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The preparation of ethylcellulose (EC) nanofibers (NFs) by the
electrospinning method was optimized by the Taguchi design. A
Taguchi design was performed for electrospinning parameters
such as the concentration of EC, voltage, ethanol/water ratio in
the solvent, and feed rate in four levels (array L16). EC solutions
with certain concentrations were prepared in ethanol-water
solvents with certain ratios. The solutions were then stirred at a
constant temperature for four hours and left for overnight.
Electrospinning parameters such as the temperature of 30 °C,
distance of 10 cm between the syringe needle and the collector,
aluminum foil of 20 micrometers as the collector, collector speed
of 400 rpm, and electrospinning time of 2.5 hours are constant in
all electrospinning experiments, but the voltage and feed rate were
changed according to the experimental design. The resulting EC
fibers were imaged by the scanning electron microscopy (SEM).
The SEM images of EC fibers were processed by the Image J
software, and the average diameter of EC fibers in each
experiment was calculated. The results of the diameter of EC
fibers showed that all the fibers had diameters of less than 100 nm.
Also, the results of the diameter of EC fibers were analyzed based
on the analysis of variance, and it was found that the
ethanol/water ratio in the solvent (34.9%), the feed rate (23.5%),
the voltage (22.1%), and the EC concentration (17.5%), in
descending order of priority, had the greatest contribution to the
size of the diameter of EC fibers. Under optimal conditions, EC
fibers with the diameters of 41 nm were prepared.
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1. Introduction

Fibers are very narrow strands that have long
lengths relative to their diameters and are used
in a variety of applications [1]. Conventional
ethylcellulose (EC) fibers are typically 500 um
in diameter. The EC fibers are widely used as
filters in military (such as chemical masks),
industries (such as filters for very dirty engines
and generators), and personal hygiene (such as
air filters) [2]. One of the special applications
of EC, is being used as a membrane to separate
water from hydrazine in the pervaporation
process. Due to the highly alkaline nature of
hydrazine (pH> 12.5), the selection of a
suitable polymer membrane is very important.

CaHs

The performance of the thin film composite
(TFC) membranes based on the EC polymer
for the separation of water from hydrazine in
the pervaporation process, has been confirmed
by various researchers [3-6]. The presence of
multiple oxygen species in the molecular
structure of EC makes EC capable of
absorbing water molecules through hydrogen
bonding even though it is insoluble in water.
These properties cause the selective absorption
and passage of water from the water-hydrazine
solution in the process of pervaporation
process [3]. The molecular structure of ethyl
cellulose is shown in Fig.1.
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Figure 1. Molecular structure of ethyl cellulose (EC)

The TFC membranes consist of a thin
nonporous layer applied to a porous substrate.
The porous substrate can be a
micro/ultrafiltration membrane (prepared by
the phase inversion method) or a layer of
nonwoven fibers [7]. The use of fibers as the
substrate in the TFC membranes resulted in its
higher mechanical and flux performance and
reduced fouling [8]. The fibers with smaller
diameters in the substrate membrane, due to
the larger surface area and the greater porosity,
caused the overall efficiency of the membrane
to increase.

Nanofibers have diameters of less than 100 nm
[9], which is a dimension outside the
nanometer range, and fall into the category of
one-dimensional nanomaterials. The
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advantages of using nanofibers over using

ordinary fibers can be [10].

1) Ratio of surface area to volume being very
high, in the case of nanofibers, but about
1000 in microfibers.

2) High flexibility in the
functionalization.

3) Excellent mechanical properties such as
toughness and higher tensile strength.

There are various methods to produce fibers,

but the methods that have the ability to produce

nanofibers are: two-component extrusion,
mold synthesis, phase separation drawing,
centrifugation, melt blowing, and

electrospinning [11].

Electrospinning is a method of producing

nanofibers using electrical energy [12-14]. The

process uses electrical charges to convert

surface
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liquid conical polymer droplets into fine fibers
[15-19]. The solvent evaporates due to the
movement of the polymer jet between the
needle tip and the collector plate, and its
electrical charge is discharged when the fibers
are placed on the collector [19,20].
Electrospinning is a unique technology for
producing 3D (hano to micro) fiber mats from
various materials. In electrospinning, the
electrical attraction force between the liquid
polymer jet and the collector is used to convert
the liquid polymer jet into fibers. The solvent
Is evaporated by the movement of the polymer
jet between the needle tip and collector, and
the dry fibers are placed in the collector [20-
22]. In recent years, electrospun mats have
been used in a wide range of
biological/nanotechnological applications due

to their attractive morphological, structural
and functional properties [23-25].
Electrospinning is a seemingly simple process,
but there are many parameters that can greatly
affect the conversion of a polymer solution
into nanofibers [26-29]. In fact, by changing
these parameters, it is possible to control the
solvent evaporation rate, polymer chain
entanglement, and the deposition area of
nanofibers on the collector [17]. As a result,
fibers with different morphologies can be
produced [30]. These parameters can be
divided into three general groups: solution
related parameters, equipment related
parameters, and environmental parameters.
The types of these parameters and their effects
on the properties of nanofibers are summarized
in Table (1).

The effect on the nanofiber properties

Table 1
Effect of electrospinning process parameters on the diameter of the final nanofibers
Parameter
Parameter
type

At very low concentrations, grains will form on the fibers. Increasing the

Concentration

concentration will increase the average diameter of the fibers. This is due to the

slower and more difficult fiber stretching.

In low molecular weight polymers, more grains are formed. Increasing the
molecular weight of the polymer results in larger fibers with smoother surfaces.

Increasing the viscosity will increase the diameter of the nanofibers.

As the conductivity of the solution increases, the diameter of the nanofibers
decreases, because in this case the electric charge of the jet increases and thus the

electric force also increases.

Low surface tension produces uniform fibers with a smooth surface in a low
intensity electric field. There are also reports of a slight effect of surface tension on
the diameter of nanofibers. Viscoelastic forces usually overcome surface tensile

forces.

In general, increasing the voltage increases the diameter of the nanofibers, because
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the higher the voltage, the more liquid is released as a jet. Of course, there have
been reports of an initial decrease in the diameter of nanofibers with increasing

voltage.

The nozzle diameter leads to a reduction in the initial jet size followed by a
reduction in the diameter of the nanofibers.

Reducing the flow rate will lead to a reduction in the diameter of the nanofibers,
because a lower flow rate will result in less fluid leaving the jet. A very high rate

causes the production of grains on the fibers and a very low rate makes it
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impossible to produce continuous fibers. The feed rate is typically less than one

milliliter per hour.

Morphology change collector by changing the geometry of the collector to produce

collector

nanofiber felt with uniform thickness. If rotary collectors are used, sufficient time

must be taken for the fibers to rise and dry.

The distance

The average diameter of the nanofibers decreases as this distance increases, as the
tensile and elongation time of the jet increases. An electrospinning distance too
close or too far leads to the formation of grains on the fibers.

Increasing the temperature reduces the diameter of the nanofibers. The drying

from the
nozzle to the
collector
— temperature
8
5§
c -y
esg Humidity
2 8
L

permeability

temperature should be lower than the solvent boiling temperature to prevent bubbles

and cavities in the fibers.

Increasing the humidity of the environment reduces the diameter of the nanofibers.
The solidification process of the jet will be slower and its traction will be higher.
High humidity causes internal porosity in nanofibers.

Vapor The use of less evaporating solvents reduces the diameter of nanofibers. Because

the jet drawing process will take longer before it solidifies.

2. A review of the electrospinning of EC

In 2005, the effect of the two-component
solvent composition (THF-DMACc) on the
morphology and diameter of the EC fibers
prepared by the electrospinning method, was
investigated. The percentage composition of
the solvent components, including THF-
DMAC, varied between 0 and 100 %. The
results showed that the average diameter of the
fibers prapared with the combination of
solvents was smaller than that of the fibers
prepared with each solvent alone. In addition,

the fiber diameter distribution became
narrower in the THF-DMACc solvent systems
[31].

In 2007, EC nanofibers were prepared by
electrospinning.  The effects of the
concentration of the solution, feed rate, and
voltage on the morphology of EC fibers were
investigated. The solvent was 2,2,2-
trifluoroethanol and electrospinning was
performed at room temperature. By increasing
the concentration of EC to above 5 wt%, the
morphology of EC fiber changed from a
helical fiber to a uniform structure due to the
change in the viscosity of the solution.
Furthermore, by changing the feed rate, the

84

structure of EC fiber reached the same as of a
uniform fiber [32].

In 2012, EC fibers were prepared by a
modified electrospinning technique. The effect
of electrospinning voltage on the fiber aspect
ratio in electrospinning with a metal needle
(stainless steel) was investigated and then
compared with that of a combination of glass-
steel needle. The results showed that as the
electrospinning  voltage increased, the
diameter of EC fibers in electrospinnning with
steel needle increased [31].

In 2013, electrospun EC nanofibers and
ketoprofen were used as the basis for the
formation of filaments for a pharmaceutically
active substance, and it was found that the
diameter of EC nanofibers was effective in
hydrophobicity and involved in drug delivery
[33].

In 2015, ethyl cellulose nanofibers were
prepared by electrospinning techniques using
the ethyl cellulose solutions at the
concentrations of 150 g/L with different
volume percentages of THF (tetrahydrofuran)
and DMAc (N,N-dimethylacetamide) in the
binary solvent system. The effect of the
composition of the binary solvent system on
the surface morphology of ethyl cellulose
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nanofibers with or without attached antibiotics
was investigated [34].

In 2018, the physical properties and
morphology of electrospun nanofibers mixed
with EC and gelatin at different ratios in
water/ethanol/acetic acid (as a green solvent)
were investigated. The results showed that the
nanocomposite is suitable for being used in
encapsulation in the food and drug packaging
industry [35].

In 2022, Bergo investigated the morphology of
electrospun EC nanofibers in two THF-DMACc
solvents. The results showed that the
morphology of the EC fiber can be modified
by changing the properties of the solution,
including the concentration and molecular
weight of EC and the solvent conditions [36].
As it can be seen in the articles published in the
field of electrospinning of ethyl cellulose,
mainly solvents such as THF and DMAc,
which are not environmentally friendly, are
used [37,38]. The innovation in this research is
the use of green solvents such as water-ethanol
and the experimental design for the
electrospinning of ethyl cellulose.

According to the different parameters that
affect the electrospinning process of polymers
to prepare fibers, Taguchi experimental design
has been used to optimize the conditions [39-
42]. We used a statistical method called
ANOVA. In most applications of EC fibers,
the fiber diameter is an important and effective
parameter [43]. In this research; the
optimization of the diameter of EC fibers in the
electrospinning  process under different
conditions was evaluated by Taguchi's
experimental design.

3. Experimental section

3.1. Materials and methods

EC was selected as the polymeric material for
preparing fibers. The used solvents included
the mixtures of water and ethanol with
different ratios. The deionized water and pure
ethanol were used to prepare water-ethanol
mixtures. Table 2 shows the specifications of
the raw materials for the preparation of ethyl
cellulose nanofibers.

Table 2

Chemicals used to produce ethyl cellulose fibers by electrospinning
Materials Company formula Grade
Ethylcellulose Sigma-Aldrich 48% ethoxy
Ethanol Merck CaHsOH 99.99%
deionized water Homemade H202

The main equipment in this research, is an
electrospinning machine. An electrospinning
machine  manufactured by  Fanavaran
Nanoscale Company was used to prepare
fibers. This device is capable of generating
voltages up to 35 kW and the distance between
syringes and the collector is 0 to 20 cm.

3.2. Taguchi’s experimental design and
methods

In this study, an attempt was made to optimize
the electrospinning conditions for the
preparation of EC nanofibers. As mentioned
above, various parameters affect the
preparation of fibers by the electrospinning
method. The temperature of 30 °C, syringe
needle to collector distance of 10 cm, 20 um
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aluminum foil as the collector, collector speed
of 400 rpm, and electrospinning time of 2.5 h
were constant in all electrospinning
experiments. The four variable parameters for
the preparation of EC fibers by electrospinning
were the concentration of the polymer,
electrospinning voltage, feed rate and solvent
composition. The ranges of these parameters

for electrospinning of EC were determined by
preliminary experiments, which are shown in
Table 3. Four levels were selected for each
parameter, and the experimental design was
performed based on the Taguchi method. The
L16 array and different experimental
conditions are shown in Table 4.

;—:rzlri;ers and their levels for the preparation of EC nanofibers by the electrospinning method
Levels
Parameters
1 2 3 4
Polymer concentration, wt% 15 17 19 21
Voltage (kV) 16 18 20 22
Ethanol in solvent, wt% 100 90 80 70
Feeding rate, ml/h 1 15 2 25
Table 4
Different conditions of the preparation of EC fibers via electrospinning and the diameter of the obtained
fiber
Experiment - EC Concentration, Voltage Ethanol in Feeding Fiber
Parameter wt % (kV) solvent , wt% rate, ml/h diameter, nm
1 15 16 100 1 85.26
2 15 18 90 15 60.20
3 15 20 80 2 70.81
4 15 22 70 2.5 81.24
5 17 16 90 2 62.09
6 17 18 100 2.5 70.69
7 17 20 70 1 83.74
8 17 22 80 15 49.10
9 19 16 80 25 80.48
10 19 18 70 2 78.08
11 19 20 100 15 54.97
12 19 22 100 1 60.32
13 21 16 70 15 92.68
14 21 18 80 1 88.77
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15 21 20
16 21 22

90 2.5 73.60
100 2 64.24

Different solutions of EC were prepared. In
these solutions, the composition of the solvent
(water-ethanol ratio) and the amount of the
polymer were changed based on the
experimental design. The prepared solutions
of EC were stirred at a constant temperature for
about four hours. The solutions were then
allowed to stand overnight to produceuniform
and bubble-free EC solutions. The solutions
were also drawn into the syringes through
sufficient time to allow the solutions to enter
the syringes slowly and without air bubbles.
All electrospinning machines used a type of
handmade syringe and needle that produced a
regular and desirable Taylor cone when the
polymer solution was removed.

The syringe was then placed inside the spinner.
The distance from the tip of the syringe to the
drum (collector) was always 10 cm. The foil
covering the drum was made of aluminum with
a thickness of 20 microns. The experiments
were conducted at a laboratory temperature of
about 30°C. After adjusting the voltage and
feed rate according to the experimental design,
electrospinning was performed at a speed of
400 rpm for 2.5 h.

4. Results and discussion

According to the experimental design, 16
different electrospinning experiments were
performed. The aluminum collector was
separated from the drum of the electrospinning
machine and cut to pieces with specific
dimensions. The electrospun samples were
photographed with a camera (Figure 2).
Figure 3 shows the SEM images of the
electrospun EC fibers. As indicated, the fibers
are formed as completely separate strands and
no nodes are observed in the strands, indicating
that the parameters were considered in proper
ranges for the EC solution and the
electrospinning machine. The SEM images
were analyzed by the Image J software based
on the magnification scale of SEM images. In
each SEM image, about 50 strands were
selected separately and the diameter of each
strand was calculated. The average diameter
was reported as the diameter of electrospun EC
fibers in each experiment. The average
diameters of electrospun EC fibers are shown
in Table 4.
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Figure 3. SEM images of electrospun EC fibers with the number of experimental designs.
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Figure 4 shows the variation of the diameter of
electrospun EC fibers versus the number of
experimental designs. The results show that all
electrospun EC fibers have the diameters of
less than 100 nm, which is in the range of
nanofibers. These results are consistent with
other research results [44,45]. The trend of the
results shows the effectiveness of the selected

100

parameters on the diameter of EC fibers. Under
different experimental conditions, the diameter
of EC fibers has varied in the approximate
range of 49 to 93 nm. The largest diameter of
the nanofibers is related to experiment
numbers 13 and 14, and the smallest diameter
is related to experiment numbers 8 and 11.

the EC fber diameter, nm
3

40 ~
30 -
20 A
10 A
0_
1 2 3 4 5 6 8 9 10 11 12 13 14 15 16
Exp. No.

Figure 4. Variation of the diameter of electrospun EC fibers versus the Taguchi experimental number.

The contribution of design parameters to the
size of the fiber diameter was determined
based on the analysis of variance (Table 5 and
Figure 5). The results show that all design
parameters have sufficient effect and none of
the parameters are ineffective (less than 2%).
The solvent ratio of 34.5% and the
concentration of 17.4% of EC had the highest

Table 5

and lowest effects on the of the diameter of EC
fibers respectively. One of the advantages of
using experimental design based on statistical
methods is the possibility of measuring the
effect of each design parameter on the
response, individually. Below, the effect of
design parameters on the fiber diameter is
presented based on the analysis of variance.

Statistical parameters affecting the diameter of electrospun EC fibers based on the analysis of variance

Column/ Factor DOF (f) Sumof Sgrs (S) Variance (V) F-Ratio (F) Pure Sum (S") Percent (%)

Polymer Concentration 3 441.495 147.165 41.236 430.788 17.441

Voltage 3 566.675 188.891 52.928 555.969 22.509

Solvent Ratio 3 862.845 287.615 80.591 852.139 34.501

Feeding rate 3 588.169 196.056 54.935 577.462 23.38

Other/Error 3 10.705 3.568 _ _ 2.169
Total 15 2469.892 100
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Figure 5. Contribution of different parameters towards the of the diameter of electrospun EC fibers based
on the analysis of variance.

4.1. Effect of the solvent composition

In the electrospinning process, the solvent is
important because of its solubility for the
polymer, vapor pressure, and viscosity in the
electrospinning process. In the electrospinning
process, as the liquid jet (solvent + polymer)
moves toward the collector plate, the solvent
leaves the jet, and when it reaches the collector
plate, the polymer fibers are formed as separate
strands. The vapor pressure of the solvent
should be adjusted so that the solvent
evaporates completely in the distance between
the needle tip and the collector. Otherwise, the
wet fibers will mix on the collector plate and
form uneven diameters. If the vapor pressure
of the solvent is high, the solvent will
evaporate very quickly and may cause the
fibers to break before reaching the collector.
By mixing solvents, the solvent vapor pressure
can be adjusted [35,36]. The electrospinning of
ethyl cellulose has been done in the ethanol
solvent [31,44].

Figure 6 shows the effect of ethanol ratio (in
the water-ethanol solvent) on the diameter of

90

electrospun EC fibers. The diameter is lowest
in the 90 wt% ethanol. Two different trends for
the size of electrospun fibers (before and after
90% ethanol) are caused by the effect of two
different variables in these two regions. The
decrease in the size of EC fibers by increasing
the concentration of ethanol up to 90% is due
to the decrease in viscosity, which causes the
more tension of the fluid jet under the electric
force, and, of course, the decrease in the
diameter of the fibers [31]. The viscosity of the
solution is usually considered to be the
dominant parameter affecting the fiber
diameter in the electrospinning process [45].
The increase of the fiber size with the increase
of the concentration of ethanol to above 90%
is due to the decrease of the dielectric constant,
which makes the fibers less compressed under
the electrostatic force, and of course, increase
the diameter of the fibers.
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Figure 6. Variation of the diameter of electrospun
EC fibers versus ethanol wt% in the solvent

4.2. Effect of the feed rate

Regarding the effect of the feed rate on the
fiber diameter, there are differences of
opinions among researchers. One study found
that increasing the feed rate had no effect on
the fiber diameter [47] and another study found
that the fiber diameter increased by increasing
the feed rate [39].

Figure 7 shows the effect of the polymer
solution feed rate on the diameter of EC
nanofibers. It can be seen that increasing the
feed rate up to 1.5 mL/min decreases the fiber
diameter and further increasing the feed rate
increases the fiber diameter. At high feed rates
(1.5 - 2.5 mL/min), the larger volume of the
solution on the jet has more time to dry as it
moves from the nozzle to the collector,
resulting in fibers with larger diameters. In the
fibers with feed rate below 1.5 mL/min, the
solvent evaporates and the nanofibers
coagulate with each other before reaching the
collector, resulting in the formation of a large
diameter fiber at a slower rate.

()
ol

[e)
o

~
(6]
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Diameter of EC fibers, nm
\I
o
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50 T T T T
0.5 1 15 2 2.5 3

Feeding rate

Figure 7. Variation of the diameter of electrospun
EC fibers versus the feeding rate

4.3. Effect of voltage

In  general, increasing voltage in
electrospinning reduces the diameter of
nanofibers, which is also evident in the case of
the electrospinning of EC. According to one
study, the fiber diameter of electrospun PAN
fibers increased by increasing the applied
voltage, while increasing the flow rate resulted
in decreasing fiber diameters [48]. Another
study showed that no specific trend was found
due to the variation of the voltage [49].
However, the third study showed that
increasing the voltage increased the velocity of
the electrospinning jet and increased the output
volume at the tip of the electrospinning needle.
Figure 8 shows the effect of changing the
voltage in electrospinning on the diameter of
EC fibers. The results show that increasing the
voltage increases the electric field and creates
a longer Taylor cone, which ultimately leads to
a decrease in the diameter of the EC fibers.
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Figure 8. Variation of the diameter of electrospun
EC fibers versus the electrospinning voltage.

4.4, Effect of the concentration of EC
Figure 9 shows the effect of the concentration
of EC on the diameter of nanofibers in the
electrospinning process. It can be observed
that the smallest diameter of electrospun EC
nanofibers is observed at the concentration of
17 wt% of EC. As mentioned above,
concentration is one of the most important
factors affecting the electrospinning process.
The results of other researches have shown that
at the concentrations between 15 and 21 wt%
of EC, electrospinning is performed and
nanofibers with different diameters are
formed.
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Figure 9. Variation of the diameter of electrospun
EC fibers versus the Concentration of EC.

45. Optimal conditions of  the
electrospinning of EC

The optimization of the conditions for
producing smaller diameter EC fibers was
performed based on the variance analysis. The
suggested conditions included a concentration
of 17 wt% of EC, voltage of 22 kV, ethanol of
90 wt%, and feed rate of 1.5 mL/min. Under
these conditions, the suggested diameter of
nanofibers was 41 nm. Under the proposed
conditions, solutions were prepared and
electrospinning  was  performed.  The
electrospun EC fibers were imaged by SEM
(Figure 10), and the images were processed
using the Image J software. The diameter of
EC fibers was measured to be approximately
42 nm, which is very close to the proposed
diameter.
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Figure 10. SEM image of electrospun EC fibers prepared under the optimal condition of the

electrospinning of EC

5.

Conclusion

In this research, optimizing the diameter of
ethyl cellulose fibers in the electrospinning
process was evaluated. In this regard, the 4
parameters of the solvent composition,
voltage, feed rate and concentration of the EC
polymer at 4 levels were selected as design
parameters and the design of the experiment
was done based on the Taguchi method. Under
the design conditions, 16 different experiments
were conducted, and the resulting EC fibers
were imaged by SEM. The diameter of EC
fibers was evaluated by the Image J analysis
software. The results of EC fiber diameter
showed that under the selected conditions, all
the fibers had diameters of less than 100 nm.
The EC fiber diameter results were analyzed
based on the analysis of variance. The results
of participation percentage showed that all
design parameters were effective in the process
of electrospinning the EC fiber. Solvent
composition with 34.5% and polymer
concentration with 17.4% participation have
the most and least effect on the diameter of EC
fibers in the electrospinning process,
respectively.

The proposed optimal conditions included the
concentration of 17 wt% of EC, voltage of 22
kV, ethanol of 90 wt%, and feeding rate of 1.5

mL/min. Under optimal conditions, the
diameter of the EC fiber was 42 nm, which was
very close to the diameter of 41 nm of the
proposed EC.

Acknowledgments

The authors are grateful to Pejoohesh Saraye
Ibn Sina for providing the materials and the
electrospining machine. This work has been
done using a grant from Iran Nanotechnology
Initiative Council which is greatly appreciated.

References

[1] Alghoraibi I, Alomari S (2018) Different
methods for nanofiber design and
fabrication. Handbook of nanofibers, p 1-
46.

[2] Zhmayev E, Cho D, Joo Y.L (2010)
Nanofibers from gas-assisted polymer
melt electrospinning. Polymer 51:4140-4.
https://doi.org/10.1016/j.polymer.2010.0
6.058

[3] Ravindra R, Sridhar S, Khan A.A, Rao A.K
(2000) Pervaporation of water, hydrazine
and monomethylhydrazine using
ethylcellulose  membranes.  Polymer
41:2795-806.
https://doi.org/10.1016/S0032-
3861(99)00487-5

93



[4]

Norouzi et al. / Iranian Journal of Chemical Engineering, Vol. 21, No. 1, 81-97, (2024)

Satyanarayana S.V, Bhattacharya P.K
(2004) Pervaporation of hydrazine
hydrate: separation characteristics of
membranes  with  hydrophilic  to
hydrophobic behaviour. J Memb Sci
238:103-15.
https://doi.org/10.1016/j.memsci.2004.03
025

[5] Norouzi M, Ofoghi S, Parnia-Baran A,

[6]

Rahim-Khorasani M (2022) Evaluation
ethylcellulose membrane modified with
NaA and NaX zeolites for the dehydration
of hydrazine hydrate by pervaporation
process. Int J Environ Anal Chem
102:8092-107.
https://doi.org/10.1080/03067319.2020.1
844885

Peddoddi U.M, Behara D.K,
Satyanarayana S.V (2021) Pervaporation
of hydrazine/water with ethylcellulose/4A
zeolite mixed matrix membranes. Korean
J Chem Eng 38:2324-31.
https://doi.org/10.1007/s11814-021-
0882-5

[7] Hajiaghaee S.F, Bozorg A, Norouzi M

(2022) Forward osmosis performance of
thin film composite membrane composed
of electrospun polysulfone fiber coated by
Fe304/fCNT-embedded polyamide
active layer. Korean J Chem Eng 39:
2405-13. https://doi.org/10.1007/s11814-
022-1135-y

[8] Liu Y, Zhu X, Chen Y, et al. (2022) Cross-

electrospun PVDF/PVDF-HFP
nanofibrous membrane with central
combination design and its waterproof
and moisture permeable composite fabric.
Text Res J 93:2273-89.
https://doi.org/10.1177/00405175221144
08

[9] Belino N.J.R, Barata T.R.A, Paul R (2023)

94

Electrospinning drafting system for
polyamide 6 and polyamide 6.6 nanofiber

production.  Text Res J 94
https://doi.org/10.1177/00405175231205

[10] Jayaraman K, Kotaki M, Zhang Y, Mo X,

Ramakrishna S (2004) Recent advances in
polymer  nanofibers. J  Nanosci
Nanotechnol 4:52-65.

[11] Almetwally A.A, El-Sakhawy M,

Elshakankery M, Kasem M (2017)
Technology of nano-fibers: Production
techniques and properties-Critical review.
J Text Assoc 78:5-14.

[12] Yang B-Y, Qi F-F, Li X-Q, Liu J-J, Rong

F, Xu Q (2015) Application of
Nylon6/Polypyrrole core—shell
nanofibres mat as solid-phase extraction
adsorbent for the determination of
atrazine in environmental water samples.
Int J Environ Anal Chem 95:1112-23.
https://doi.org/10.1080/03067319.2015.1
085524

[13] Nekooie R, Shamspur T, Mostafavi A.A

(2020) Nanofiber-based filter composed
of electrospun PA-66/Ti02 nanofibers for
removal of cement dust. Int J Environ
Anal Chem 100: 1737-52.
https://doi.org/10.1080/03067319.2019.1
659251

[14] Al-Musawi M.H, Khoshkalampour A,

Adnan Shaker Al-Naymi H, Farooq
Shafeeq Z, Pourvatan Doust S, Ghorbani
M (2023) Optimization and
characterization of carrageenan/gelatin-
based nanogel containing ginger essential
oil enriched electrospun ethyl
cellulose/casein nanofibers. Int J Biol
Macromol 248:125969.
https://doi.org/10.1016/j.ijbiomac.2023.1
25969

[15] Geng Y, Williams G.R (2023) Developing

and scaling up  captopril-loaded
electrospun ethyl cellulose fibers for
sustained-release floating drug delivery.
Int J Pharm 648:123557.



Norouzi et al. / Iranian Journal of Chemical Engineering, Vol. 21, No. 1, 81-97, (2024)

https://doi.org/10.1016/j.ijpharm.2023.12
3557

[16] Teo W.E, Ramakrishna S.A (2006)

Review on electrospinning design and
nanofibre assemblies. Nanotechnology
17: R89. https://doi.org/10.1088/0957-
4484/17/14/R01

[17] Yang X, Wang J, Guo H, Liu L, Xu W,

Duan G (2020) Structural design toward
functional materials by electrospinning: A
review. e-Polymers 20:682-712.
https://doi.org/10.1515/epoly-2020-0068

[18] Gudkova V, Krumme A, Martson T,

Rikko M, Tarassova E, Viirsalu M (2014)
The impact of 1-butyl-3-
methylimidazolium chloride on
electrospinning process of SAN polymer
solutions  and  electrospun  fiber
morphology. J Electrostat 72:433-6.
https://doi.org/10.1016/j.elstat.2014.08.0
03

[19] Ohkawa K, Hayashi S, Nishida A,

Yamamoto H, Ducreux J (2009)
Preparation of Pure Cellulose Nanofiber
via Electrospinning. Text Res J 79:1396-
401.
https://doi.org/10.1177/00405175081014
55

Senthil T, Anandhan S (2015)
Electrospinning of non-woven
poly(styrene-co-acrylonitrile)
nanofibrous webs for corrosive chemical
filtration:  Process evaluation and
optimization by Taguchi and multiple
regression analyses. J Electrostat 73: 43-
55.
https://doi.org/10.1016/j.elstat.2014.10.0
02

[21] Qosim N, Majd H, Ahmed J, Williams G,

Edirisinghe M (2024) Making fibers from
cellulose derivatives by pressurized
gyration and electrospinning. Cellulose
31:2815-32.

https://doi.org/10.1007/s10570-024-
05793-0

[22] Kyselica R, Enikov E.T, Anton R (2019)

Electrospinning under lateral electrostatic
control in ambient atmosphere. J
Electrostat 98: 75-81.
https://doi.org/10.1016/j.elstat.2019.02.0
06

[23] Singh S.K, Sarma S (2022) Taylor cone

height as a tool to understand properties
of electrospun PVDF nanofibers. J
Electrostat 120:103770.
https://doi.org/10.1016/j.elstat.2022.1037
70

[24] Valipouri A, Hosseinian H, Hosseini

Ravandi S.A, Karimian A (2022)
Development and optimization of the
novel scale-up fabrication method of
polyvinylpyrrolidone (PVP)
microparticles. J Electrostat 118:103725.
https://doi.org/10.1016/j.elstat.2022.1037
25

[25] Ghafouri Varnosfaderani N, Abbaspoor

Zanjani S, Ashrafi A, Kharaziha M,
Dehghan S (2024) Fabrication and
Characterization of Core-Shell
Nanofibers: Linseed Oil Encapsulated in
Ethyl Cellulose Electrospun Nanofibers.
JOM 76:2426-37.
https://doi.org/10.1007/s11837-024-
06416-6

[26] Maurya A.K, Narayana P.L, Bhavani

A.G, Jae-Keun H, Yeom J-T, Reddy N.S
(2020) Modeling the relationship between
electrospinning process parameters and
ferrofluid/polyvinyl alcohol magnetic
nanofiber diameter by artificial neural
networks. J Electrostat 104:103425.
https://doi.org/10.1016/j.elstat.2020.1034
25

[27] Chen P, Zhou Q, Chen G, Wang Y, Lv J

(2023)  Numerical simulation and
experimental research of electrospun
polyacrylonitrile Taylor cone based on

95



Norouzi et al. / Iranian Journal of Chemical Engineering, Vol. 21, No. 1, 81-97, (2024)

multiphysics coupling. e-Polymers 23:
20228106. https://doi.org/10.1515/epoly-
2022-8106

[28] Ding B (2017) Electrospinning, fibers and
textiles: a new driving force for global
development. e-Polymers 17:209-10.
https://doi.org/10.1515/epoly-2016-0299

[29] Hekmati A.H, Rashidi A, Ghazisaeidi R,
Drean J-Y (2013) Effect of needle length,
electrospinning distance, and solution
concentration on morphological
properties of polyamide-6 electrospun
nanowebs. Text Res J 83:1452-66.
https://doi.org/10.1177/00405175124717
4

[30] Daenicke J, Lammlein M, Steinhibl F,
Schubert D.W (2019) Revealing key
parameters to minimize the diameter of
polypropylene fibers produced in the melt
electrospinning process. e-
Polymers19:330-40.
https://doi.org/10.1515/epoly-2019-0034

[31] Wu X, Wang L, Yu H, Huang Y (2005)
Effect of solvent on morphology of
electrospinning ethyl cellulose fibers. J
Appl Polym Sci 97:1292-7.
https://doi.org/10.1002/app.21818

[32] Jeun J.P, Lim Y.M, Choi J.H, La H.S,
Kang P.H, Nho Y.C (2007) Preparation of
Ethyl-Cellulose Nanofibers via An
Electrospinning. Solid State Phenomena
119:255-8.
https://doi.org/10.4028/www.scientific.n
et/SSP.119.255

[33] Li X-Y, Yu D-G, Fu C-T, Wang R, Wang
X (2013) Ketoprofen/ethyl Cellulose
Nanofibers Fabricated Using an Epoxy-
coated Spinneret. Model Numer Simul
Mater Sci 3:6-10.
https://doi.org/10.4236/mnsms.2013.34B
002

[34] Park J-Y, Kim J-l, Lee I-H (2015)
Fabrication and characterization of
antimicrobial ethyl cellulose nanofibers

96

using electrospinning techniques. J
Nanosci Nanotechnol 15:5672-5.
https://doi.org/10.1166/jnn.2015.10471

[35] Liu Y, Deng L, Zhang C, Feng F, Zhang
H (2018) Tunable physical properties of
ethylcellulose/gelatin composite
nanofibers by electrospinning. J Agric
Food Chem 66:1907-15.
https://doi.org/10.1021/acs.jafc.7b06038

[36] Borrego M, Martin-Alfonso J, Valencia
C, Sanchez Carrillo MadC, Franco J
(2022) Developing electrospun
ethylcellulose nanofibrous webs: An
alternative approach for structuring castor
oil. ACS Appl Polym Mater 4:7217-27.
https://doi.org/10.1021/acsapm.2¢01090

[37] Zaitoon A, Lim L-T (2020) Effect of poly
(ethylene oxide) on the electrospinning
behavior and characteristics of ethyl
cellulose composite fibers. Materialia
10:100649.
https://doi.org/10.1016/j.mtla.2020.1006
49

[38] Niu B, Zhan L, Shao P, et al. (2020)
Electrospinning of zein-ethyl cellulose
hybrid nanofibers with improved water
resistance for food preservation. Int J Biol
Macromol 142: 592-9.
https://doi.org/10.1016/j.ijbiomac.2019.0
9.134

[39] Veerabhadraiah A, Ramakrishna S,
Angadi G, et al. (2017) Development of
polyvinyl —acetate thin films by
electrospinning for sensor applications.
Appl Nanosci 7:355-63.
https://doi.org/10.1007/s13204-017-
0576-9

[40] Zhao F, Liu Y, Yuan H, Yang W (2012)
Orthogonal design study on factors
affecting the degradation of polylactic
acid fibers of melt electrospinning. J Appl
Polym Sci 125:2652-8.
https://doi.org/10.1002/app.36426



Norouzi et al. / Iranian Journal of Chemical Engineering, Vol. 21, No. 1, 81-97, (2024)

[41] Hosaini-Alvand E, Mirshekar H, Taghi
Khorasani M, Parvazinia M, Joorabloo A
(2017) Fabricating and robust artificial
neural network modeling nanoscale
polyurethane fiber using electrospinning
method. J Appl Polym Sci 134:45116.
https://doi.org/10.1002/app.45116

[42] Yan X, Gevelber M (2010) Investigation
of electrospun fiber diameter distribution
and process variations. J Electrostat
68:458-64.
https://doi.org/10.1016/j.elstat.2010.06.0
09

[43] Cramariuc B, Cramariuc R, Scarlet R,
Manea L.R, Lupu I.G, Cramariuc O
(2013) Fiber diameter in electrospinning
process. J  Electrostat 71:189-98.
https://doi.org/10.1016/j.elstat.2012.12.0
18

[44] Zhang Y, Zhang C, Wang Y (2021)
Recent progress in cellulose-based
electrospun nanofibers as multifunctional
materials. Nanoscale Adv 3:6040-7.
https://doi.org/10.1039/D1NAO0508A

[45] Kerwald J, de Moura Junior C.F, Freitas
E.D, de Moraes Segundo J.d.D.P, Vieira
R.S, Beppu M.M (2022) Cellulose-based
electrospun  nanofibers: a  review.
Cellulose 29:25-54.
https://doi.org/10.1007/s10570-021-
04303-w

[46] Feng S-Q, Shen X-Y, Fu Z-Y, Ji Y-L
(2009) Studies on the electrospun
submicron fibers of SIS and its
mechanical properties. J Appl Polym Sci
114:1580-6.
https://doi.org/10.1002/app.30700

[47] Fallahi D, Rafizadeh M, Mohammadi N,
Vahidi B (2009) Effects of feed rate and
solution conductivity on jet current and
fiber diameter in electrospinning of
polyacrylonitrile solutions. e-Polymers 9.
https://doi.org/10.1515/epoly.2009.9.1.12
50

[48] Bakar S.S.S, Fong K.C, Eleyas A, Nazeri
M.F.M (2018) Effect of VVoltage and Flow
Rate Electrospinning Parameters on
Polyacrylonitrile Electrospun Fibers. IOP
Conf Ser Mater Sci Eng 318:012076.
https://doi.org/10.1088/1757-
899X/318/1/012076

[49] Aljehani A.K, Hussaini M.A, Hussain
M.A, Alothmany N.S, Aldhaheri R.W
(2014)  Effect of electrospinning
parameters on nanofiber diameter made of
poly (vinyl alcohol) as determined by
Atomic Force Microscopy. 2nd Middle
East Conference on  Biomedical
Engineering. p 379-81.
https://doi.org/10.1109/MECBME.2014.
6783283

97



