/nano diameters. This is based on the action of electrostatic forces under a 
polymeric solution jet generating its deformation until submicron scale diameters and 
the evaporation and solidification of the jet over a metallic collector. Purposes such as 
the good control of the fiber diameters, the production of a defect-free or defect-
controllable fiber surface, and the formation of continuous single nanofibers can be 
achieved through this technique (1,3). 
 
Current environmental problems caused by the use of plastic and its incineration, and 
the exhaustive use of petroleum based resources have driven the increased use of 
biodegradable materials obtained from renewable sources. A good example of 
biopolymers providing these advantages is cellulose and is being studied with 
renewed interest in the recent years (4). 
 
Cellulose is the most abundant polymer in the earth and can be found in plants and 
various living organisms. Additionally, this material is interesting due to its good 
mechanical performance at comparable low weight (3). Cellulose microfibrils can be 
isolated from several raw materials, e.g from the walls of the wood, where these 
microfibrils are compound of elementary fibrils which likewise are formed by 
cellulose nanowhiskers (CNW).  The later can be isolated from microcrystalline 
cellulose (MCC) by acid hydrolysis. Both microfibrils and nanowhiskers are highly 
attractive to be used as nanoreinforcement (4,5).  
 
In the last years, the number of reports of the electrospinning of cellulose nanofibres 
has been growing due to the excellent features that can be obtained. In addition, the 
study of electrospun cellulose nanofibres with different compositions and 
arrangements could significantly expand its applications and usages (3,6). One 
example is composites materials where either non-woven or randomly arranged 
nanofiber mats; do not improve the mechanical properties of the polymer. Hence it is 
necessary to employ fibers arrangements in pre-determined directions in order to 
achieve the superior structural properties (7). 
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1.1. Electrospinning  
 
Electrospinning is a novel process which has been recognized as one of the most 
efficient techniques for the production of polymer nanofibers. It started to be used 
into nanotechnology and materials science since 1980s and has attracted increasing 
attention recently.  In addition, this seems to be the only process that can be 
developed for mass production of one-by-one continuous nanofibers from a variety of 
polymers (7). The number of scientific publications about this topic has increased 
considerably; some of them can be seen in Table 1. 
 
Theoretically, this is a fast and simple process driven by the electrical forces on the 
surface of polymeric fluids, forming fibers with submicron scale diameters through 
the action of electrostatic forces (1). Interesting new properties are achieved when the 
diameter of polymer fiber is reduced from micrometer to nanometer range (8).  
 

1.1.1. Setup 
 

Electrospinning process has three basic components. A typical schematic of 
electrospinning process is shown in Figure 1. 
 

 

 
 

Figure 1. a) Electrospinning basic setup b) Electric field lines of a collector screen (7,9) 
 

 
1. High voltage supplier: Commonly, direct current (DC) voltage supply is used; 

however, it is also possible to employ alternating current (AC) potential. 
Voltages between 1 to 30 kV are usually enough (9). 

 
2. Spinneret or Capillary tube:  It is necessary to use a pipette or needle of small 

diameter to obtain nanofibers. The needle is connected to one of the 
electrodes.  
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Table 1. Some researches about electrospinning 

 
 

3. Metal Collector: The nature of the collector influences significantly the 
morphological and the physical characteristics of the spun fibers. Frequently, 
the collector is a conductor metallic screen which can generate an electrical 
field. Non-woven mats are obtained with this type of collector. A disk with 

REFERENCE SUMMARY 

Won-Il et al. 
 

(1) 
 

Successful fabrication of PEO (Poly Ethylene Oxide) fibers with cellulose 
whiskers were fabricated by electrospinning. Fibers had diameters belong 
1 mm and the addition of Cellulose nanowhiskers increased the 
mechanical properties of the fibers.  
 

 

Choo-Won et 
al. 
 

(3) 

Non-woven mats of submicronsized cellulose fibers (250–750nm in 
diameter) were prepared by electrospinning with LiCl/DMAc and 
NMMO/water as solvent systems. In the first case, the fibers were mostly 
amorphous, while the degree of crystallinity of cellulose fibers from 
NMMO/water could be controlled by various process conditions including 
spinning temperature, flow rate, and distance between the nozzle and 
collector. 

 Peresin  
et al. 

 
(11) 

Nanocomposites of PVA reinforced with cellulose nanocrystals were 
obtained by electrospinning. Addition of cellulose nanowhisker did not 
affect the structure of the PVA matrix; however the degree of crystallinity 
increased together with a slight raise in the melting temperature. The 
Storage modulus of the nanocomposite mats increased due to the 
reinforcing effect of cellulose nanowhiskers. The maximum diameters of 
fibers were about 290 nm in the cross-sections. 
 

 
 

Lu and Hsieh 
 

(12) 

Nanocomposite fibrous membranes of cellulose nanocrystal (CNC)-loaded 
poly(acrylic acid) (PAA) ethanol mixtures were produced by 
electrospinning. Fiber diameters was reduced and more uniformity when 
CNC was added. Thus, the Young’s modulus and stress of the PAA/CNC 
nanocomposite fibers were significantly improved. 
 

 

CNs content 

%wt

Young´s Modulus 

(MPa)

Max. Stress 

(MPa)

Ext. At  Break 

(%)

0,00% 32,7 +/- 5,9 1,01 +/- 0,15 176,4 +/- 44,3

0,20% 70,4 +/- 8,7 1,45 +/- 0,16 348,8 +/- 80,3

0,40% 96,1 +/- 10,7 1,74 +/- 0,09 588,0 +/- 102,5

CNs content E´(MPa)

0 15,45

0,05 25,76

0,1 38,2

0,15 57,3

PAA/CNC
Young´s 

Modulus (GPa)

Max. Stress 

(MPa)

Elongation to 

Break (%)

0% 0,056 0,29 136 +/- 7

80% 0,188 0,68 126 +/- 6

40% 0,224 0,84 67 +/- 4

27% 1,192 3,26 60 +/- 3

20% 1,983 4,51 36 +/- 2
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mechanical rotation, a thin wheel with sharp edge, a frame collector and 
parallel collectors with a gap are some types of collectors to obtain aligned or 
patterned fibers (7). In the later, the electric field lines near of the parallel 
electrodes are split into two fractions pointing towards edges of the gap along 
the electrodes, as seen in Figure 2. As a result of the presence of charges on 
the electrospun fibers, mutual repulsion between the deposited fibers can 
enhance the degree of alignment, however, this repulsion also generates that 
the collection time cannot be more than a few minutes; therefore, obtaining 
thick layer may be complicated. Additionally, there is a limit in the length of 
the aligned fibers (10). A brief of some researches about electrospun aligned 
nanofibers by is shown in Table 2. 

 

 

Figure 2. Electric field lines of parallel electrodes (2)  
 

1.1.2. Fundamental Aspects 
 

In electrospinning process an electrified jet of polymer solution or molten polymers is 
created by the application of a high voltage to obtain nanofibers with specific 
characteristics that depend on the collector geometric and other parameters which 
will be described later. An electrode is located into the syringe where the polymer 
solution/melt is hosted; the second one is situated in the collector. A constant and 
controllable rate of feeding can be obtained by the use of a syringe pump. Distributed 
uniformly charges are generated on the surface of the solution pendent drop at the end 
of the spinneret (see Figure 3) when the high voltage is applied. This happens 
because the pendent drop is highly electrified; as a result, two electrostatic forces 
appear in the drop, the electrostatic repulsion and the Coulombic force. The first one 
is between the surfaces charges while the Coulombic force is exerted by the external 
electric field and causes a force directly opposite to the surface tension generating the 
contraction of the surface charges.  
 

 

Figure 3. Drop at the end of the spinneret (13) 
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Table 2. Studies of electrospun aligned nanofibers 

REFERENCE SUMMARY PICTURES 

Dan et al. 
 

(14) 

Aligned electrospun nanofibers from organic 
polymers, ceramics, and polymer/ceramic 
composites were prepared by electrospinning 
using a collector formed by two conductive 
pieces separate by a gap. The width of the gap 
could be varied from hundreds of micrometers 
to several centimeters. Both narrower gaps and 
longer collection times led the formation of 
denser arrays. No grounded substrates inside 
the gap could be used without affect the fibers 
quality. 

 
(A) Dark-field optical 
micrograph of PVP 

nanofibers collected on 
top of a gap formed 
between two silicon 

stripes. 

Rouhollah et al. 
 

(15) 

Aligned PAN nanofibers were achieved by 
electrospinning from a 15 wt% PAN/DMF 
solution.  Two parallel metal pieces were used 
as collector. The best alignment of the 
nanofibers was obtained with a width of gap of 
3 cm. This study showed that nanofibers 
length increased when the width of gap 
increased but at the same time the density 
decreases. 

 
Optical micrograph  

Concentration: 15 wt %. 
 Voltage 11 kV & Width 

gap 3 cm 

Geun et al. 
 

(16) 
 

Different ways to prepare oriented PCL fibers 
employing the electrospinning process were 
studied. The polymeric solution was 
electrospun on several types of target 
electrodes with a field of 0.33 kV/mm and 500 
Hz. Applied frequency, field strength, and 
shape of the electrode affected the fibers 
orientation. 

Suspended fibers 
oriented by parallel 

electrodes  
 

Mohamed et al. 
 

(17) 
 

Nylon 6 nanofibers were obtained by 
electrospinning using a gap between two 
charged copper disks to achieve aligned 
nanofibers. The number of the distributed 
fibers in the bundle could be controlled by 
parameters such as applied voltage, deposition 
time, and gap width of the disks. The 
maximum obtained fiber length was 10 cm but 
with this distance a few nylon fibers were 
collected. The optimum encountered 
conditions were:  4-5 cm gap space and 120 s 
collection time. 
 

 
SEM images 

Collection time of 120 s 
and  

Gap space: 4 cm 

 
 
 
The liquid drop at the end of the needle is distorted into a conical object by the action 
of the electrostatic interactions when the intensity of the electric field is increased. 
This conical form is known as the Taylor cone (see Figure 4). The liquid jet is just 
ejected from the Taylor cone when the electric field is enough for the electrostatic 
forces overcome the solution surface tension. 
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Figure 4. Taylor Cone (9) 
 
The electrified jet undergoes an elongation continues process, leading the formation 
of a very long and thin jet that travels towards the collector where is the region of 
lower potential region. The solvent evaporates during the trajectory before reaching 
the collector and the jet finally solidifies forming fibers from hundreds of 
micrometers down to as small as tens of nanometers (7,9).  
 

1.1.3. Parameters 
 

Nanofibers properties can dramatically vary because there are many variables that 
may influence the process such as (7,10):  
 

 Solution Properties: Polymer molecular weight, viscosity, elasticity, 
conductivity, surface tension, dielectric effect of solvent, and polymer 
concentration. 

 
 Processing Conditions: Voltage, solution feed rate, type of collector, nozzle 

orifice diameter and distance from nozzle to collector, collection time.  
 

 Ambient Conditions:  Temperature, relative humidity, type of atmosphere and 
pressure. 
 
 

1.1.4. Possible Problems  
 

Some of the most common problems which may be to appear in the electrospun 
nanofibers are different fiber diameters, the formation of beads formation and the 
presence of pores, as Figure 5 shows. Different fiber diameters may be obtained 
during the electrospinning process when the jet is split into multiples jets when the 
liquid jet is traveling from the needle to the collector. However, there are several 
parameters which affect the fiber diameter such as polymer properties (viscosity, type 
of solvent, etc), applied electrical voltage, distance from the needle to the collector 
and the feeding rate. In the case of beads, the polymer concentration is one of the 
most important parameters that may affect; higher polymer concentration result in 
fewer beads. Moreover, the voltage applied also causes effects (7).  
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Figure 5. Some presented problems on electrospun nanofibers  
a) Different diameters and pores (7) and b) Breaded fibers (18) 

 

1.1.5. Applications of  Polymer Nanofibers  
 
Nanofibers produced by electrospinning are industrially and scientifically interesting 
due to their unique and interesting features such as small diameters and a high surface 
area per unit volume. Moreover, the diversity of materials suitable to transform by 
electrospinning and the simplicity of this process make electrospun nanofibers 
attractive for a number of applications.There are different application fields where the 
use of electrospun polymer nanofibers has gone growing in the recent years.  
 
So far, most achieved nanofibers are in non-woven form, which can be used for 
applications such as filtration, tissue scaffolds, medical prostheses, implant coating 
film, wound dressing, drug delivery, cosmetic, protective clothing, and electrical and 
optical applications. In the case of textile industry, continuous single nanofibers are 
necessary. The use of nanofibers as reinforcement is also interesting since the 
interaction between the reinforcement and the matrix is better than in conventional 
fibers. 
 
 In addition, using techniques such as sputtering, evaporation in vacuum or chemical 
deposition, it is possible to coat polymer nanofibers with metals, carbon, and 
molecular solids; thereby, their application fields can become greater (18). Figure 6 
shows a summary of the potential applications polymer nanofibers. It is important to 
mention that most of those applications have been just developed to laboratory level, 
however, they have a huge potential to be attractive for the industry (7).  

a) b) 
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Figure 6. Potential applications polymer nanofibers (7) 
 

1.2. Polymers Materials for Electrospinning 
 
Polymers such as polyolefins, polyamides, polyesters, polyurethanes, polypeptides, 
and polysaccharides, have been successfully electrospun into micro and nanofibers 
mats (11). Some of them are described below.  
 

1.2.1. Cellulose Acetate 

Cellulose acetate (CA) is an amorphous thermoplastic resin soluble in acetone in 
form of white powder that is derived from a natural polymer - cellulose. Commercial 
production of this compound is usually performed by treating cellulose in form of 
wood pulp with various chemicals. It is a renewable and biodegradable substance. CA 
suffers softening at approximately 60 – 97  ̊C and melting at approximately 260  ̊C. 
Some of its features are toughness, high-impact strength, high hardness, transparent, 
gloss and ease of fabrication. Its high moisture absorption can lead to dimensional 
changes. One of most important applications is a synthetic fiber, particularly in the 
clothing industry, thus, there is a big number of other applications such as magnetic 
computer tape, absorbent surgical dressings, adhesives, photography, toys, packaging, 
optical applications, eyeglasses, writing Instruments, automotive applications, 
personal care and etc. Table 3 shows the mechanical properties of CA (19,20) 

Table 3. Properties CA 

 



18 
 

1.2.2. Polyacrylonitrile 
 
Polyacrylonitrile (PAN) belongs to the family of acrylic resins. It is a hard and rigid 
thermoplastic material that is resistant to most solvents, slow to burn, and of low 
permeability to gases. In most cases the polymer is dissolved in special solvents and 
spun into acrylic fiber which is the most commonly form used. They are soft and 
flexible, producing lightweight, lofty yarns and they have some advantages over 
natural fibers, such as lower cost, better sunlight resistance, mildew resistance, and 
resistance to attack by moths. Acrylic fibers are a common substitute for wool in 
clothing and home furnishings due to its properties closely resemble those of wool. 
PAN fibers are also used as precursors for the production of carbon and graphite 
fibers, replacements for asbestos in cement, industrial filters and battery separators 
(21). 
 

1.2.3. Poly-ethylene Oxide 
 
Polyethylene oxide (PEO) is a synthetic polyether that is readily available in a range 
of molecular weights. Low molecular weight (Mw < 1,000) is viscous and colorless 
liquid while higher molecular weight is white solid with melting points proportional 
to their molecular weights to an upper limit of about 67 °C. It is a water-soluble 
thermoplastic resin, as well as in many organic solvents (e.g., methylene chloride, 
ethanol, toluene, acetone, and chloroform).  PO is used as thickener, in drug delivery, 
tissue engineering scaffolds and other applications in many industries (21). 
 

1.2.4. Polystyrene  
 
Polystyrene (PS) is a thermoplastic substance. It is a vinyl polymer which is one of 
the most widely used plastic and only polyethylene is more common. PS is an 
inexpensive and hard plastic with limited flexibility and it is a colorless in pure 
conditions. The most serious deficiencies are its low impact strength and poor 
chemical resistance. It can be cast into molds with fine detail. Solid polystyrene is 
used, for example, in plastic models, CD and DVD cases, packing materials, 
insulation, and foam drink cups, toys, and the housings of things like hairdryers, 
computers, and kitchen appliances, so on. Table 4 shows the mechanical properties of 
PS (22).  
 

Table 4. Properties PS 
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1.2.5. Polyamide 6  - Nylon 6 

Nylon (PA6) is also one of the most widely used engineering thermoplastics. It is a 
semicrystalline polyamide which offers an excellent combination of mechanical 
performance and cost, but has poor dimensional stability due to water absorption 
(hygroscopic nature). It also has high lubricity and moderate strength. PA is 
commonly used to make high-lubricity parts such as bearings, blow moldings molds, 
and clothing fabrics. Currently, there are many nylon grades available. Table 5 shows 
the mechanical properties of PA6 (22). 

Table 5. Properties Nylon 6 

 
 

1.2.6. Poly-vinyl alcohol 
 
Polyvinyl alcohol (PVA) is produced commercially from polyvinyl acetate, usually 
by a continuous process. The physical characteristics and its specific uses depend on 
the degree of polymerization and the degree of hydrolysis. Polyvinyl alcohol is an 
odorless and tasteless, translucent, white or cream colored granular powder. It is used 
as a moisture barrier film for food supplement tablets and for foods that contain 
inclusions or dry food with inclusions that need to be protected from moisture uptake. 
It is completely water soluble, slightly soluble in ethanol, but insoluble in other 
organic solvents. Polyvinyl alcohol has a melting point of 180 to 190°C. However, 
the melting point of the crystallites is above the thermal degradation temperature. 
Glass transition temperature: 85 °C. Polyvinyl alcohol has various applications in the 
food industries as a binding and coating agent (21,22).  
 

1.3. Cellulose and Cellulose Nanowhiskers  

1.3.1. Definition 
 

Cellulose is the most abundant natural polymer, and it has become of great interest in 
the last years due to its abundant availability, biodegradability and its attractive 
chemical and physical properties (23). For this reason, fibrils in nano and micro 
scales generated from cellulose fibers are been using as reinforcement for polymer 
composites. All plant fibers such as leaf or hard fibers, seed, fruit, wood, cereal straw, 
cotton and other grass fibers are composed with cellulose, which gives strength and 
stiffness to plant fibers (3,8,24).  
 

 

Figure 7. Cellulose molecule (27) 
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At chemical level, cellulose is a polydisperse linear polymer of thousands of glucose 
residues. The repeating unit of cellulose, see Figure 7, is cellobiose, which consists of 
a pair of glucose residues (C6H10O5). Each unit of glucose residues contains three free 
hydroxyl groups; these groups and their ability to hydrogen bond have a direct 
influence in the crystalline packing and are responsible for the physical properties of 
cellulose (4,25,26).  
 
Intermolecular interactions of hydroxyl groups form successive structures creating 
elementary fibrils which contain monocrystalline cellulose domanins (5), or cellulose 
whiskers. These elementary fibrils form microfibrils, which are composed by regions 
of high order; crystalline regions; and regions of low order; amorphous regions. 
Microfibrils aggregates form cellulose fibers (28). See Figure 8. Depending on their 
origin, the microfibril diameters and the size of the cellulose nanowhiskers may vary, 
in both cases, diameter and length ranges from 5 to 20 nm and 100 nm to several 
micrometers, respectively can be reached (23). Both, microfibrils and whiskers are 
utilized as cellulose nanoreinforcements (5).  
 

 

Figure 8. Hierarchy of wood (5) 

From the left to the right: wood - cell walls - microfibers – elementary fibers with amorphous 
and crystal regions - crystalline domains or cellulose whiskers  

 
The main isolation processes for whiskers is acid hydrolysis is based on the easy 
access of acids on the amorphous regions and the insolubility of crystalline regions 
by acid. This is due to the disorganization of the molecules of cellulose in the 
amorphous regions and the high organization of these in the crystalline zones, giving 
as resulted the hydrolysis of amorphous zones and the permanence of crystalline 
domains. Processes such as washing and centrifuging, neutralization, dispersion and 
filtration are made after hydrolysis process (4,23,25,26). Cellulose whiskers with 
different characteristics, including geometrical characteristics and sizes, may be 
obtained varying some hydrolysis process parameters such as time, temperature, and 
purity of materials (4,28). Cellulose nanowhiskers are known to provide high 
mechanical properties (4); they have a modulus of elasticity around 138 GPa (29) and 
a strength in the order of 10 GPa (28). Additionally electrical, optical, magnetic and 
ferromagnetic properties as well as the conductivity and dielectric nature can be 
improved (4).  
 

1.3.2. Advantages and Disadvantages 

The most interesting aspect of using biofibers to perform composites instead of 
synthetic reinforcements is the positive environmental impact that it generates. It is 
because they are a renewable resource and their production consumes less energy. 
Additionally, their production requires few equipments and their nonabrasive nature 
avoid an important wear, thereby, their production is economical.  In addition to the 
advantages mentioned previously, there are other properties such as; low specific 
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weight, which results in a higher specific strength and stiffness; high electrical 
resistance; good acoustic insulating properties and availability (8). In the case of 
cellulose nanocrystals, its high melting temperature can positively influence the 
thermal transition properties of the matrix (25). 

However, there are some disadvantages of cellulosic materials reinforced composites. 
The most important is that the surface of these materials tends to be incompatible 
with many of thermoplastic polymers which are used in the production of composites, 
such as polyethylene, polypropylene, polyvinyl chloride, and polystyrene, so on. The 
non-polar characteristics of these polymers and the polar nature of cellulose result in 
weak boundary layer interactions and in a non-uniform dispersion of fibers within the 
matrix generated low properties in the composite (25,26). Hence, additional 
treatments are necessary to resolve this situation, some of them are:  chemical 
whiskers or fiber surface modification; utilization of an intermediary polymer and 
improving whisker dispersion in organic solvents through surfactants (4).  

 

1.3.3. Nanocomposites 
 
The expression nanomaterial is used frequently to include the wide range of 
nanoscale and nanostructured materials necessary to enable these technologies, 
including structural and functional applications. There are two points of view; one of 
them is when the bulk material is processed by specially way in order to obtain any 
nanostructure form, like, nanocrystallinity. The other point is when the center is upon 
individual nanoscale units, such as nanoparticles, nanoclusters (30). 
 
Nanocomposites are defined as composites with reinforcement in the nanometer 
range (<100 nm) in at least one dimension. Depending on the geometrical shape of 
the nano-reinforcement, nanocomposites can be divided into three groups: one-
dimensional nanocomposites, when the reinforcements are sheets; two dimensional 
nanocomposites, when reinforcements are tubes or whiskers, and three dimensional 
nanocomposites where spherical particles are used as reinforcement (31).  
 
In nanocomposites, sometimes the matrix may have a specific function to develop the 
composite properties, in other cases, the matrix may be simply used to embed the 
reinforcement; in this case, the nanoscale component may have whole the 
functionality (30). The improvement in the material properties depends on the 
composition and the type of nanoreinforcement used (31).  
 
A strong effect in the material properties is frequently achieved with low nano-
reinforcement contents (8). In nanosized particles, the probability of finding defects, 
such as grain boundaries, voids, dislocations and imperfections is much lower than 
the probably to find defects in the same particles with micro or macro sizes, which 
leads to significantly increase properties in the composite. Moreover, the 
nanoparticles do not scatter light because its size is much smaller than the wavelength 
of light, for this reason, this composites can preserving the optical clarity (16). 
 
Properties of all multiphase materials depend on the components, reinforcement and 
matrix; as well as, their morphological aspects and the reinforcement /matrix 
interactions. In addition, the final properties are also affected for the processing 
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techniques (28). Techniques such as drawing, template synthesis, phase separation, 
self-asssembly and electrospinning have been developed in the last years in order to 
perform polymer nanofibers for nanocomposites (7).  
 
In the year 1995, Favier et. al, reported the following articles: “polymer 
nanocomposites reinforced by cellulose whiskers” (32) and “nanocomposite materials 
from latex and cellulose whiskers” (33). These were the first studies where cellulose 
whiskers were used as nano-reinforcement in a polymer matrix to produce new 
nanocomposite materials with original properties (28,34). Cellulose whiskers can be 
added in into the polymer matrix to form a nanobiocomposite by electrospinning 
(1,11,12). Electrospinning is able to produce continuous fibers from the submicron 
diameter down to the nanometer diameter (8).  
 
 

1.4. Characterization of Nanofibers 

1.4.1. Microscopies Studies 

Microscopic techniques can be used to characterize some properties of nanofibers 
such as fiber diameter, diameter distribution, fiber orientation and fiber morphology.  
Porosity and pore size may be another important  parameter to be measured, 
depending on the application of the nanofiber (7). 

1.4.1.1. Optical Microscopy  

The optical microscope (OP) magnifies an image by sending a beam of light through 
the object. The condenser lens focuses the light on the sample and the objective lenses 
(10X, 40X . . .2000X) magnifies the beam; which contains the image; to the projector 
lens so the image can be viewed by the observer (35). Not many optical micrographs 
of nanofibers have been encountered in the open literature; however this technique 
can give information about the overview of the nanofibers.  An example is shown in 
Figure 9. 

 

Figure 9. Optical micrograph: Electrospun nanofibers 100X (36) 
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1.4.1.2. Scanning Electron Microscopy 

In Scanning Electron Microscopy (SEM) a finely focused electron beam scanned 
across the surface of the sample generates different types of interactions such as 
secondary electrons, backscattered electrons, and characteristic X-rays. These signals 
are collected by detectors to form images of the sample, which are displayed on a 
cathode ray tube screen. Features seen in the SEM image may then be immediately 
analyzed for elemental composition using EDS or WDS. SEM is typically used to 
observe morphological, structural and surface properties of the nanofibers (5). Papers 
used in this review performed morphological characterization using this technique, as 
Figure 10 shows.  

 

 
 

Figure 10. Examples of SEM images of electrospun CA from DMAc mixtures 
(a) 15% 3:1 acetic acid: DMAc solution and (b) 12.5% 2:1 acetone: DMAc (37) 

 

1.4.1.3. Atomic Force Microscopy 
 
Atomic Force Microscopy (AFM) measures the forces acting between a micrometer-
scale cantilever with a sharp tip (diameter ~ 10-50 nm) and a sample. The tip is 
brought very close to a surface (on the order of a few nm) to do a scanner over the 
sample. Attractive or repulsive forces resulting from interactions between the tip and 
the surface will cause a positive or negative bending of the cantilever. The bending is 
detected by means of a laser beam, which is reflected from the back side of the 
cantilever (38). This method can provide information about the morphology and 
mechanical property of the nanofibers, however, the majority of the researches 
employ this technique to characterize only the morphology. Therefore, in the last 
years, few researches have mostly focused on determining some mechanical 
properties such as elastic modulus and hardness by AFM (39,40). Figure 11 shows an 
AFM image of obtained nanofibers from concentrated solution of 10.1 wt% 
polyurethaneurea copolymer (41) 

 

Figure 11. Example of AFM image of nanofibres 
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1.4.2. Flow Birefringence 
 
This technique is based on the action of applying polarized light over a solution 
containing cellulose whiskers in order to observe macroscopic birefringence since 
cellulose is birefringent by itself. This macroscopic birefringence is produced by the 
formation of aligned macroscopic domains that content whiskers parallel to each 
other. Macroscopic domains are formed when the whiskers are aligning in the flow 
direction by stirring of the solution. If a solution containing cellulose whiskers 
presents whiskers aggregations or precipitation, it will be not possible to observe flow 
birefringence during the test. For this reason, this test is used to see if cellulose 
whiskers are dispersed in the solution. The suspension with cellulose whiskers is 
placed between two polarizing filters which are turned 90° to each other while it is 
being stirred. The polarized light passes through the solution and is disturbed by it; so, 
the light can cross the second filter as it shown in Figure 12. It is known as flow 
birefringence because the flow of the suspension is the responsible for the produced 
birefringence.  
 

 
Figure 12. Flow birefringence:  Experimental setup and the resulting light pattern (42) 

 

1.4.3. X-Ray Diffraction 
 
X-ray diffraction (XRD) is a non-destructive technique method to characterize the 
structure of crystalline material and its chemical composition. The technique can 
typically be used for the lattice parameters analysis of single crystals. When a 
monochromatic X-ray beam with wavelength λ is projected onto a crystalline material 
at an angle θ, diffraction occurs only when the distance traveled by the rays reflected 
from successive planes differs by a complete number n of wavelengths.  
 

 
Figure 13. Example of X-ray diffraction pattern of electrospun cellulose fibers (3) 

 



25 
 

By varying the angle θ, the Bragg's Law (nλ = 2d sin θ) conditions are satisfied by 
different d-spacing. Plotting the angular positions and intensities of the resultant 
diffracted peaks of radiation produces a pattern, which is characteristic of the sample. 
One example is shown in Figure 13. Cellulose nanofibers present a crystalline 
morphology, therefore, these can be exanimate by X-RD that could give information 
of the possible whiskers cellulose degradation and also change in the matrix 
crystallinity. The structure of cellulose I (native cellulose) has reflection peaks at 2θ= 
14.6°, 16.4° and 22.7° (5,18). 
 

 

1.4.4. Dynamic Mechanical Thermal Analysis 
 
Thermal transitions and temperature dependence of the materials mechanical 
properties can be measured by dynamic mechanical thermal analysis (DMTA) (31). 
This is a laboratory test method in which is possible to collect rheological data from 
sample through a rheometer and sophisticated software. In this test, an oscillating 
strain (sinusoidal or other waveform) is used and the resulting stress developed in the 
sample is measured. Modulus, elasticity, viscosity, damping behavior, and glass 
transition temperature, and the changes of these with strain, strain rate, temperature, 
and oscillatory frequency is the material information that can be obtained by DMTA 
(43). An example of the typical DMTA curve is showed in Figure 14. 
 

 

Figure 14. Example of a curve obtained from DMTA for polylactic acid (31) 
 
 

1.4.5. Mechanical Characterization: Tensile Testing 

So far, no specific methods have been standardized to analyze mechanical properties 
of a single or individual nanofiber due to its very small dimension. For this reason, 
nanofibers nonwoven membranes are used to perform mechanical characterization 
through conventional testing techniques (7), an example of a stress-strain curve is 
shown in Figure 15. However, in the last years some interesting researches have been 
conducted in relation to the mechanical characterization of single nanofibers. 
Šturcová et al. (2005) measured the tunicate cellulose elastic modulus using a Raman 
spectroscopic technique. The value found for the tensile modulus of a single cellulose 
whisker was 143 GPa that is very close with the value of 137 GPa found for cellulose 
fibers of bleached ramie by measurement of cellulose lattice extension using X-ray 
diffraction. It is clear that Raman spectroscopy could be a powerful tool for the study 
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of the micro-deformation of highly crystalline cellulose samples, although, it is 
necessary to perform supplementary work in order to this be conclusively (45). In 
2006, one study about mechanical properties of individual polymeric micro and 
nanofibers using atomic force microscopy (AFM) was carried out by Bilge Hatiboglu. 
The conclusion was that the response to elastic indentation from fibers is a very 
complicated issue which depends on the wall-thickness, tip radius and bending 
behavior. Thus, the basic rules of mechanics are not enough to explain this type of 
bending, therefore, more experiments will be necessary (39). Finally, the most recent 
research in this topic was performed by Iwamoto et al. (2009). They determined the 
elastic modulus of a single cellulose microfibril from Tunicate using the three point 
bending test by AFM which was between 145.2 and 150.7 GPa. These dates are 
similar to previously reported values for native cellulose crystals (40). 

 

 

Figure 15. Stress-strain curve of a CA membrane 
(a) Untreated nanofibers (b) Heat treated nanofibers (44) 

 

1.4.6. Additional Techniques 
 
Others techniques such as field emission scanning electron microscopy (FESEM] and 
Transmission Electron Microscopy [TEM] can be also used to characterize geometric 
properties of nanofibers. According molecular structure, there are several techniques 
which can be used, some of them are Fourier Tranform Infrared [FTIR], Nuclear 
Magnetic Resonance [NMR], Optical Birefringence, Wide Angle X-Ray Diffraction 
[WAXD], Small Angle X-Ray Scattering [SAXC] and Differential Scanning 
Calorimeter [DSC]. Finally, surface chemical properties can be determined by XPS, 
Water Contact angle Measurement, and FTIR–ATR analyses (7). 
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2. Objective 
 
 
The goal in this project is to achieve continuous and aligned cellulose fibers by 
electrospinning. 
 
 
Specific Objectives 
 
 

 To find suitable processing parameters for electrospinning and alignment of 
fibers. 
 

 To test different material compositions. 
 

 To characterize the obtained fibers by Scanning Electron Microscopy (SEM), 
Atomic Force Microscopy (AFM) and Dynamic Mechanical Thermal 
Analysis (DMTA). 
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3. Experimental Work 

3.1. Materials 
 

Cellulose acetate (CA) was used as matrix. It is obtained as a white powder with a 
density of 1.3 g/cm3 at 25 °C, from Sigma-Aldrich Chemistry, USA. CA is not 
soluble in water, for this reason it was necessary to use another solvent. In this study, 
an acetic acid and acetone mixture at a ratio of 1:1 in volume was employed. Both 
were obtained from Merk KGaA, Germany. The same solvent was used to disperse 
the cellulose nanowhiskers (CNW), which were used as the reinforcing phase. 
CNWs were obtained from microcrystalline cellulose (MCC) by acid hydrolysis, 
following the procedure reported by Bondeson et al. (31)  
 
Briefly, acid hydrolysis process consists in mixing MCC  with deionized water in an 
ice bath and adding concentrated acid drops until the needed concentration is reached, 
then, the hydrolysis is completed by the suspension heating. Each step should be done 
under vigorous mechanical stirring. Subsequently, centrifugation and dialysis against 
deionized water are used to remove the excess acid from the suspension. Finally, the 
suspension is sonicated in an ice bath and keeping it in the refrigerator until use (31). 
An AFM image from CNW is shown in Figure 16. CNW were produced by the 63% 
sulphuric acid hydrolysis. The concentration of CNW in the final aqueous solution 
can be determined gravimetrically. In this work it was of 4.14 % w/w. 
 

 

Figure 16. AFM image of CNW insolated by sulfuric acid hydrolysis in our laboratory 
 

3.2. Electrospinning  Solution 
 
Solutions of (CA+CNW)/(acetic acid+acetone) at 10 % w/w were used to obtain 
nanocomposites in a form of fibers by electrospinning. The amount of solvent in each 
sample was constant to make the results comparable; and corresponding amount of 
CNW was added to obtain final nanowhiskers contents of 0, 0.2, 0.6, 0.9, 1.2 and 1.8 
w/w%; see Table 6. The weight percentage of whiskers is the ratio between the mass 
of whiskers and the mass of CA because the mix solvents will be evaporated during 
the process. 



29 
 

The aqueous solution of nanowhiskers at 4.14 % w/w was freeze-dried to remove the 
water to obtain solid nanowhiskers. Corresponding amount of nanowhiskers for each 
sample was dissolved in 45 g of mixed solvent and dispersed using sonication 
equipment for 2 min in an ice bath. Subsequent, the specific quantity of CA was 
added and the resulting solution was stirred overnight using magnetic stirrers. This 
procedure is illustrated in Figure 18. Flow birefringence test was performed in order 
to know how well dispersed the CNW are in the solution. 
 
 

Table 6. Composition to each sample 

 
 
The mixtures were stored in the refrigerator for no longer than 8 days prior to its use. 
For polymer solutions with ≥ 0.6 %  CNW were much better to use a fresh (prepared 
during the last night) solution to avoid problems during the electrospinning process. It 
is important to mention that in each case, polymer solution was just used after taking 
it out from the refrigerator. Figure 17 shows low quality fibers obtained when the 
polymeric solution used were not fresh or used long time after taking out from the 
refrigerator. 
 
 

 

Figure 17. Electrospun fibers with low quality 

Samples 

Electrospinning Solution                                                                                                                             
10  w/w% 

Solute                                                                 
(CA+CNW) 

Solvent                              
(Acetone + Acetic Acid) 

No 
 % w/w                

Whiskers 
gr             

Solute 
gr              

Whiskers                  
  gr                
CA                   

gr                                                            
Solvent [1:1] v/v                                           

1 0 5.000 0.000 5.000 45 

2 0.2 5.000 0.010 4.990 45 

3 0.6 5.000 0.030 4.970 45 

4 0.9 5.000 0.045 4.955 45 

5 1.2 5.000 0.060 4.940 45 

6 1.8 5.000 0.090 4.910 45 
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Figure 18. Procedure to prepare the polymer solutions  
 

 

3.3. Electrospinning Setup and Processing Parameters 
 
The electrospinning equipment used in this study consisted of a plastic syringe, a 
plastic nozzle that was connected to the positive electrode, a syringe pump (Alladin-
1000) which controls the flow rate and was connected to the needle via silicone 
tubing (Masterflex), a high voltage supply 0-33,000 VDC (Electrospinz-ES1a) and a 
collector which was connected to the negative electrode of the power supply.  
 
 

  

Figure 19. Collectors used: a) Collector #1 b) Collector #2 

a) b) 
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Two different metallic collectors that consisted of a couple of metallic sheets separate 
by an insulating gap to obtain aligned fibers were used. The difference between the 
collector #1 and collector #2 was only the length; 120 and 300 mm respectively; the 
width and thickness were the same: 0.75 and 15 mm (See Figure 19). Homogeneous 
polymer solution was loaded into the syringe and placed in the pump to be 
electrospun horizontally on the collector. Electrospinning experiments were carried 
out at room temperature and under the parameters mention in Table 7. The 
experimental setup is shown in Figure 20. 
 
 

Table 7. Electrospinning parameters 

 

 

 

 
 
 
 
 
The parameters mentioned were determined through previous studies carried out 
inside the division and also with some pre-experiments performed in this study that 
will be described later. In these experiments, pure CA was electrospun on the 
collector with different gaps such as 1, 2 3, 4 and 6 cm to choose the best alignment. 
After choosing the optimum gap width, CA_0.6 % CNW was electrospun at two 
different voltages, 11 kV and 15 kV; in order to select the most suitable voltage. 
 
 

 

 

Figure 20. Electrospinning setup 
 
 

Parameters 

Voltage 11 kV 

Flow rate 10 mL/h 

Nozzle to collector distance 20 cm 

Width of the gap (collector) 3 cm 

Voltage Supply 

Plastic Syringe 

Syringe Pump 

Collector: Parallel 
Aluminum Sheets 

Plastic Nozzle  
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It was necessary to insulate each electrically conductive parts present around the 
equipment to avoid fibers formation outside the collector, therefore, material loss. In 
addition, when the experiment was being carried out, the end of the nozzle should be 
cleaned frequently in order to prevent the formation of big drops in the end of this, as 
is shown in Figure 21. 
 
 

 

Figure 21. Process Problem: Drops in the end of needle 

 
 

3.4. Preliminary Screening  Experiments: Selection of Parameters 
 
The first step achieved in this study was to find the optimum work parameters to 
obtain a good alignment. The performed experiments showed that the alignment was 
affected for the voltage, the width of gap (in the metallic collector) and also for the 
collection time. Fibers could not be produced using a gap of 6 cm under the 
conditions previously mentioned as Figure 22 shows. The obtained alignment at 
different gaps is shown in Figure 23 and it is possible to see that the best alignment 
was achieved with a gap of 3cm.  
 
 

 

Figure 22. Picture of electrospun CA_Pure nanofibers  
Voltage: 15 kV Gap: 6 cm 
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Figure 23. Optical micrograhps of electrospun Pure CA nanofibers with different gap widths  
Voltage: 15 kV a) 1 cm b) 2 cm c) 3 cm and d) 4 cm 

 
 

  

  

Figure 24. Optical micrograhps of electrospun CA_0.6 % nanofibers with different voltage. 
Gap: 3 cm a) 11 kV b) 11 kV c) 15 kV and d) 15 kV  

a) 

c) 

b) 

d) 

a) 

c) 

b) 

d) 
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Using a gap of 3 cm, CA_0.6 % CNW nanofibers were fabricated at 11 and 15 kV. 
These samples were analyzed using an optical microscope and it could be observed 
that the alignment was slightly better at 11 kV. This behavior was seen is several 
pictures and two examples of these pictures are presented in Figure 24. After these 
results, all the following experiments were performed at 11 kV and a width of gap of 
3 cm. 

 
 

3.5. Characterization Techniques and Collection of  Samples 
 
Different types of samples were collected in order to characterize the obtained 
materials. Two different collectors were used. Collector #1 was used to achieve the 
microscopy samples and collector #2; which has larger area than collector #1; was 
used to get the DMTA samples. For the microscopy samples, a glass holder was 
placed between the aluminum sheets before starting the experiment, as is shown in 
Figure 25. This was put there in order to make the nanofibers extraction easier and 
avoiding to change their alignment. It is possible to observe in the same figure that 
the alignment was unaffected for the presence of the glass inside the gap. The 
procedure to get the samples for each technique will be described below. 
 
 
 

 

Figure 25. Assembly to collect samples for the microscopies 

 

3.5.1. Optical Microscopy 
 

In this study, the Optical Microscope was utilized to observe the alignment and an 
overview of the fibers in order to determine the optimums process parameters.  
Cellulose nanofibers were electrospun on the glass holder for 30 or 60-s depending 
on the composition. Nanofibers collected were observed using a Leica DFC 290. For 
this technique, it was only necessary to use the glass holder to get the sample.  
 

3.5.2. Scanning Electron Microscopy 
 
The morphology study, alignment and presence of defects were performed using a 
Scanning Electron Microscopy (SEM) Jeol JSM-6460LV at an acceleration voltage 
of 5 kV in the case of the cross section samples and 15 kV in the others cases. The 
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samples were prepared by 3 different methods and each one was sputter-coated with 
gold for 50 s at 50 mA.  
 
 

 

Figure 26. Overview of materials for SEM 
 

 
In the first method, the polymer solution was electrospun on small glass pieces for 30 
or 60-s depending on the composition. These small glass pieces were placed over the 
big glass holder. Subsequently, the samples were coated (See Figure 26) and 
micrographs were taken at random areas at different magnifications. In the second 
method, the collector #1 was used without the glass holder and the polymer solution 
was electrospun for 60 s. After this, the nanofibers were collected in a bundle form by 
vertically movement of a glass plate through the gap and then it was coated and 
analyzed (See Figure 27). These samples were better than the samples obtained by the 
first method because it was possible to see the fibers and the alignment easily. The 
last method was used to analyze the cross section of the fibers. In doing so, a bundle 
of each sample was cut carefully using a new blade, and then they were coated and 
analyzed.  
 

 

Figure 27. Electrospun nanofiber bundles 
 

3.5.3. Atomic Force Microscopy  
 
Both CA nanofibers diameters, as well as the nanocomposites diameters were 
measured using a Veeco Multimode Atomic Force Microscopy with a nanoscope V 
controller with etched silicon tip, with a nominal spring constant of 5 N/m and a 
nominal frequency of 70 kHz. For this analysis, the polymer solution was electrospun 
on a mica sheet placed over the glass holder for 30 or 60 s depending on the 

CA_Pure - 60s CA_0,9% - 60s 

CA_1,8% - 60s CA_1,8% - 60s 
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composition. After this, a small piece of mica was placed over an AFM holder and 
finally analyzed in tapping mode. It can be observed in Figure 28 the number of 
electrospun fibers decreased with the increase CNW content. The figure clearly 
demonstrates that the number of deposited fibers is bigger for the pure CA than for 
the others compositions. 
 

 

Figure 28. Nanofibers with different compositions 

 
 

3.5.4. Mechanical Testing 
 
The strength, strain and Young´s modulus of samples were determined through a 
tensile testing which was carried out using a Dynamic Mechanical Thermal Analyzer 
(DMA QA 800) from TA Instruments. The experiments were realized in the tensile 
mode at constant speed of 500 µm/min and temperature of 26 °C. Preliminary 
experiments were performed in order to get the most suitable sample for the tensile 
testing. The first method used to get DMTA samples consisted in the preparation of 
fibers mats with a thicker enough to cut. Thereby, samples were electrospun at 
different times such 30, 60 and 120 min on the collector #1. The obtained mats are 
shown in Figure 29.  
 

Figure 29. Obtained mats after different processing times  
a) 30 min b) 60 min and c) 120 min 

   

a) b) c) 
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As can be seen from Figure 29a, when the time collection was 30 min, there was a 
good alignment but the mat was very thin, therefore it was impossible to cut it. For 
this reason, another mat was obtained using 60 min as collection time. This mat also 
presented alignment though it was less noticeable than in the first case. Nevertheless, 
this sample was not used because it was still very thin. Finally, a collection time of 
120 min was used and it is clear from Figure 29c that in this sample there was no 
alignment. In conclusion, the first method was not useful to obtain the DMTA 
samples so a different method found in the open literature was tested. In the new 
method, the collector #2 was used during the electrospinning process to achieve 
greater number of fibers. The collection time was 30 min for each sample. After the 
electrospinning process; nanofibers were removed from the collector #2 with a frame 
collector formed by two blade sheets. The frame collector was placed perpendicular 
to the fibers in one of the ends of the collector #2 and was moved from one side to the 
other (15). Electrospun fibers bundles were supported on a cardboard frame with 20 
mm in length (See Figure 30).  
 
 

  
 

Figure 30.  Testing procedure for DMTA 
a) Paper frame and b) Assembly in DMA equipment 

 

Finally, these bundles of aligned nanofibers were used as samples for the tensile test 
and at least three bundles were tested for each material to ensure accuracy of data. 
However, it was not easy to obtain suitable samples for the tensile testing since the 
fibers manipulation was complicated. Different types of problems such as no 
homogeneous tension over the fibers, some crossed over fibers and bundles that were 
not alignment on the frame and etc, were presented during the sample preparation. 
Some examples of the samples that were not suitable for the tensile test are show in 
Figure 31. 

 

Figure 31. Problems in the DMTA samples 
a) Non uniform tension on the bundle b) Crossed over fibers and c) Misaligned bundle 

    

  

a) b) 

a) b) c) 
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It was necessary to find the cross section area for each sample in order to carry out 
the tensile testing; so the length and the weight for each bundle were measured with 
precision instruments (digital electronic calliper and analytical balances with 
precision of 0.0001 g respectively). The equation 1 was employed to found the 
bundle weight. The cross section area was encountered with the weight, the length 
and the density equation (equation 2) by the equation 3. Finally the square root of the 
obtained area was used in the DMTA program as the width and thickness dimension. 
 
 

 ������� = �(������������) − ������      (1) 

 

 � =
�

������ �������×�
                                                                    (2)

            

������ ������� =
�������

�������×����� ��
          (3) 

 
It is important to mention that the weight of each bundle was not the same; this varied 
with the composition. This result corroborates the conclusion obtained from the AFM 
samples (Figure 28) about the amount of obtained fibers. In addition, Figure 32 
clearly demonstrates as the number of obtained fibers is greater for the pure CA than 
for the CA_0.9% even if the collection time was the same (30 min). For this reason, 
in the case of pure CA, it was more difficult to remove the fibers from the collector to 
make a suitable bundle. From the same figure it is also possible to see that in the 
nanocomposite samples there was presence of beads while pure CA samples were 
free of this defect.  
 
 

 
 

 

Figure 32. Electrospun fibers in the center of the collector #2  
a) Pure CA and b) CA_0.9% CNW 

 

 
Figure 33 shows as the alignment and the quality of electrospun fibers varied in the 
ends of the collector. In Figure 33a can be observed as the alignment changed the 
direction generating aligned fibers in multiple directions. Additionally, in Figure 33b 
it can be seen that the fibers quality is less in the ends than in the center of the 
collector. However, fibers collection was carried out throughout the collector in order 
to obtain the maximum amount of fibers. These problems were found in all the 
compositions. 

a) b) 
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Figure 33 Electrospun fibers in the ends of the collector #2  
a) Pure CA and b) CA_0.9% CNW 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

a) b) 
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4.  Results and Discussion 
 
In this study, continuous and aligned fibers of pure CA and reinforced CA with 
different percentages of CNW (0.2; 0.6; 0.9; 1.2 and 1.8 wt %) were obtained by 
electrospinning using a mixed solvent of acetic acid/acetone under the conditions 
previously mentioned. Collected fibers were always observed by naked eyes and 
subsequently characterized by several techniques. The results and conclusions 
obtained are described below. In addition, the polymer solution used to 
electrospinning was analyzed by flow birefringence. 
 

4.1. Dispersion of Cellulose Nanowhiskers 
 
After preparing the polymer solution, the flow birefringence test was performed to 
observe if the CNW were well dispersed in the solution.  Figure 34 shows the typical 
flow birefringence behavior of some solutions indicating the presence of separated or 
individual CNWs in the solutions. All formulations showed similar results. 
 
 

 

Figure 34. Flow birefringence 
 

4.2. Parameters  affecting Electrospinning Process 
 
As was shown during the procedures explication, there were some parameters that 
affected the electrospun fibers or the alignment such as collection time, CNW 
content, and so on. Regarding to the time and the composition it was clear that the 
number of deposited fibers was different for each composition using the same 
deposition time (30min). For this reason the tensile testing samples had different 
weights.  From Figure 35 it should be noted that pure CA bundles were almost three 
times heavier than in the others cases. In our case, when the polymer concentration 
was the highest, for example CA (See Table 6), the number of deposited fibers was 

CA_0,9%CNW CA_1,8%CNW 
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also the highest. This result agrees with the obtained results in other works where the 
authors found that the areal density of the obtained fibers increased when the solution 
concentration also increased (46). 
 
 

 

Figure 35. Average weights of tensile testing samples 

 

 
Concerning the collection time, as was said, this affected the alignment.  It is possible 
to see from Figure 29 as the alignment changed when the collection time increased. 
In addition, Figure 33a shows that even if there was alignment in the center of the 
collector when the collection time was 30 min, in the end of the collector the 
alignment went changing with the time increase. The alignment in these parts of the 
collector could be improved, using less collection time, for example, 10 min. It can be 
explained by the increase of electrostatic repulsion force on the deposited fibers with 
the time. This effect generates changes in spatial orientation (15,17).  
 
 

4.3. Alignment of Electrospun Cellulose Nanofibers 
 
The resulting electrospun cellulose nanofibers were visualized under OM and SEM in 
order to see the alignment. SEM pictures of electrospun nanofibers from CA and CA 
with CNW are shown in Figure 36. It is possible to observe that uniaxially aligned 
nanofibers were obtained in all compositions under the same conditions. However, 
the pure CA appears to have the best alignment. Both SEM and OM pictures gave the 
same indication. It can be also seen from these pictures that there are fibers which are 
touching each other. This problem was presented in both materials. Theoretically, 
individual fibers are only obtained if the majority of solvent have been evaporated 
during the trajectory and there is not solvent in the jet when this reaches the collector 
(10). Therefore, it is possible that the evaporation of the solvent was not suitable. 
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Figure 36. SEM images of uniaxially aligned nanofibers 
Voltage: 11 kV and Gap: 3cm a) CA_Pure b) CA_0.6% CNW c) CA_0.9% CNW and  

d) CA_1.2% CNW 
 

  

4.4. Morphology  of Electrospun Cellulose Nanofibers 
 
The cross section areas of the samples in form of bundles were visualized under SEM 
in order to have an overview of the morphology of electrospun cellulose nanofibers. 
The resulting photos are shown in Figure 37. Regarding the diameters of the 
electrospun fibers, it can be observed in the photos that there was a size distribution; 
diameters fibers that ranged from few nanometers until several micrometers were 
encountered as will be shown by AFM results later. In conclusion cellulose fibers 
with non-uniform diameters and cross section were found. In addition, formation of 
bundles and flattened or ribbon-like fibers can be also observed. These morphologies 
were found for both, pure CA and CA reinforced with CNW. The formation of 
flattened or ribbon-like fibers (see Figure 38) has been also reported by others authors 
and this can be explained because of the solvent evaporation. In the first case; 
apparently the fibers arrive at the collector when they are still wet so, they suffer a 
deformation due to the impact. In the second case; firstly, there is a solvent 
evaporation in the surface of the liquid jet forming a tube with a thin solid skin and 
liquid inside. Later, the remaining liquid is evaporated and the tube collapses with 
helping of the atmospheric pressure. Therefore, the tube reaches the ribbon-like shape 
(10).  
 

c) 

b) a) 

d) 
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Figure 37.  SEM images cross section of uniaxially aligned nanofibers 
Voltage: 11 kV and Gap: 3cm a) CA_Pure and b) CA_0.9% CNW 

 
 

  

Figure 38. Ribbon-like and flattened nanofibers 
Voltage: 11 kV and Gap: 3cm a) CA_Pure and b) CA_0.9% CNW 

 
 

4.5. Diameter of Electrospun Cellulose Nanofibers 
 
AFM analysis of the pure CA and nanocomposites fibers obtained by electrospinning 
was carried out in order to measure the fibers sizes. AFM was performed in the 
tapping mode where is not contact between the sample and the tip (see Figure 39).  
 
 

 

Figure 39. Tipping mode in AFM (10) 

a) b) 

a) b) 
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AFM images for some compositions are shown in Figure 40, other are presented in 
Appendix 5. From the amplitude images it can be seen that the fibers surface is not 
totally smooth, the fibers have some lines on the longitudinal direction which can be 
the connections between two or more fibers. This indicates that fibers appeared in 
bundles instead of single fibers. 
 

 

  

 

 

  

 

 
 
 

Figure 40. The height and amplitude AFM images of aligned nanofibers 
a) CA_0.2% CNW and b) CA_1.8% CNW 

 
From the height images, the measurements showed in general, the diameter of the 
obtained fibers varied between 300 and 3000 nm.  The smallest diameter encountered 
was on the nanocomposite with CNW content of 1.2% and the largest diameter was 
found on pure CA. For each composition, several measurements were taken. After 
this, the minimum and maximum diameters were chosen to make a curve and analyze 
the effect of CNW on the fibers sizes with the addition of CNW.  From Figure 41 it 
can be seen that there is a tendency that fibers sizes/diameters decrease with the 
increase of CNW content. This result matches up with the conclusions obtained by 
Ping Lu and You-Lo Hsieh (2009) and Peresin M. and et al. (2009) in their studies. 
This tendency was explained by the increase of the solution conductivity in presence 
of CNW (Peresin et al. (2009)); therefore, the stretching of the solution will also 
increase and fibers with smaller sizes will be produced (10).   

a) 

b) 
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Figure 41. Effect of CNW on the fibers sizes 

 
 
Furthermore, it is known that the broadening effect in AFM can appear due to the tip 
size during the scanning. This happens because the tip has a finite size and shape and 
as it goes by over the sample which has surface features of comparable size as the tip, 
as a result, the tip shape will contribute to the image that is generated. For this reason, 
the height of the fibers was obtained as diameter instead of the width, since in the 
later measurement minimizes the broadening effect. (49). Broadening effect is 
illustrated in Figure 42. Besides, there were other important aspects which should be 
mentioned to interpret the results of the fiber diameters. The first aspect is regarding 
to the position of the fiber on the holder. As was explained before, some electrospun 
fibers do not have circle shape, so the measurements were randomly taken in the 
largest sides or in the smallest sides. The second aspect that could have also affected 
the results was the presence of several bundles as it was observed from SEM 
photographs. 
 

 
Figure 42. Schematic figure - broadening effect 

 

4.6. Defects on Electrospun Cellulose Nanofibers 
 
SEM and AFM images showed the presence of some defects on the electrospun 
nanofibers. As it can be observed in Figure 43, porosity and beads were observed in 
all the compositions. The formation of beads, unlike the porosity; was more 
prominent at higher CNW concentration. In the literature, it has been reported that the 
formation of the beads is affected by the polymer concentration, as a result, the 
viscosity. It have been reported that a small amount of beads is formed at higher 
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concentrations i.e. high viscosities (7). In this study, the amount of beads was greater 
when the CNW content was higher; therefore, it might conclude that the polymer 
solution viscosity decreased. This conclusion could be explained for two reasons. The 
first one could be that viscosity decreased by the addition of CNW. The second 
reason could be that the viscosity decreased due to the reduction of polymer content 
(See Table 6) when the CNW content increased. It is necessary to say in this study 
was not measured the viscosity. Regarding to the porosity, it could be observed that 
this was present almost in the same proportion for all the compositions. This type of 
porosity seems to have been caused when several fibers were joined, leaving empty 
spaces between them. This could have been produced during the electrospinning or 
during the cutting process. See Figure 44. 
 
 

  

  

Figure 43. SEM images: Beads on the electrospun nanofibers 
a) CA_Pure b) CA 0.6%CNW  c) CA_0.9% CNW d) CA_1.2%  CNW 

 

 

   

Figure 44. SEM images: Porous on the electrospun nanofibers 
a) CA_Pure b) CA_0.2% and c) CA 0.6% 

 

a) b) c) 

d) c) 

a) b) 
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AFM images (Figure 45) showed the presence of some fibers doublets or fibers fused 
together partially. In addition, it is observed that some fibers seem to have CNW 
aggregations; particularly, it was observed at high concentrations. This indicates that 
it is necessary to improve the CNW dispersion in the polymer solution in order to 
avoid agglomerations which could affect the mechanical properties.  The dispersion 
might be enhanced using another solvent system such as e.g. ethanol instead acetone; 
or improving the method used to disperse the solution; such as increasing the time of 
sonication or performing one step more than in the procedure used; for example, 
making a sonication after the magnetic stirring.  
 
 

  

Figure 45. Amplitude AFM images: Defects 
a) Fiber- doublets in CA_pure and b) CNW agglomeration in CA_1.8% CNW 

 

 

4.7. Mechanical Properties of Electrospun Cellulose Nanofibers 
 
Examples of the stress- strain curves that were obtained from tensile tests performed 
by DMTA are shown in Figure 46. The chosen curve for each composition 
corresponds to the test that gave as a result the closest value to the average value of 
the maximum strength. The average values of the maximum strength, Young’s 
modulus and strain of both aligned CA and aligned CA with CNW nanofibers are 
reported in the Table 8. These averages were obtained from several DMTA tests. For 
the pure CA the obtained maximum strength was 19.6 MPa while that for the CA 
with 0.2; 0.6; 0.9; 1.2 and 1.8 % CNW was 10.6; 8.3; 7.8; 7.7 and 5.5 MPa, 
respectively. The results show that addition of CNW to CA in amounts between 0.2 
and 1.8 wt % did not produce a positive impact on the mechanical properties of CA. 
The maximum strength of CA nanofibers decreased between 46 to 72%, respectively 
with the addition of CNW. Likewise, the Young’s modulus was reduced between 32 
and 53%. For the pure CA, the Young’s modulus was 532 MPa and for CA with 0.2; 
0.6; 0.9; 1.2 and 1.8 % CNW was 361; 300; 264; 256 and 252 MPa, respectively. In 
the case of the maximum strain, it was almost the same for each composition; 
therefore, it was unaffected for the addition of CNW.     
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Figure 46. Stress – strain curves from DMTA tests. 
Curves show the data closest to the maximum strength average 

 

 
The reduction in the mechanical properties could be explained based on that 
reinforced CA nanofibers exhibited defects such as porous and beads in higher 
amount than pure CA. Likewise, the possible presence of CNW aggregations in some 
compositions may affect the mechanical behavior of such materials. It is important to 
mention that the formation of beads and aggregations of CNW were more prominent 
at higher concentration. In addition, the resulting mechanical properties could have 
been also affected by the testing procedures. It possible that the methods to obtain the 
samples, measure the samples weight and performing the tensile test have not been 
the most suitable.  
 
 

Table 8. Mechanical Properties electrospun aligned cellulose nanofibres 
The results are average values from several tests 
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5. Conclusions  
 
In this study, electrospun aligned fibers from pure CA and CA reinforced with CNW 
were produced and analyzed. Optical Microscopy, Scanning Electron Microscopy 
and Atomic Forces Microscopy were used to study the fibers alignment, morphology 
and sizes. DMTA was carried out in order to obtain the mechanical properties such as 
strength, strain and Young’s modulus. Furthermore, previous experiments were 
performed to find the optimums parameters to achieve aligned fibers by 
electrospinning process. The conclusions from this research are listed below: 
 

 Nanocomposites in the form of aligned fibers were successfully prepared by 
electrospinning of cellulose acetate reinforced with different cellulose 
nanowhiskers concentrations. 
 

 The alignment varied with some parameters such as time, distance of the gap 
and voltage. Apparently, this also change slightly with the addition of CNW.  
 

 The best obtained alignment seem be when the electrospinning process was 
carrying out at 11 kV with 3 cm as distance of the gap. In addition, most 
proportion of aligned fibers was obtained with a collection time less than 30 
min.  

 
 The diameters of the prepared fibers were between 300 and 3000 nm. This 

difference might have been because of non-homogenous cross sections as well 
as the aspect mentioned about the measurements by AFM. 

 
 CNW did not show a positive impact either on the strength or Young’s 

modulus which could have been due to defects such as beads, porosity, CNW 
aggregations as well as the testing procedures. 

 
 Process parameters and testing procedures should be optimized in order to 

improve the quality of the aligned cellulose nanofibers as well as mechanical 
properties. 
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6. Future Work and Suggestions 
 

 Choose one of the compositions used to prepare an electrospun random mat 
and characterizing it to do a comparison of the mechanical properties. 

 
 Use another type of collector and solvent system in order to improve the 

fibers morphology. 
 

 Prepare nanofibers with other compositions with the aim of finding the best 
percentage of reinforcement. 

 
 Collect the DMTA samples in another way:  

 
 Decrease the collection time to preserve the alignment. 
 Use the same weight for each sample.  
 Collect only the fibers which are in the center of the collector because 

they   
     have higher quality and alignment. 

  
 Improve the way to get the cross section sample in order to get more 

information from these pictures. 
 

 Confirm if the method used to carry out the tensile testing is suitable.  
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Appendix 
 

   

   

Appendix 1. Optical micrograhps of uniaxially aligned nanofibers 
Voltage: 11 kV and Gap: 3cm a) CA_Pure b) CA_0.2%  CNW c) CA_0.6% CNW d) CA_0.9% 

CNW e) CA_1.2% CNW and f) CA_1.8% CNW 
 

  

  

Appendix 2. SEM images: Uniaxially aligned nanofibers  
 Voltage: 11 kV and Gap: 3cm a) CA_Pure b) CA_0.6%CNW 

 
 
 

d) e) f) 

a) b) c) 

a) b) 

c) d) 
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Appendix 3. SEM images: Uniaxially aligned nanofibers 
Voltage: 11 kV and Gap: 3cm a) CA_0.9% CNW b) CA_1.2% CNW and c) CA_1.8% CNW 
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Appendix 4. SEM images: Cross section of electrospun cellulose nanofibers 
Voltage: 11 kV and Gap: 3cm a) CA_Pure b) CA_0.2%CNW c) CA_0.6% CNW d) CA_0.9% 

CNW and e-f ) CA_1.2% CNW 
  

d) 

e) f) 

a) b) 

c) 
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Appendix 5. Height and amplitude AFM  images and size measurements electrospun fibrers 
a) CA_pure b) CA_0,2% CNW  c) CA_0,6% CNW  d) CA_0,9% CNW and 

e) CA_1,2%CNW 


