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a b s t r a c t

Ultrafine fibers were electrospun from Polyacrylonitrile and N,N-dimethylformamide solution to be used
as a precursor for carbon nanofibers. An electrospinning set-up was used to collect fibers with diameter
ranging from 104 nm to 434 nm. Morphology of fibers and its distribution were investigated by varying
Berry's number, charge density, spinning angle, spinneret diameter and collector area. A more systematic
understanding of process parameters was obtained and a quantitative relationship between electro-
spinning parameters and average fiber diameter was established by using response surface methodology.
It was concluded that; Berry's number, charge density and spinneret diameters played an important role
to the diameter of nanofibers and its standard deviation. Spinning angle and collector area had no sig-
nificant impact. Based on response surface methodology the optimum Polyacrylonitrile average fiber
diameter of 280 nm and 28 nm standard deviation, were collected at 1.6 kV/cm charge density, 8 Berry's
number and 0.9 mm spinneret diameter.

© 2014 Elsevier B.V. All rights reserved.
Introduction

The electrospinning technology has been known for a long time.
Zeleny [1] presented one of the earliest studies of the electrified
jetting phenomenon; the role of the surface instability in electrical
discharges from charged droplets has been studied in this paper.

Between 1934 and 1944, Formhals [2e5] published a series of
patents describing an experimental setup for the production of
polymer filaments using electrostatic forces. In 1966, Simons [6]
patented an apparatus for the production of patterned, ultrathin,
low weight, non-woven fabrics using electrical spinning.

Taylor [7e10] studied the stable shape of charged liquid drops
that was deformed by an electric field into a conical geometry now
known as a Taylor cone.

In 1971, Baumgarten [11] prepared an apparatus to electrospin
acrylic fibers with diameters in the range of 500 nme1.1 mm.
Although the electrospinning process has shown promising po-
tential and has existed for several decades in the literature, the
process has remained essentially unchanged and its understanding
is still limited [12].
yahoo.com (A.A. Ali).
In the 1990s, a great interest in electrospinning research was
generated when Doshi and Reneker [13] reintroduced this tech-
nique to make submicron fibers. Polyacrylonitrile (PAN) and co-
polymers of PAN have been widely studied for almost a century for
commercial/technological exploitations. PAN may be cross-linked,
but also may exist without crosslinking. Crosslinking of PAN will
impart some of its important physical properties, such as insolu-
bility and resistance to swelling in common organic solvents.
Recently, considerable efforts have been devoted to its processing
and fiber forming technologies.

Among the various precursors for producing carbon nanofibers
(CNFs), PAN is the most commonly used polymer, mainly due to its
high carbon yield (up to 56%), flexibility for tailoring the structure
of the final CNFs products and the ease of obtaining stabilized
products due to the formation of a ladder structure via nitrile
polymerization [14e19]. Also, PAN is a well-known polymer with
good stability and mechanical properties, has been widely used in
producing CNFs as these have attracted much recent attention due
to their excellent characteristics, such as spinnability, environ-
mentally benign nature and commercial viability.

The chemistry of PAN is of particular interest because of its use
as a precursor in the formation of CNFs for different applications,
including porous structured CNFs of high surface area for elec-
tronics and energy storage applications as well as graphite
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Fig. 1. Electrospinning set-up: 1. Control box e 2. Positive charged electrode e 3. Glass
syringe e 4. Wooden stand e 5. Metal collector e 6. Grounded counter electrode e 7.
Collector adjusted hand e 8. High voltage source e 9. Metal needle.
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reinforcement filaments for organic materials in high strength and
high stiffness composites. The recent review by Inagaki et al. [20]
describes the chemistry and applications of CNFs, restricted
mainly to the research on scientific and technological de-
velopments in Japan.

Barhate and Ramakrishna [21] published a review on nanofibers
as a filtering media for tiny materials. Li and Xia [22] discussed
about the trends in nanofibers with emphasis on electrospinning
techniques to produce nanofibers.

PAN nanofibres and carbon nanotube (CNT) reinforced PAN
nanofibres were successfully electrospun [23]. Ali [24e28] pub-
lished a series of publications studying the characteristics of the
electrospun PAN/N,N-dimethylformamide (DMF) polymer solution
using both wet and dry collectors, before and after heat treatment,
with and without nano reinforcements. In his work optimization of
the process for PAN nanofibers has been introduced without using
any statistical analysis such as response surfacemethodology (RSM).

RSM has been used successfully for process optimization in
many studies such as polymer electrospinning and polymer
hydrogels [29e31]. Process optimization of nanofibers based layers
has been investigated by RSM in order to predict the domain of the
parameters where the smallest fiber diameter can be achieved. A
quantitative relationship between electrospinning parameters and
the responses (mean diameter and standard deviation) was
established and then the final multi-layers structure of nanofibers
and nanoparticles has been achieved for a controlled and robust
process [32e34].

In this work RSM has been used to optimize the electrospun PAN
by studying the effect of five major processing parameters on
electrospun PAN fiber diameter and its standard deviation.

The selected five major parameters are:

1. Berry's number: dimensionless parameter measures the degree
of molecular chain entanglement and it is equal to the product
of PAN concentration by PAN/DMF intrinsic viscosity. Berry's
number covers polymer molecular weight, polymer concentra-
tion and polymer/solvent solubility parameter. So, it can be used
as a more generalized bench mark scale to measure molecular
conformation including PAN molecular weight, concentration
and solvent type. Equation of Berry's number is given below:

Berry's number ¼ intrinsic viscosity � concentration (1)

where; intrinsic viscosity is the ratio of specific viscosity to con-
centration at infinite dilution.

2. Charge density: measures the amount of applied voltage (kV)
divided by the linear distance (cm) between the spinneret and
the collector center.

3. Spinneret diameter: measures the inside diameter of the metal
needle of flatten end (mm).

4. Spinning angle: measures the inclination angle with the vertical
axis connecting between the spinneret center and the collector
center (degree).

5. Collector size: measures the collector area (cm2).
Table 1
Coded and actual values of the input parameters.

Input parameters Symbol Levels

�2 �1 0 1 2

Spinning angle (q) X1 15 30 45 60 75
Charge density (kV/cm) X2 1 1.3 1.6 1.9 2.2
Berry's number X3 4 6 8 10 12
Spinneret diameter (mm) X4 0.5 0.7 0.9 1.1 1.3
Collector area (cm2) X5 25 100 175 250 325
Experimental

Preparation of polymer solution

PAN of 150,000 g/mol molecular weight from Aldrich, catalog
no. (181315) was used with 4e12% weight concentration in DMF to
form a polymer solution after hot stirring for 3 h at 60 �C to ensure a
complete solubility. The intrinsic viscosity has been measured by
using Ostwald viscometer and its value for the used PAN/DMF
polymer solution found to be equal one (exact value ¼ 1.0044).

Electrospinning set-up

The electrospinning setup was assembled in our lab as shown in
Fig. 1.The spinning solution was placed in 10 ml glass syringe with a
metal needle of different diameters. Metal needlewas connected to a
high voltage power supply generates DC voltage up to 25 kV. A flat
metal plate with aluminum foil was placed below and serving as a
grounded counter electrode. The voltage between the electrode and
the counter electrode was controlled by the high voltage power
supply. A stable drop of the solution was suspended at the tip of the
capillary before the powerwas supplied.Morphology of the collected
PAN fibers were studied by using scanning electron microscopy
(SEM) after drying under vacuum at room temperature for 24 h.

Design of experiments

The accuracy and effectiveness of an experimental program
depends on careful planning and execution of the experimental



Table 2
Experimental design matrix and experimental results.

Exp. no. Input process parameter Exp. results

Spinning angle (q) Charge density
(kV/cm)

Berry's no. Spinneret dia.
(mm)

Collector size
(cm2)

Average fiber
diameter (nm)

STDEV (nm)

1 30 1.3 6 0.7 250 196 39
2 60 1.3 6 0.7 100 220 42
3 30 1.9 6 0.7 100 285 38
4 60 1.9 6 0.7 250 264 38
5 30 1.3 10 0.7 100 210 57
6 60 1.3 10 0.7 250 226 47
7 30 1.9 10 0.7 250 329 110
8 60 1.9 10 0.7 100 325 68
9 30 1.3 6 1.1 100 214 39
10 60 1.3 6 1.1 250 241 32
11 30 1.9 6 1.1 250 249 49
12 60 1.9 6 1.1 100 256 40
13 30 1.3 10 1.1 250 346 83
14 60 1.3 10 1.1 100 414 98
15 30 1.9 10 1.1 100 321 67
16 60 1.9 10 1.1 250 434 120
17 15 1.6 8 0.9 175 284 45
18 75 1.6 8 0.9 175 257 50
19 45 1 8 0.9 175 223 50
20 45 2.2 8 0.9 175 268 50
21 45 1.6 4 0.9 175 104 27
22 45 1.6 12 0.9 175 364 94
23 45 1.6 8 0.5 175 297 50
24 45 1.6 8 1.3 175 306 58
25 45 1.6 8 0.9 25 340 69
26 45 1.6 8 0.9 325 297 32
27 45 1.6 8 0.9 175 282 30
28 45 1.6 8 0.9 175 282 26
29 45 1.6 8 0.9 175 282 27
30 45 1.6 8 0.9 175 282 29
31 45 1.6 8 0.9 175 282 26
32 45 1.6 8 0.9 175 282 30
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procedures with a view to achieving a minimum average fiber
diameter. The effect of Berry's number (Five adjusted concentra-
tions have been used to study the effect of Berry's number calcu-
lated from Equation (1)), charge density, spinning angle, spinneret
diameter and collector area were investigated. In this work,
Fig. 2. Measurement of aver
experiments were carried out according to a central composite
second order rotatable design which has been chosen from the
software options after Montgomery [33] recommendation for
similar number of experimental variables based on response sur-
facemethodology (RSM). Design of experiments (DOE) and features
age nanofiber diameter.



Fig. 3. Morphology of nanofibers at experimental design matrix (electrospinning parameters of each Exp. no. are shown in Table 2).
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of Design Expert-6 software were utilized as well to determine the
coefficients of mathematical modeling based on the response sur-
face regression model. These developed models are very helpful to
predict average fiber diameter and standard deviation of fiber
diameter for the proposed values of input variables and to select an
optimum combination of input variables for the average fiber
diameter and standard deviation of electrospun fiber diameters.
Design Expert-6 software also produces ANOVA tables to test lack
of fit of the RSM-based models, and offers the “graphic option” to
obtain a response surface plot for the selected parametric ranges of
the developed response surfaces. The electrospinning parameters
are arranged in five levels as shown in Table 1. The experimental



Table 3
Actual mathematical model of the average fiber diameter.

y ¼ average fiber diameter (nm)

þ280.57955
*X1 þ0.845833
*X2 þ21.37500
*X3 þ47.79167
*X4 þ17.12500
*X5 �3.04167

*X2 *X1 �0.81250
*X3 *X1 þ11.43750
*X4 *X1 þ10.81250
*X5 *X1 �10.43750
*X3 *X2 þ3.56250
*X4 *X2 �20.81250
*X5 *X2 þ6.93750
*X4 *X3 þ25.18750
*X5 *X3 þ3.93750
*X5 *X4 þ7.31250

*X1
2 �1.45455

*X2
2 �7.70455

*X3
2 �5.57955

*X4
2 þ6.29545

*X5
2 þ10.54545

Fig. 4. Predicted vs. measured values of average fiber diameter.
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design was based on 5 factors, 5 levels each, and 6 replicates at
central points. The design of experiment counted 32 runs and for
every sample the response, fiber diameter, has been recorded from
SEM micrographs as previously mentioned. The results of the
recorded mean diameter and the relative standard deviation for
every set of experiments are shown in Table 2.

3. Measurement and characterization

Morphology

The morphology of electrospun PAN fibers was investigated by
scanning electron microscopy (JEOL JSM-5600LV) after being gold-
coated. Each of SEM pictures was divided into four equal regions as
shown in Fig. 2 then same amount of measured fibers were taken
from each quarter. The diameters were measured precisely by
correlating the number of the points used by the software to the
given measured distance from the SEM in each picture under a
suitable magnification.

Results and discussion

Electro-spun PAN fiber morphology

Fig. 3 shows the morphology of electrospun PAN nanofibers
have been collected from input parameters shown in Table 2.
Spindle-like beads was collected at Berry's no. ¼ 6 and charge
density 1.3 kV/cm as shown in Fig. 3 (Exp. 1, 2, 9, and 10) as charge
density increases to 1.9 kV/cm for same Berry's number a spindle-
like beads formation decreases and more uniform fibers were
collected as shown in Fig. 3 (Exp. 3 & 4). As Berry's numbers in-
creases from 6 to 10 and up to 12 for same charge density beads
were disappeared and more uniform fibers were collected. As
shown in Fig. 3 (Exp. 5, 6, 7, 8, and 12) and Fig. 3 (Exp. 6) as Berry's
number ¼ 10, charge density ¼ 1.3 kV/cm, PAN average fiber di-
ameters of 210 ± 47 nm were collected. As shown in Fig. 3 (Exp. 7
and 8) as Berry's number ¼ 10, charge density ¼ 1.9 kV/cm, PAN
average fiber diameters of 320 ± 110 nm and 352 ± 68 nm were
collected. The average values and standard deviations of fiber di-
ameters were taken for statistical analysis.

The mathematical modeling for nanofibers based layers

The relationship between the five factors (Berry's number,
charge density, spinning angle, spinning diameter and collector
area) and the response was approximated by a second-order
polynomial model:

y ¼ b0 þ
Xk

i¼1

biXi þ
Xk

i¼1

bijX
2 þ

X

i

X

j

bijXiXj þ ε (2)

The coefficient b0 is the free term, the coefficients bi are the
linear terms, the coefficients bij are the interaction terms, and the
coefficients bii are the quadratic terms. Using the results shown in
Table 2, the full form of the derived models could be extracted. The
adequacies of the models were checked by using the analysis of
variance ANOVA. Through this technique, the F- ratio for each term
in the developed model was determined to know the significant
and non-significant terms. Furthermore, the lake of fit of each
model was determined to measure the deviation of the response
from the fitted surface. Design Expert software was used to analyze
the experimental data of the response parameters. In addition,
Design Expert software produces ANOVA Tables to test the lack of
fit of the RSM-based models.
Effect of electrospinning parameters on average fiber diameter
Based on Equation (2), the effect of input parameters, shown in

Table 1, on the average fiber diameter has been evaluated by
computing the values of various constants using Design Expert
software and the relevant experimental results from Table 2. The
mathematical model of the average fiber diameter can be expressed
as shown in Table 3.

where y is average fiber diameter in (nm), X1, X2, X3, X4, and X5
are the coded values of spinning angle (q in degree), charge density
(kV/cm), Berry's number, spinneret diameter (mm) and collector
size (cm2) respectively. From Table 3 it can be noticed that; the
model F-value of 7.15 which implies the average fiber diameter
model is significant. There is only a 0.09% chance that a “Model F-
Value” this large could occur due to noise. In this case X2, X3, X4,
X2X4 and X3X4 are significant model terms. Values of “Prob > F” less
than 0.05 indicate model terms are significant. Values greater than
0.1 indicate the model terms are not significant. The “Pred R-
Squared” of 90.70% is in reasonable agreement with the “Adj R-
Squared” of 79.87%. “Adeq Precision” measures the signal to noise



Table 6
ANOVA for RS (STDEV).

Source Sum of
squares

df Mean square F value P-value Prob > F

Model 17843.68 20 892.18 6.76 0.0012
X1 7.04 1 7.04 0.053 0.8216
X2 360.38 1 360.38 2.73 0.1267
X3 8475.04 1 8475.04 64.21 <0.0001
X4 459.38 1 459.38 3.48 0.0890
X5 1.04 1 1.04 7.892 � 10�3 0.9308
X1X2 0.063 1 0.063 4.735 � 10�4 0.9830
X1X3 52.56 1 52.56 0.40 0.5409
X1X4 637.56 1 637.56 4.83 0.0503
X1X5 517.56 1 517.56 3.92 0.0732
X2X3 280.56 1 280.56 2.13 0.1728
X2X4 126.56 1 126.56 0.96 0.3485
X2X5 1207.56 1 1207.56 9.15 0.0116
X3X4 430.56 1 430.56 3.26 0.0983
X3X5 315.06 1 315.06 2.39 0.1506
X4X5 7.56 1 7.56 0.057 0.8152
X1
2 740.02 1 740.02 5.61 0.0373

X2
2 935.64 1 935.64 7.09 0.0221

X3
2 2522.18 1 2522.18 19.11 0.0011

X4
2 1296.31 1 1296.31 9.82 0.0095

X5
2 977.52 1 977.52 7.41 0.0199

Residual 1451.82 11 131.98
Lack of fit 1433.82 6 238.97 66.38 0.0001
Pure error 18.00 5 3.60
Cor total 19295.50 31

Where DF is the Degree of freedom.

Table 4
Actual mathematical model of STDEV.

y ¼ STDEV (nm)

þ27.85227
*X1 þ0.54167
*X2 þ3.87500
*X3 þ18.79167
*X4 þ4.37500
*X5 �0.20833

*X2 *X1 þ0.062500
*X3 *X1 þ1.81250
*X4 *X1 þ6.31250
*X5 *X1 �5.68750
*X3 *X2 þ4.18750
*X4 *X2 �2.81250
*X5 *X2 þ8.68750
*X4 *X3 þ5.18750
*X5 *X3 þ4.43750
*X5 *X4 þ0.68750

*X1
2 þ5.02273

*X2
2 þ5.64773

*X3
2 þ9.27273

*X4
2 þ6.64773

*X5
2 þ5.77273
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ratio. The model ratio is 11.207 indicates an adequate signal. This
model has been used to navigate the design space. The previous
mathematical model Table 3, the experimental and the predicted
data are plotted in Fig. 4.This scatter diagram and ANOVA Table 6
clearly show that; the predictions made by the average fiber
diameter mathematical model Table 3 are in a good agreement
with the experimental data.

Effect of electrospinning parameters on STDEV
Based on Equation (2), the effect of input parameters (Table 1)

on the STDEV have been evaluated by computing the values of
various constants using Design Expert software and the relevant
experimental results from Table 2. The mathematical model of the
STDEV can be expressed as shown in Table 4.

where y is fiber STDV in (nm) and X1, X2, X3, X4, and X5 are the
coded values of spinning angle (q in degree), charge density (kV/
Table 5
ANOVA for RS average fiber diameter.

Source Sum of squares df Mean square F value P-value Prob > F

Model 1.074 � 105 20 5370.82 7.15 0.0009
X1 1717.04 1 1717.04 2.29 0.1588
X2 10965.38 1 10965.3 14.60 0.0028
X3 54817.04 1 54817.0 72.97 <0.0001
X4 7038.38 1 7038.38 9.37 0.0108
X5 222.04 1 222.04 0.30 0.5975
X1X2 10.56 1 10.56 0.014 0.9078
X1X3 2093.06 1 2093.06 2.79 0.1233
X1X4 1870.56 1 1870.56 2.49 0.1429
X1X5 1743.06 1 1743.06 2.32 0.1559
X2X3 203.06 1 203.06 0.27 0.6134
X2X4 6930.56 1 6930.56 9.23 0.0113
X2X5 770.06 1 770.06 1.03 0.3331
X3X4 10150.56 1 10150.5 13.51 0.0037
X3X5 248.06 1 248.06 0.33 0.5771
X4X5 855.56 1 855.56 1.14 0.3088
X1
2 62.06 1 62.06 0.083 0.7791

X2
2 1741.23 1 1741.23 2.32 0.1561

X3
2 913.19 1 913.19 1.22 0.2938

X4
2 1162.56 1 1162.56 1.55 0.2394

X5
2 3262.06 1 3262.06 4.34 0.0613

Residual 8263.77 11 751.25
Lack of fit 8263.77 6 1377.30
Pure error 0.000 5 0.000
Cor total 1.157 � 10 31
cm), Berry's number, spinneret diameter (mm) and collector size
(cm2) respectively. From Table 6, it can be noticed that the model F-
value of 6.76 which implies the STDEVmodel is significant. There is
only a 0.12% chance that a “Model F-Value” this large could occur
due to noise. In this case X3, X2X5, X1

2, X2
2, X3

2, X4
2 and X5

2 are signif-
icant model terms. Values of “Prob > F” less than 0.05 indicate
model terms are significant. Values greater than 0.1 indicate the
model terms are not significant. The “Lack of Fit F-value” of 66.38
implies the Lack of Fit is significant. There is only a 0.01% chance
that a “Lack of Fit F-value” this large could occur due to noise. The
“Pred R-Squared” of 92.5% is in reasonable agreement with the “Adj
R-Squared” of 79.5%. “Adeq Precision” measures the signal to noise
ratio. The model ratio is 8.930 indicates an adequate signal. This
model can be used to navigate the design space. The previous
mathematical model Table 4, the experimental and the predicted
Fig. 5. Predicted vs. measured values of STDV.



Fig. 6. Main effect plots of (a) charge density, (b) Berry's number and (c) spinneret
diameter on average fiber diameter.
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data are plotted in Fig. 5.This scatter diagram and ANOVA clearly
show that, the predictions made by the STDEVmathematical model
(Table 4) are in a good agreement with the experimental data
(Table 5).
Main effect plots and interaction plot of factors on average fiber
diameter

As shown in Fig. 6aec the effect of charge density, Berry's
number and spinneret diameter on the collected PAN average fiber
diameter by using RSM indicates a more uniformity for electrospun
PAN fibers at 1.6 kV/cm charge density, Berry's number of 8 with
0.9 mm spinneret diameter.

As shown in Fig. 6a the effect of charge density on the collected
PAN average fiber diameter by using RSM indicates more unifor-
mity for electrospun PAN fibers at1.6 kV/cm charge density. As
shown in Fig. 6b the effect of Berry's number on the collected PAN
average fiber diameter by using RSM indicates more uniformity for
electrospun PAN fibers at 8 Berry's number. Also As shown in Fig. 6c
the effect of spinneret diameter on the collected PAN average fiber
diameter by using RSM indicates a more uniformity for electrospun
PAN fibers at 0.9 mm spinneret diameter.
Conclusions

The effect of the specified five major electrospinning processing
parameters (Berry's number, charge density, spinneret diameter,
spinning angle and collector size) on electrospun PAN fiber by using
RSM can be summarized in the following points:

1. The RSMmathematical model can be used to predict the average
fiber diameter and its standard deviation as well as to optimize
the assigned electrospinning parameters within the specified
regions.

2. The RSM mathematical model concluded that; charge density,
Berry's number, and spinneret diameter have a significant
impact and play an important role on average fiber diameter and
its standard deviation. On the other hand, collector area and
spinning angle have a non-significant impact on the electrospun
PAN average fiber diameter.

3. A minimum PAN average fiber diameter of 280 ± 28 nm was
reported at 1.6 kV/cm charge density, 8 Berry's number and
0.9 mm spinneret diameter based on the RSM mathematical
model.
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