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Electrospun nanofibers with application in nanocomposites
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Abstract—The use of fine fiber has become an important design tool for filter media. Nanofibers-based filter media
have some advantages such as lower energy consumption, longer filter life, high filtration capacity, easier maintenance,
low weight rather than other filter media. The nanofibers-based filter media made up of fibers of diameter ranging from
100 to 1,000 nm can be conveniently produce by electrospinning technique. Common filter media have been prepared
with a layer of fine fiber on typically forming the upstream or intake side of the media structure. The fine fiber increases
the efficiency of filtration by trapping small particles, which increases the overall particulate filtration efficiency of
the structure. Improved fine fiber structures have been developed in this study in which a controlled amount of fine
fiber is placed on both sides of the media to result in an improvement in filter efficiency and a substantial improvement
in lifetime. In the first part of this study, the production of electrospun nanofibers is investigated. In the second part, a
different case studyis presented to show how they can be laminated for application as filter media. Response surface
methodology (RSM) was used to obtain a quantitative relationship between selected electrospinning parameters and

average fiber diameter and its distribution.
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INTRODUCTION

Polymeric nanofibers can be made by using the electrospinning
process, as has already been described in the literature [1-10]. Elec-
trospinning (Fig. 1) uses a high electric field to draw a polymer solu-
tion from the tip of a capillary toward a collector [16-20]. A voltage
is applied to the polymer solution that causes a jet of the solution to
be drawn toward a grounded collector. The fine jets dry to form
polymeric fibers, which can be collected as a web [11-17].

In the nonwoven industry one of the fastest growing segments
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Fig. 1. Electrospinning setup.
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is in filtration applications. Traditionally wet-laid, melt blown and
spun nonwoven articles containing micron size fibers are most popu-
lar for these applications because of the low cost, easy processabil-
ity and good filtration efficiency. Their applications in filtration can
be divided into two major areas: air filtration and liquid filtration
(Fig. 2).

Another type of electrospinning equipment (Fig. 2) also uses a
variable high voltage power supply from Gamma High Voltage Re-
search (USA). The applied voltage can be varied from 1-30 kV. A
5-ml syringe was used and positive potential was applied to the poly-
mer blend solution by attaching the electrode directly to the outside
of the hypodermic needle with internal diameter of 0.3 mm. The
collector screen was a 20%20 cm aluminum foil, which was placed
10 cm horizontally from the tip of the needle. The electrode of oppo-
site polarity was attached to the collector. A metering syringe pump
from New Era pump systems Inc. (USA) was used. It was responsible
for supplying polymer solution with a constant rate of 20 pl/min.

Electrospinning was done in a temperature-controlled chamber
and the temperature of the electrospinning environment was adjusted
on variable temperatures. A schematic diagram of the electrospin-
ning apparatus is shown in Fig. 3.
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Fig. 2. Multilayer fabric components.
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Fig. 3. Schematic diagram of a general type of electrospinning ap-
paratus.

Electrospinning is a process that produces continuous polymer
fibers with diameter in the submicron range. In the electrospinning
process the electric body force acts on an element of charged fluid.
Electrospinning has emerged as a specialized processing technique
for the formation of sub-micron fibers (typically between 100 nm
and 1 pm in diameter), with high specific surface areas. Due to their
high specific surface area, high porosity, and small pore size, the
unique fibers have been suggested as excellent candidates for use
in filtration [18-22].

Air and water are the bulk transportation medium for transmis-
sion of particulate contaminants. The contaminants during air fil-
tration are a complex mixture of particles. Most of them are usually
smaller than 1,000 um in diameter chemical and biological acrosols
are frequently in range of 1-10 um. The particulate matters may
carry some gaseous contaminants. In water filtration the removal of
particulate and biological contaminants is an important step. Now-
adays, the filtration industry is looking for energy-efficient high per-
formance filters for filtration of particles smaller than 0.3 um and
adsorbed toxic gases [23-30].

Nanofibrous media have low basis weight, high permeability,
and small pore size that make them appropriate for a wide range of
filtration applications. In addition, nanofiber membrane offers unique
properties like high specific surface area (ranging from 1 to 35 m’/g
depending on the diameter of fibers), good interconnectivity of pores
and the potential to incorporate active chemistry or functionality on
nanoscale. In our study, to prepare the filters, a flow rate 1 ul/h for
solution was selected and the fibers were collected on an alumi-
num-covered rotating drum (with speed 9 m/min) which was pre-
viously covered with a polypropylene spun-bond nonwoven (PPSN)
substrate of 28 cm*28 cm dimensions; 0.19 mm thickness; 25 g/
m’” weight; 824 cm’/s/em?’ air permeability and 140 °C melting point
(Fig. 2).

Structure characteristics of nanofibrous filtering media such as
layer thickness fiber diameter, nanofiber orientation, representative
pore size, and porosity dictate the filter properties and quality. Clearly,
the properties of a nanofibrous media will depend on its structural
characteristics as well as the nature of the component fibers; thus,
it is desirable to understand and determine these characteristics. In
this work we tried to identify the orientation distribution function
(ODF) of nanofibers in nanofilter, and the fiber thickness distribu-
tion and porosity of nanofibrous media by using image processing
algorithms.

1. Effect of Systematic Parameters on Electrospun Nanofibers

It has been found that morphology such as fiber diameter and its
uniformity of the electrospun nanofibers are dependent on many
processing parameters. These parameters can be divided into three
main groups: a) solution properties, b) processing conditions, ¢) ambi-
ent conditions. Each of the parameters has been found to affect the
morphology of the electrospun fibers.
2. Solution Properties

Parameters such as viscosity of solution, solution concentration,
molecular weight of solution, electrical conductivity, elasticity and
surface tension have an important effect on the morphology of nano-
fibers.
3. Viscosity

The viscosity range of a different nanofiber solution which is spin-
nable is different. One of the most significant parameters influenc-
ing the fiber diameter is the solution viscosity. A higher viscosity
results in a large fiber diameter. Beads and beaded fibers are less
likely to be formed for the more viscous solutions. The bead diame-
ter becomes bigger and the average distance between beads on the
fibers become longer as the viscosity increases.
4. Solution Concentration

In the electrospinning process, for fiber formation to occur a mini-
mum solution concentration is required. As the solution concentra-
tion increases, a mixture of beads and fibers is obtained. The shape
of the beads changes from spherical to spindle-like when the solu-
tion concentration varies from low to high levels. The fiber diame-
ter increases with increasing solution concentration because of the
higher viscosity resistance. Nevertheless, at higher concentration the
viscoelastic force which usually resists rapid changes in fiber shape
may result in uniform fiber formation. However, it is impossible to
electrospin if the solution concentration or the corresponding vis-
cosity become too high due to the difficulty in liquid jet formation.
5. Molecular Weight

Molecular weight also has a significant effect on the rheological
and electrical properties such as viscosity, surface tension, conduc-
tivity and dielectric strength. It has been observed that too low molec-
ular weight solution tends to form beads rather than fibers and high
molecular weight nanofiber solution gives fibers with larger aver-
age diameter.
6. Surface Tension

The surface tension of a liquid is often defined as the force acting
at right angles to any line of unit length on the liquid surface. By
reducing surface tension of a nanofiber solution, fibers could be
obtained without beads. The surface tension seems more likely to
be a function of solvent compositions, but is negligibly dependent
on the solution concentration. Different solvents may contribute
different surface tensions. However, a lower surface tension of a
solvent will not necessarily always be more suitable for electrospin-
ning. Generally, surface tension determines the upper and lower
boundaries of electrospinning window if all other variables are held
constant. The formation of droplets, bead and fibers can be driven
by the surface tension of solution, and lower surface tension of the
spinning solution helps electrospinning to occur at lower electric
field.
7. Solution Conductivity

There is a significant drop in the diameter of the electrospun nano-
fibers when the electrical conductivity of the solution increases. Beads
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may also be observed due to low conductivity of the solution, which
results in insufficient elongation of a jet by electrical force to produce
uniform fiber. In general, electrospun nanofibers with the smallest
fiber diameter can be obtained with the highest electrical conduc-
tivity. This indicates that the drop in the size of the fibers is due to
the increased electrical conductivity.

8. Applied Voltage

In the case of electrospinning, the electric current due to the ionic
conduction of charge in the nanofiber solution is usually assumed
small enough to be negligible. The only mechanism of charge trans-
port is the flow of solution from the tip to the target. Thus, an in-
crease in the electrospinning current generally reflects an increase
in the mass flow rate from the capillary tip to the grounded target
when all other variables (conductivity, dielectric constant, and flow
rate of solution to the capillary tip) are held constant. Increasing the
applied voltage (i.e., increasing the electric field strength) will increase
the electrostatic repulsive force on the fluid jet, which favors the
thinner fiber formation. On the other hand, the solution will be re-
moved from the capillary tip more quickly as jet is ejected from
Taylor cone. This results in the increase of the fiber diameter.

9. Feed Rate

The morphological structure can be slightly changed by chang-
ing the solution flow rate. When the flow rate exceeded a critical
value, the delivery rate of the solution jet to the capillary tip exceeded
the rate at which the solution was removed from the tip by the electric
forces. This shift in the mass-balance resulted in sustained but un-
stable jet and fibers with big beads formation.

In the first part of this study, the production of electrospun nano-
fibers was investigated. In another part, a different case study was
presented to show how nanofibers can be laminated for application
in filter media.

EXPERIMENTS: CASE1-PRODUCTION
OF NANOFIBERS

1. Preparation of Regenerated SF Solution

Raw silk fibers (B.mori cocoons were obtained from domestic
producer, Abrisham Guilan Co., IRAN) were degummed with 2 gr/
L Na,CO; solution and 10 gr/L anionic detergent at 100 °C for 1 h
and then rinsed with warm distilled water. Degummed silk (SF)
was dissolved in a ternary solvent system of CaCl,/CH,CH,OH/
H,O (1:2:8 in molar ratio) at 70 °C for 6 h. After dialysis with
cellulose tubular membrane (Bialysis Tubing D9527 Sigma) in H,O
for 3 days, the SF solution was filtered and lyophilized to obtain
the regenerated SF sponges.
2. Preparation of the Spinning Solution

SF solutions were prepared by dissolving the regenerated SF
sponges in 98% formic acid for 30 min. Concentrations of SF solu-
tions for electrospinning were in the range from 8% to 14% by weight.
3. Electrospinning

In the electrospinning process, a high electric potential (Gamma
High voltage) was applied to a droplet of SF solution at the tip (0.35
mm inner diameter) of a syringe needle, The electrospun nanofi-
bers were collected on a target plate which was placed at a distance
of 10 cm from the syringe tip. The syringe tip and the target plate
were enclosed in a chamber for adjusting and controlling the tem-
perature. A schematic diagram of the electrospinning apparatus is
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shown in Fig. 2. The processing temperature was adjusted at 25,
50 and 75 °C. A high voltage in the range from 10kV to 20 kV was
applied to the droplet of SF solution.
4. Characterization

An optical microscope (Nikon Microphot-FXA) was used to in-
vestigate the macroscopic morphology of electrospun SF fibers.
For better resolving power, morphology, surface texture and dimen-
sions of the gold-sputtered electrospun nanofibers were determined
using a Philips XL-30 scanning electron microscope. A measure-
ment of about 100 random fibers was used to determine average
fiber diameter and their distribution.

EXPERIMENT: CASE2-PRODUCTION
OF LAMINATED COMPOSITES

Polyacrylonitrile (PAN) of 70,000 g/mol molecular weight from
Polyacryl Co. (Isfehan, Iran) was used with Dimethylformamide
(DMF) from Merck to form a polymer solution 12% w/w after stir-
ring for 5h and staying overnight under room temperature. The yel-
low and ripened solution was inserted into a plastic syringe with a
stainless steel nozzle 0.4 mm in inner diameter and then it was placed
in a metering pump from World Precision Instruments (Sarasota,
Florida, USA). Next, this set was installed on a plate which it could
traverse to left-right along drum (Fig. 1). The flow rate 1 pl/h for
solution was selected and the fibers were collected on an alumi-
num-covered rotating drum (with speed 9 m/min) which was previ-
ously covered with a polypropylene spun-bond nonwoven (PPSN)
substrate of 28 cm*28 cm dimensions; 0.19 mm thickness; 25 g/
m’ weight; 824 cm’/s/cm’ air permeability and 140 °C melting point.
The distance between the nozzle and the drum was 7 cm and an
electric voltage of approximately 11 kV was applied between them.
Electrospinning process was carried out for 8 h at room tempera-
ture to reach approximately web thickness 3.82 g/m”. Then nanofiber
webs were laminated into cotton weft-warp fabric with a thickness
0.24 mm and density of 25x25 (warp-weft) per centimeter to form
a multilayer fabric (Fig. 2). Laminating was performed at tempera-
tures 85, 110, 120, 140, 160 °C for 1 min under a pressure of 9 gf/
cm’.

Air permeability of multilayer fabric before and after lamination
was tested by TEXTEST FX3300 instrument (Ziirich, Switzerland).
Also, in order to consider nanofiber morphology after hot-pressing,
another laminating was performed by a non-stick sheet made of
Teflon (0.25 mm thickness) instead one of the fabrics (fabric/pp
web/nanofiber web/pp web/non-stick sheet). Finally, after remov-
ing the Teflon sheet, the nanofiber layer side was observed under
an optical microscope (MICROPHOT-FXA, Nikon, Japan) con-
nected to a digital camera.

RESULTS AND DISCUSSION

1. Effect of Silk Concentration

One of the most important quantities related to electrospun nano-
fibers is their diameter. Since nanofibers result from evaporation of
polymer jets, the fiber diameters will depend on the jet sizes and
the solution concentration. It has been reported that during the travel-
ing of a polymer jet from the syringe tip to the collector, the primary
jet may be split into different-sized multiple jets, resulting in differ-
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ent fiber diameters. When no splitting is involved in electrospinning,
one of the most important parameters influencing the fiber diame-
ter is the concentration of the regenerated silk solution. The jet with
a low concentration breaks into droplets readily and a mixture of
fibers, bead fibers and droplets as a result of low viscosity is gen-
erated. These fibers have an irregular morphology with large varia-
tion in size; on the other hand jets with high concentration do not
break up but travel to the grounded target and tend to facilitate the
formation of fibers without beads and droplets. In this case, fibers
became more uniform with regular morphology.

At first, a series of experiments were carried out when the silk
concentration was varied from 8 to 14% at the 15 kV constant electric
field and 25 °C constant temperature. Below the silk concentration
of 8% as well as at low electric filed in the case of 8% solution, dro-
plets were formed instead of fibers. Fig. 2 shows the morphology
of the obtained fibers from 8% silk solution at 20 kV. The obtained
fibers are not uniform. The average fiber diameter is 72 nm and a
narrow distribution of fiber diameters is observed. It was found that
continuous nanofibers were formed above a silk concentration of 8%
regardless of the applied electric field and electrospinning condition.
In the electrospinning of silk fibroin, when the silk concentration is
more than 10%, thin and rod-like, fibers with diameters range from
60-450 nm were obtained.

There is a significant increase in mean fiber diameter with the
increasing of the silk concentration, which shows the important role
of silk concentration in fiber formation during the electrospinning
process. The concentration of the polymer solution reflects the num-
ber of entanglements of polymer chains in the solution, thus solu-
tion viscosity. Experimental observations in electrospinning con-
firm that for forming fibers, a minimum polymer concentration is
required. Below this critical concentration, application of electric
field to a polymer solution results in electrospraying and formation
of droplets to the instability of the ejected jet. As the polymer con-
centration is increased, a mixture of beads and fibers is formed. Fur-
ther increase in concentration results in the formation of continuous
fibers, as reported in this paper. It seems that the critical concentra-
tion of the silk solution in formic acid for the formation of continu-
ous silk fibers is 10%.

Experimental results in electrospinning showed that with increas-
ing the temperature of the electrospinning process, the concentra-
tion of polymer solution has the same effect on fibers’ diameter at
25°C.

There is a significant increase in mean fiber diameter with increas-
ing of the silk concentration, which shows the important role of silk
concentration in fiber formation during electrospinning. It is well
known that the viscosity of polymer solutions is proportional to con-
centration and polymer molecular weight. For concentrated poly-
mer solution, the concentration of the polymer solution reflects the
number of entanglements of polymer chains, thus having consider-
able effects on the solution viscosity. At fixed polymer molecular
weight, the higher polymer concentration results in higher solution
viscosity. The jet from low viscosity liquids breaks up into droplets
more readily and few fibers are formed, while at high viscosity, elec-
trospinning is prohibited because of the instability flow caused by
the high cohesiveness of the solution. Experimental observations in
electrospinning confirm that for fiber formation to occur, a mini-
mum polymer concentration is required. Below this critical con-

centration, the application of an electric field to a polymer solution
results in electro spraying and formation of droplets to the instabil-
ity of the ejected jet. As the polymer concentration is increased, a
mixture of beads and fibers is formed. Further increase in concen-
tration results in the formation of continuous fibers, as reported in
this chapter. It seems that the critical concentration of the silk solu-
tion in formic acid for the formation of continuous silk fibers is 10%
when the applied electric field is in the range of 10 to 20 kV.

2. Effect of Electric Field

It was already reported that the effect of the applied electrospin-
ning voltage is much lower than the effect of the solution concen-
tration on the diameter of electrospun fibers. To study the effect of
the electric field, silk solution with the concentration of 10%, 12%,
and 14% was electrospun at 10, 15, and 20 kV at 25°C. At a high
solution concentration, the effect of applied voltage is nearly signifi-
cant. It is suggested that, at this temperature, higher applied voltage
causes multiple jets formation, which would provide decreased fiber
diameter.

As the results of this finding it seems that the electric field shows
different effects on the nanofiber morphology. This effect depends
on the polymer solution concentration and electrospinning conditions.
3. Effect of Electrospinning Temperature

One of the most important quantities related to electrospun nano-
fibers is their diameter. Since nanofibers result from the evaporation
of polymer jets, the fiber diameters will depend on the jet sizes. The
elongation of the jet and the evaporation of the solvent both change
the shape and the charge per unit area carried by the jet. After the
skin is formed, the solvent inside the jet escapes and the atmo-
spheric pressure tends to collapse the tube-like jet. The circular cross
section becomes elliptical and then flat, forming a ribbon-like struc-
ture. In this work we believe that ribbon-like structure in the electro-
spinning of SF at higher temperature is thought to be related to skin
formation at the jets. With increasing the electrospinning tempera-
ture, solvent evaporation rate increases, which results in the forma-
tion of skin at the jet surface. Non-uniform lateral stresses around
the fiber due to the uneven evaporation of solvent and/or striking
the target make the nanofibers with circular cross-section to col-
lapse into ribbon shape.

Bending of the electrospun ribbons was observed on the SEM
micrographs as a result of the electrically driven bending instability
or forces that occurred when the ribbon was stopped on the collec-
tor. Another problem that may be occurring in the electrospinning
of SF at high temperature is the branching of jets. With increasing
the temperature of the electrospinning process, the balance between
the surface tension and electrical forces can shift so that the shape
of a jet becomes unstable. Such an unstable jet can reduce its local
charge per unit surface area by ejecting a smaller jet from the surface
of the primary jet or by splitting apart into two smaller jets. Branched
jets, resulting from the ejection of the smaller jet on the surface of
the primary jet, were observed in electrospun fibers of SF. The axes
of the cones from which the secondary jets originated were at an
angle near 90° with respect to the axis of the primary jet.

To study the effect of electrospinning temperature on the mor-
phology and texture of electrospun silk nanofibers, 12% silk solu-
tion was electrospun at various temperatures of 25, 50 and 75 °C.
Results are shown in Fig. 5. Interestingly, the electrospinning of
silk solution showed flat fiber morphology at 50 and 75 °C, whereas
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Fig. 4. SEM micrographs of electrospun nanofibers at applied voltage of 20 KV and PANI content of 20% with a constant spinning distance

of 10 cm.

circular structure was observed at 25 °C. At 25 °C; the nanofibers
with a rounded cross section and a smooth surface were collected
on the target. Their diameter showed a size range of approximately
100 to 300 nm with 180 nm being the most frequently occurring.
They are within the same range of reported size for electrospun silk
nanofibers. With increasing the electrospinning temperature to 50 °C,
the morphology of the fibers was slightly changed from circular cross
section to ribbon-like fibers. Fiber diameter was also increased to a
range of approximately 20 to 320 nm with 180 nm the most occur-
ring frequency. At 75 °C, the morphology of the fibers was com-
pletely changed to ribbon-like structure. Furthermore, fiber dimensions
were increased significantly to the range of 500 to 4,100 nm with
1,100 nm the most occurring frequency. The results are shown in
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Fig. 4.
EXPERIMENTAL DESIGN

Response surface methodology (RSM) is a collection of mathe-
matical and statistical techniques for empirical model building (Appen-
dix). By careful design of experiments, the objective is to optimize
a response (output variable) which is influenced by several inde-
pendent variables (input variables). An experiment is a series of
tests, called runs, in which changes are made in the input variables
in order to identify the reasons for changes in the output response.

To optimize and predict the morphology and average fiber diam-
eter of electrospun silk, design of experiment was employed in the
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Table 1. Central composite design

) Coded values
X; Independent variables
-1 0 1
X, Silk concentration (%) 10 12 14
X, Applied voltage (KV) 10 15 20
X Temperature (°C) 25 50 75

present work. Morphology of fibers and distribution of fiber diam-
eter of silk precursor were investigated varying concentration, tem-
perature and applied voltage. A more systematic understanding of
these process conditions was obtained and a quantitative basis for
the relationships between average fiber diameter and electrospin-
ning parameters was established using response surface methodol-
ogy (Appendix), which will provide some basis for the preparation
of silk nanofibers.

A central composite design was employed to fit a second-order
model for three variables. Silk concentration (X,), applied voltage
(X,), and temperature (X;) were three independent variables (fac-
tors) considered in the preparation of silk nanofibers, while the fiber
diameters were dependent variables (response). The actual and cor-
responding coded values of three factors (X, X,, and X;) are given
in Table 1. The following second-order model in X, X, and X; was
fitted using the data in Table 1:

Y=£4+Lx+ 8+t B X1+ Boxot BaxsH B Xt B st Baxoxste

The Minitab and Mathlab programs were used for analysis of
this second-order model and for response surface plots (Minitab 11,
Mathlab 7).

By regression analysis, values for coefficients for parameters and
P-values (a measure of the statistical significance) are calculated.
When P-value is less than 0.05, the factor has significant impact on
the average fiber diameter. If the P-value is greater than 0.05, the
factor has no significant impact on the average fiber diameter. And
R, (which represents the proportion of the total variability that has
been explained by the regression model) for regression models was
obtained (Table2). The fitted second-order equation for average
fiber diameter can be considered by:

Y=391+311 X,— 164 X,+57 X;s— 162 X2+69 X2+391 X2
—159 X, X, 1315 X, X,— 144 XX, )

Where Y Average fiber diameter

Table 2. Regression analysis for the three factors (concentration,
applied voltage, temperature) and coefficients of the model
in coded unit*

Variables Constant P-value
5 391.3 0.008
X, B 310.98 0.00
X, 5 -164.0 0.015
X 5 57.03 0.00
X3 b 161.8 0.143
X3 B 68.8 0.516
X3 B 390.9 0.002
XX, P —158.77 0.048
X, X5 B 314.59 0.001
XX B —144 .41 0.069
F P-value R? R? (adj)
18.84 0.00 0.907 0.858

*Model: Y=£+8%,+ X+ BxXat X 1+ BooX st BranX st X iXot BsX,
[ ]

X5+ [15X,X; where “y” is average fiber diameter

From the P-values listed in Table 2, it is obvious that the P-value of
term X, is greater than the P-values for terms X, and X;. And other
P-values for terms related to applied voltage such as, X3, X, X,, X,X;
are much greater than the significance level of 0.05. That is, the ap-
plied voltage has not much significant impact on the average fiber
diameter, and the interactions between concentration and applied
voltage, temperature and applied voltage are not significant, either.
But P-values for terms related to X; and X are less than 0.05. There-
fore, temperature and concentration have a significant impact on
the average fiber diameter. Furthermore, R},; is 0.858, so this model
explains 86% of the variability in new data.

CONCLUSION

In the first parts of this study, the electrospinning of silk fibroin
was processed and the average fiber diameters depend on the elec-
trospinning condition. Morphology of fibers and distribution of diam-
eter were investigated at various concentrations, applied voltages
and temperature. The electrospinning temperature and the solution
concentration have a significant effect on the morphology of the
electrospun silk nanofibers. There effects were explained to be due
to the change in the rate of skin formation and the evaporation rate
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Fig. 5. Effect of electrospinning parameters on nanofibers diameter.
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Fig. 6. The optical microscope images of nanofiber web after lamination at various temperatures to be used as filter media.
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of solvents. To determine the exact mechanism of the conversion
of polymer into nanofibers requires further theoretical and experi-
mental work.

From a practical view the results of the present work can be con-
densed. Concentration of regenerated silk solution was the most
dominant parameter to produce uniform and continuous fibers. A
jet with a low concentration breaks into droplets readily and a mix-
ture of fibers and droplets as a result of low viscosity is generated.
On the other hand, jets with high concentration do not break up but
travel to the target and tend to facilitate the formation of fibers without
beads and droplets. In this case, fibers become more uniform with
regular morphology. In the electrospinning of silk fibroin, when
the silk concentration is more than 10%, thin and rod-like fibers
with diameters range from 60-450 nm were obtained. Furthermore,
in the electrospinning of silk fibroin, when the process temperature
was more than 25 °C, flat, ribbon-like and branched fibers with diam-
eters ranging from 60-7,000 nm were obtained.

Two-way analysis of variance was carried out at the significance
level of 0.05 to study the impact of concentration, applied voltages
and temperature on average fiber diameter. It was concluded that
concentration of solution and electrospinning temperature were the
most significant factors impacting the diameter of fibers. Applied
voltage had no significant impact on average fiber diameter.

In the second part of this study, the effect of laminating tempera-
ture on nanofiber/laminate properties is discussed. This laminating
temperature is an important parameter to make next-generation filter
media. Fig. 6 shows the optical microscope images of nanofiber
web after lamination at various temperatures. We will discuss the
laminating procedure in more detail in our future publications.

APPENDIX

Variables which potentially can alter the electrospinning process
(Fig. A-1) are large. Hence, investigating all of them in the frame-
work of one single research would almost be impossible. However,
some of these parameters can be held constant during experimenta-
tion. For instance, performing the experiments in a controlled envi-
ronmental condition, which is concerned in this study, the ambient
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Fig. A-1. A typical image of electrospinning process.

parameters (i.e., temperature, air pressure, and humidity) are kept un-
changed. Solution viscosity is affected by polymer molecular weight,
solution concentration, and temperature. For a particular polymer
(constant molecular weight) at a fixed temperature, solution con-
centration would be the only factor influencing the viscosity. In this
circumstance, the effect of viscosity could be determined by the
solution concentration. Therefore, there would be no need for vis-
cosity to be considered as a separate parameter.

In this regard, solution concentration (C), spinning distance (d),
applied voltage (V), and volume flow rate (Q) were selected to be
the most influential parameters. The next step is to choose the ranges
over which these factors are varied. Process knowledge, which is a
combination of practical experience and theoretical understanding,
is required to fulfill this step. The aim is here to find an appropriate
range for each parameter where dry, bead-free, stable, and continu-
ous fibers without breaking up to droplets are obtained. This goal
could be achieved by conducting a set of preliminary experiments
while having the previous works in mind along with utilizing the
reported relationships.

The relationship between intrinsic viscosity ([77]) and molecular
weight (M) is given by the well-known Mark-Houwink-Sakurada
equation as follows:

[7]=KM* (A-1)

where K and a are constants for a particular polymer-solvent pair
at a given temperature. Polymer chain entanglements in a solution
can be expressed in terms of Berry number (B), which is a dimen-
sionless parameter defined as the product of intrinsic viscosity and
polymer concentration (B=[77]C). For each molecular weight, there
is a lower critical concentration at which the polymer solution can-
not be electrospun.

As for determining the appropriate range of applied voltage, refer-
ring to previous works, it was observed that the changes of voltage
lay between 5 kV to 25 kV, depending on experimental conditions;
voltages above 25 kV were rarely used. Afterwards, a series of ex-
periments were carried out to obtain the desired voltage domain.
At V<10kV, the voltage was too low to spin fibers and 10 kV<
V<15kV resulted in formation of fibers and droplets; in addition,
electrospinning was impeded at high concentrations. In this regard,
15 kV<V<25 kV was selected to be the desired domain for applied
voltage.

The use of 5-20 cm for spinning distance was reported in the lit-
erature. Short distances are suitable for highly evaporative solvents,
whereas it results in wet coagulated fibers for nonvolatile solvents
due to insufficient evaporation time. Afterwards, this was proved
by experimental observations and 10 cm<d<20 cm was considered
as the effective range for spinning distance.

Few researchers have addressed the effect of volume flow rate.
Therefore, in this case attention was focused on experimental ob-
servations. At Q<0.2 ml/h, in most cases especially at high poly-
mer concentrations, the fiber formation was hindered due to insuf-
ficient supply of solution to the tip of the syringe needle. Whereas,
excessive feed of solution at Q>0.4 ml/h incurred formation of dro-
plets along with fibers. As a result, 0.2 ml/h<Q<0.4 ml/h was cho-
sen as the favorable range of flow rate in this study.

Consider a process in which several factors affect a response of
the system. In this case, a conventional strategy of experimentation,
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Fig. A-2. 3* Full factorial experimental design used in this study.

which is extensively used in practice, is the one-factor-at-a-time
approach. The major disadvantage of this approach is its failure to
consider any possible interaction between the factors, say the failure
of one factor to produce the same effect on the response at differ-
ent levels of another factor. For instance, suppose that two factors
A and B affect a response. At one level of A, increasing B causes
the response to increase, while at the other level of A, the effect of
B totally reverses and the response decreases with increasing B. As
interactions exist between electrospinning parameters, this approach
may not be an appropriate choice for the case of the present work.
The correct strategy to deal with several factors is to use a full fac-
torial design. In this method, factors are all varied together; there-
fore, all possible combinations of the levels of the factors are investi-
gated. This approach is very efficient, makes the most use of the
experimental data and takes into account the interactions between
factors.

It is trivial that in order to draw a line at least two points and for
a quadratic curve at least three points are required. Hence, three levels
were selected for each parameter in this study so that it would be
possible to use quadratic models. These levels were chosen equally
spaced. A full factorial experimental design with four factors (solu-
tion concentration, spinning distance, applied voltage, and flow rate)
each at three levels (3* design) was employed resulting in 81 treat-
ment combinations. This design is shown in Fig. A-2.

—1, 0, and 1 are coded variables corresponding to low, interme-
diate and high levels of each factor, respectively. The coded vari-
ables (x;) were calculated using Eq. (A-2) from natural variables
(&). The indices 1 to 4 represent solution concentration, spinning
distance, applied voltage, and flow rate, respectively. In addition to
experimental data, 15 treatments inside the design space were selected
as test data and used for evaluation of the models. The natural and
coded variables for experimental data (numbers 1-81) as well as
test data (numbers 82-96) are listed in in the Appendix.

_5—[57'4'5/']/2 )
YTIE - 812 (A-2)

The mechanism of some scientific phenomena has been well un-
derstood and models depicting the physical behavior of the system
have been drawn in the form of mathematical relationships. How-
ever, there are numerous processes at the moment which have not
been sufficiently understood to permit the theoretical approach. Re-
sponse surface methodology (RSM) is a combination of mathemati-
cal and statistical techniques useful for empirical modeling and analy-
sis of such systems. RSM is applied in situations where several input
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variables are potentially influencing some performance measure or
quality characteristic of the process - often called responses. The
relationship between the response (y) and k input variables (&, &,
..., &) could be expressed in terms of mathematical notations as
follows:

y:f(és 523 () éf) (A_3)

where the true response function f is unknown. It is often conve-
nient to use coded variables (x;, X, ..., X,) instead of natural (input)
variables. The response function will then be:

y:f(X], Xay eeny Xk) (A'4)

Since the form of true response function f is unknown, it must
be approximated. Therefore, the successful use of RSM is critically
dependent upon the choice of an appropriate function to approxi-
mate f. Low-order polynomials are widely used as approximating
functions. First-order (linear) models are unable to capture the inter-
action between parameters which is a form of curvature in the true
response function. Second-order (quadratic) models will likely per-
form well in these circumstances. In general, the quadratic model
is in the form of:

k k k
y=H+ Zl:ﬂzxz + Z}:ﬂzxzz + ;Zzlﬂiixij te (A-5)
where ¢is the error term in the model. The use of polynomials of
higher order is also possible but infrequent. The /% are a set of un-
known coefficients needed to be estimated. To do that, the first step
is to make some observations on the system being studied. The model
in Eq. (A-5) may now be written in matrix notation as:

y=Xpre (A-6)

where y is the vector of observations, X is the matrix of levels of
the variables, S s the vector of unknown coefficients, and ¢ is the
vector of random errors. Afterwards, method of least squares, which
minimizes the sum of squares of errors, is employed to find the es-
timators of the coefficients (3) through:

B=(XX)"Xy (A7)
The fitted model will then be written as:
y=Xp (A-8)

Finally, response surfaces or contour plots are depicted to help
visualize the relationship between the response and the variables
and see the influence of the parameters. As one can notice, there is
a close connection between RSM and linear regression analysis.

After the unknown coefficients (/%) were estimated by least squares
method, the quadratic models for the mean fiber diameter (MFD)
and standard deviation of fiber diameter (StdFD) in terms of coded
variables were written as:

MFD=282.031+34.953x,+5.622x,—2.113x,49.013x,— 11.613x}
—4.304x3—15.500x3— 0.414x2+12.517x,x,+4.020x,X,
—0.162x,x,+20.643%,%,+0.741x,x,10.877X:X4 (A-9)

StdFD=36.1574+4.5788x,— 1.5536x,+6.4012x,+1.1531x,—2.2937x}
—0.1115x3—1.1891x3+3.0980x;— 0.2088x,x,+1.0010x,X;
+2.7978%,x,10.1649x,%,—2.4876x,x,+1.5182x,X, (A-10)
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Table A-1. Summary of the results from statistical analysis of the

Table A-2. The test on individual coefficients for the model of mean

models fiber diameter (MFD)

F p-Value R? R}, R’ Term (coded) Coef. T p-Value
MFD 106.02 0.000 95.74% 94.84%  93.48% Constant 282.031 102.565 0.000
StdFD  42.05  0.000 89.92% 87.78% 84.83% C 34.953 31.136 0.000
d 5.622 5.008 0.000
In the next step, several very important hypothesis-testing pro- v —2.113 ~1.882 0.064
cedures were carried out to measure the usefulness of the models Qz 9.013 8.028 0.000
presented here. First, the test for significance of the model was per- C ~11.613 =973 0.000
formed to determine whether there is a subset of variables which d’ —4.304 —2.214 0.030
contributes significantly in representing the response variations. The Ve —15.500 =7.972 0.000
appropriate hypotheses are: Q’ -0.414 -0213 0.832
Cd 12.517 9.104 0.000
He B=p=-=f (A-11) cv 4.020 2.924 0.005
H,: 50 for at least one j cQ ~0162 ~0.118 0.906
The F statistics (the result of dividing the factor mean square by the dv 20.643 15.015 0.000
error mean square) of this test along with the p-values (a measure of dQ 0.741 0.539 0.592
statistical significance, the smallest level of significance for which the vQ 0.877 0.638 0.526

null hypothesis is rejected) for both models are shown in Table A-1.

The p-values of the models are very small (almost zero); there-
fore, it could be concluded that the null hypothesis is rejected in
both cases, suggesting that there are some significant terms in each
model. Also included in are the values of R*, R}, and R’,,. R* is a
measure for the amount of response variation which is explained
by variables and will always increase when a new term is added to
the model regardless of whether the inclusion of the additional term
is statistically significant or not. R}, is the adjusted form of R* for
the number of terms in the model; therefore, it will increase only if
the new terms improve the model and decrease if unnecessary terms
are added. R, implies how well the model predicts the response
for new observations, whereas R* and R, indicate how well the
model fits the experimental data. The R? values demonstrate that
95.74% of MFD and 89.92% of StdFD are explained by the vari-
ables. The R, values are 94.84% and 87.78% for MFD and StdFD,
respectively, which account for the number of terms in the models.
Both R* and R}, values indicate that the models fit the data very
well. The slight difference between the values of R and R’ sug-
gests that there might be some insignificant terms in the models.
Since the R’,,, values are so close to the values of R* and R, the
models do not appear to be overfit and have very good predictive
ability.

The second testing hypothesis is evaluation of individual coeffi-
cients, which would be useful for determination of variables in the
models. The hypotheses for testing of the significance of any indi-
vidual coefficient are:

H,: =0
H;: =0

(A-12)

The model might be more efficient with inclusion or perhaps ex-
clusion of one or more variables. Therefore, the value of each term
in the model is evaluated by using this test and then by eliminating
the statistically insignificant terms, more efficient models could be
obtained. The results of this test for the models of MFD and StdFD
are summarized in Table A-2 and Table A-3, respectively. T statistic
in these tables is a measure of the difference between an observed
statistic and its hypothesized population value in units of standard

Table A-3. The test on individual coefficients for the model of stan-
dard deviation of fiber diameter (StdFD)

Term (coded) Coef. T p-Value
Constant 36.1574 39.381 0.000
C 4.5788 12.216 0.000
D —1.5536 —4.145 0.000
v 6.4012 17.078 0.000
Q 1.1531 3.076 0.003
c? -2.2937 —3.533 0.001
d? —-0.1115 -0.172 0.864
V2 —1.1891 -1.832 0.072
Q? 3.0980 4772 0.000
Cd —-0.2088 —-0.455 0.651
CcvV 1.0010 2.180 0.033
CQ 2.7978 6.095 0.000
dv 0.1649 0.359 0.721
dQ —2.4876 -5.419 0.000
vQ 1.5182 3.307 0.002
eITor.

As depicted, the terms related to Q?, CQ, dQ, and VQ in the model
of MFD and related to d°, Cd, and dV in the model of StdFD have
very high p-values; therefore, they do not contribute significantly
in representing the variation of the corresponding response. Elimi-
nating these terms will enhance the efficiency of the models. The
new models are then given by recalculating the unknown coeffi-
cients in terms of coded variables in Egs. (A-13) and (A-14), and
in terms of natural (uncoded) variables in Egs. (A-15), (A-16).

MFD=281.755+34.953x,+5.622x,—2.113x,+9.013x,— 11.613x]
—4.304x3—15.500x3+12.517x,%,+4.020x,x5+20.643%,%; (A-13)

StdFD=36.083+4.579x,— 1.554x,+6.401x,+1.153x,
—2.294x2 — 1.189x2+3.098x2+1.001x,Xs

+2.798x,x,—2.488x,x,+1.518x,%, (A-14)
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Table A-4. Summary of the results from statistical analysis of the
models after eliminating the insignificant terms

F p-Value R? R, R?

-pred

MFD 155.56 0.000  95.69% 95.08%  94.18%
StdFD 55.61 0.000 89.86% 88.25%  86.02%
MFD=10.3345+48.7288C—-22.7420d+7.9713V
+90.1250Q-2.9033C*-0.1722d*-0.6120V*
+1.2517Cd+0.4020CV+0.8257dV (A-15)
StdFD=—1.8823+7.5590C+1.1818d+1.2709V
—300.3410Q-0.5734C*-0.0476V>+309.7999Q°
+0.1001CV+13.9892CQ—-4.9752dQ+3.0364VQ (A-16)

The results of the test for significance as well as R?, R}, and
R}, for the new models are given in Table A-4. It is obvious that
the p-values for the new models are close to zero, indicating the
existence of some significant terms in each model. Comparing the
results of this table with Table A-1, the F statistic increased for the
new models, indicating the improvement of the models after elimi-
nating the insignificant terms. Despite the slight decrease in R?, the
values of R}, and R’,,, increased substantially for the new models.
As mentioned earlier, R* will always increase with the number of
terms in the model. Therefore, the smaller R* values were expected
for the new models, due to the fewer terms. However, this does not
necessarily suggest that the previous models were more efficient.
Looking at the tables, R, which provides a more useful tool for
comparing the explanatory power of models with different number
of terms, increased after eliminating the unnecessary variables. Hence,
the new models have the ability to better explain the experimental
data. Due to higher R’,.,, the new models also have higher predic-
tion ability. Thus, eliminating the insignificant terms results in sim-
pler models that not only present the experimental data in superior
form, but also are more powerful in predicting new conditions.

The test for individual coefficients was performed again for the
new models. The results of this test are summarized in Table A-5
and Table A-6. This time, as it was anticipated, no terms had higher
p-value than expected, which needed to be eliminated. Here is another
advantage of removing unimportant terms. The values of T statistic

Table A-5. The test on individual coefficients for the model of mean
fiber diameter (MFD) after eliminating the insignificant

terms
Term (coded) Coef. T p-Value
Constant 281.755 118.973 0.000
C 34.953 31.884 0.000
d 5.622 5.128 0.000
\Y% -2.113 -1.927 0.058
Q 9.013 8.221 0.000
C -11.613 —-6.116 0.000
& -4.304 -2.267 0.026
V? —-15.500 -8.163 0.000
Cd 12.517 9.323 0.000
CcvV 4.020 2.994 0.004
dv 20.643 15.375 0.000
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Table A-6. The test on individual coefficients for the model of stan-
dard deviation of fiber diameter (StdFD) after eliminat-
ing the insignificant terms

Term (coded) Coef. T p-Value
Constant 36.083 45.438 0.000
C 4.579 12.456 0.000
d —1.554 -4.226 0.000
Vv 6.401 17.413 0.000
Q 1.153 3.137 0.003
c? -2.294 —-3.602 0.001
V2 -1.189 —1.868 0.066
Q? 3.098 4.866 0.000
CcvV 1.001 2.223 0.029
CcQ 2.798 6.214 0.000
dQ —2.488 -5.525 0.000
VQ 1.518 3.372 0.001

increased for the terms already in the models, implying that their
effects on the response became stronger.

After the relationship between parameters was developed, the
test data were used to investigate the prediction ability of the models.
Root mean square errors (RMSE) between the calculated responses
(C)) and real responses (R;) were determined using Eq. (A-17) for
experimental data as well as test data for the sake of evaluation of
both MFD and StdFD models.

S(C—R)’
RMSE= &L
n
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