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ABSTRACT: In electrospinning, the structure of nanofib-
ers, which is affected by polymer solution parameters and
processing conditions, influences the physical characteris-
tics of nanofiber mats. In this study, under optimum con-
ditions of electrospinning, the concentration of polyacrylo-
nitrile (PAN) was changed from 11 to 15 wt %, and its
effects on the nanofiber diameter and surface porosity of
nanofiber mats were studied. The results showed that
increasing the PAN polymer concentration enhanced the
nanofiber diameter but reduced the surface porosity of
nanofiber mats. Because the diameter and surface porosity
are parameters that possess mutual effects, a structural pa-
rameter (Q) was introduced, and then its relation to some
of the physical characteristics, such as the air permeability

and surface roughness, was investigated. To evaluate the
surface roughness, atomic force microscopy (AFM) and en-
tropy (ENT) methods were used. The surface roughness of
nanofiber mats was measured by AFM in a surface non-
contact mode and by ENT with an image analysis tech-
nique and co-occurrence matrix. The correlation coefficient
of the surface roughness obtained from these two methods
was 94%. The results also present a strong dependence
between Q and the surface roughness and air permeability
of nanofiber mats. � 2008 Wiley Periodicals, Inc. J Appl Polym
Sci 108: 2994–3000, 2008
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INTRODUCTION

Fibrous materials used for filter media provide
advantages of higher filtration efficiency and lower
air resistance, which are closely associated with fiber
fineness.1,2 Filtration efficiency is one of the most im-
portant concerns for filter performance.3–9 There are
various methods used to produce ultrafine fibers.1,2

Recently, much attention has been directed toward
electrospinning as a unique technique for the fabrica-
tion of nanofibers.1–13 In electrospinning, a high volt-
age is applied to a capillary containing a polymer so-
lution. At a voltage sufficient to overcome surface
tension forces, a charged fluid jet is ejected from the
needle tip. The jet is stretched and elongated before
it reaches the target and then dried and collected as
randomly oriented structures in the form of a non-
woven mat.

Nanofiber is a broad term that generally refers to a
fiber with a diameter less than 1 lm.4,5 Nanofibers,

because of their unique properties, such as a small
diameter, a high specific surface area, and the poten-
tial to incorporate active chemistry, have many
applications.1,2

Electrospun nanofiber mats can be produced with
a wide range of porosity values. These nanowebs
have good aerosol particle obstruction and compara-
tively low air resistance. Because of these properties,
nanofiber mats are unique candidates for filtration
and protective clothing. Recently, the filtration prop-
erties of electrospun mats have been studied.3–11 To
provide appropriate mechanical properties, nano-
fiber webs have been applied to various substrates.
Substrates are often chosen to resemble conventional
filter materials.10

Gibson et al.6,7 reported some properties of elec-
trospun mats. They compared performances of elec-
trospun fiber mats with properties of textiles and
membranes currently used in protective clothing sys-
tems and showed that electrospun layers are
extremely efficient for trapping airborne particles.
Also, they reported that the air flow resistance and
aerosol filtration properties correlate with the elec-
trospun coating add-on weight. They showed that
an extremely thin layer of electrospun nanofibers
eliminated particle penetration through the layer.
Transport properties of electrospun nylon 6 mats
were investigated by Ryu et al.12 They found that
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the polymer solution concentration affected the fiber
diameter, pore size, Brunauer–Emmett–Teller surface
area, and gas transport properties of mats. It has
been shown that the filtration efficiency of nylon 6
nanofilters is superior to that of a commercialized
high-efficiency particulate air filter for 0.3-lm test
particles.3 Li et al.13 found that the pore size and
pore size distribution of electrospun poly(lactic acid)
membranes are strongly associated with the fiber
mass, fiber diameter, and fiber length.

The main aim of this study was to investigate the
effect of the polyacrylonitrile (PAN) polymer con-
centration on the characteristics of nanofiber mats.
First, the PAN polymer concentration was changed;
the solution viscosity and fiber diameter were
measured. The distribution of the fiber diameter
was identified. Then, textural features of the mats
were quantitatively evaluated. For the characteriza-
tion of the mat structure, the product of the mean
coverage and fiber diameter was used. Finally, the
correlation between the structural characteristics of
the mats and other properties of the nanofiber mats,
such as the roughness and air permeability, were
investigated.

Structural characteristics of nanofibrous mats

A summary of the structural models of nanofibrous
assemblies (mats) and theoretical expressions for the
computation of the basic structural characteristics of
these assemblies is presented ref. 14. The basic rela-
tions are here adopted to compute relations between
the nanofiber diameter, roughness, and porosity or
pore size from basic characteristics of a nanofibrous
network. This network is used as a working model
for nanofibrous mats.

Nanofibers in a network are simply assumed to be
solid, straight rods having length L (usually greater
than 10 mm), diameter d, and linear density J, which
is defined as follows:

J ¼ pd2q
4

(1)

where q is the (volumetric) density of the fiber. The
network is characterized by the porosity, which is
defined usually as follows:

Porosity ¼ 1� qh
w

(2)

where h is the network thickness and w is the net-
work areal density. In this simplified network, the
locations of nanofiber centers follow a Poisson pro-
cess in two dimensions, and they are independent of
each other. The orientation distribution of a nano-
fiber to a selected direction in this random structure
is described by a uniform distribution (for details,

see ref. 14). The mean coverage of this network can
be expressed by the following relation:

Mean coverage ¼ wd

J
(3)

The probability that a point in this network has cov-
erage zero is given by the Poisson distribution with
the mean coverage. Under these assumptions, the
porosity is related to the mean coverage as follows:

P0 ¼ expð�C0Þ (4)

where P0 is the porosity and C0 is the mean coverage.
The air permeability is dependent on the coeffi-

cient of the pressure loss and porosity. The empirical
relation between the air permeability and planar
weight of the fabric (w) is as follows:

Air permeability � K1

w
þ K2 � 4K1

C0pd

þ K2 � 4K1

logð1=P0Þpdþ K2 ð5Þ

where constants K1 and K2 depend on the density of
the fibers and their resistance.15 The standard devia-
tion of the local coverage on scale x [s(x)] can be
approximately expressed by the following relation:

sðxÞ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:95 d C0

x

� �s
� k

ffiffiffiffiffiffiffiffiffi
d C0

p
� k

ffiffiffiffiffiffiffiffi
4 w

p q

s

� k
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d logð1=P0Þ

q
ð6Þ

where k is a constant dependent on the scale of the
resolution (a scale of 1 mm corresponds to the vari-
ability detected by the human eye).

The expression of d log(1/P0) in these equations is
defined as a product of structural parameter Q.

EXPERIMENTAL

Materials

Polyacrylonitrile (PAN) with a weight-average mo-
lecular weight of about 100,000 g/mol was received
from Polyacryl Co. (Isfahan, Iran). Dimethylforma-
mide (DMF) was acquired from Merck Co. (Germany)
as a solvent.

Electrospinning

Polymer solutions with concentrations of 11, 12, 13,
14, and 15 wt % were prepared by the dissolution of
PAN in DMF.

The experimental setup for electrospinning is
shown in Figure 1. A PAN solution in DMF was
loaded into a 1-mL syringe. The polymer solution
was fed at a speed of 2.8 lL/min through a needle
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with an outer diameter of 0.7 mm. A 10-kV voltage
was applied between the needle and a metallic col-
lector. The tip-to-collector distance was 15 cm. To
make nanofiber mats, the collector was rotated, the
pump had a traverse movement, and the collector
was covered with activated carbon filter media. The
velocity of the collector rotation and traverse of the
pump were fixed at 96 rpm and 28 mm/min, respec-
tively. Electrospun PAN nanofibers were sprayed
directly onto activated carbon filter media for an
equal time of electrospinning for all solutions.

Measurements

The viscosity of the polymer solution was deter-
mined with a rheometer (RV 12, Haake, Mess-Tech-
nik GmbH, Karlsruhe, Germany) at 258C. The mor-
phology of the electrospun mats was observed with
a Philips XL-30 scanning electron microscope
(Netherlands) and a DME atomic force microscope
(Denmark) with a Dual Scope DF 95-50 scanner and
a Dual Scope C-21 controller. Scanning was carried
out in a noncontact mode. Matic image processing
software was used to calculate the diameter of PAN
nanofibers from scanning electron microscopy (SEM)
images at a magnification of 50003. At least 100
fibers were used to calculate the mean values of the
fiber diameter.

The distribution of the fiber diameter was eval-
uated with a program created in MATLAB 7. The air
permeability of activated carbon filter media coated
with PAN nanofibers was measured with a permea-
tion analyzer (L-14, Karl Schroeder Co., Germany) at
258C and 2 mbar.

With image analysis, a program was written in
MATLAB to determine the surface porosity of acti-
vated carbon filter media coated with PAN nanofib-
ers. With SEM micrographs at a magnification of
50003, the mean values of 15 measurements were
obtained.

To measure the roughness of the mats, the entropy
(ENT) algorithm was used. The variations in the
gray levels for images of nanofiber mats depend on
the fiber diameter. Many statistical parameters are

derived from collecting and adding various quanti-
ties related to the distribution of gray levels of
images. The co-occurrence features are obtained as
second-order statistics for image information. The
co-occurrence matrix [M(d,y)] consists of probability
pd(i,j) (i 5 1, 2, . . . n), in which the pixel of gray
level i appears separated by a distance of d 5 (d,y)
from the pixel of gray level j, where the parameters
d and y are the distance and positional angle
between a certain gray level pair, respectively.
M(d,y) in four directions (0, 45, 90, and 1358) was
determined.16,17 ENT, based on M(d,y), was used in
this study:

ENT ¼ �
Xn�1

i¼0

Xn�1

j¼0

pdði; jÞ
R

� �
: log

pdði; jÞ
R

� �
(7)

where i 5 0, 1, . . . n 2 1; j 5 0, 1, . . . n 2 1; and R
is the sum of values of M(d,y).

Software was developed to measure the ENT of
samples calculated from SEM micrographs of nano-
fibers placed on pores of open-cell activated carbon
filter media at a magnification of 2003. Twenty
repeats of measurements were realized, and the
mean values were calculated.

Also, for the analysis of the surface and roughness
characteristics of nanofiber mats by atomic force mi-
croscopy (AFM) images, DME SPM software was
used.

A one-way analysis of variance at the 0.05 level of
significance and Duncan’s multiple-range test were
conducted to investigate multiple comparisons
among the treatments. Also, a linear regression was
used to determine the appropriate correlation
between variables.

RESULTS AND DISCUSSION

Nanofibers and structural parameters

The most effective parameter for controlling the fiber
diameter is the solution concentration.1,2

Figure 1 Schematic illustration of the electrospinning
setup. HVDC, high voltage direct current source.

Figure 2 Effect of the PAN solution concentration on the
solution viscosity and nanofiber diameter.
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In ref. 18, the description of the dependence of the
fiber diameter (d) on the PAN/DMF solution concen-
tration (C) in the range of 6–12 wt % is approxi-
mated by the following relation:

d ¼ 2241:77� 575:57 Cþ 40:25 C2 (8)

Figure 2 and Table I present the effects of the PAN
solution concentration on the surface properties of
nanofiber mats. The results indicate an increase in
the polymer viscosity with an increase in the PAN
polymer concentration. Because a higher viscosity
leads to greater resistance of the solution, the diame-
ter of the fiber increases. The average enhancement
of the fiber diameter was found to be 195 6 42 to
524 6 116 nm when the solution concentration was
changed from 11 to 15 wt %.

The program created in MATLAB 7 was used for
selection between normal, lognormal, and Weibull
distributions and for the evaluation of corresponding
parameters. In all cases, the three-parameter Weibull
distribution was evaluated to be the best one. Typi-
cal results for a polymer concentration of 15 wt %
are shown in Figure 3. The median values computed
from this distribution are given in Table II. These ro-
bust estimates of the fiber diameter were used for
the computation of the mean coverage from eq. (4)
and the Q product (Q 5 mean coverage 3 fiber di-
ameter). These characteristics are given in Table II.

Surface porosity and air permeability

Typical SEM micrographs of PAN nanofibers at dif-
ferent concentrations are shown in Figure 4. These
micrographs provide visual confirmation of the dif-
ference in both the fiber diameter and surface poros-
ity between samples. On the basis of the results of
Table I, the surface porosity of the samples
decreased with an increase in the fiber diameter. Sta-
tistical analysis showed that the surface porosity sig-
nificantly decreased as the fiber diameter increased.
The noticeable reduction in the air permeability of
samples was also found with increasing fiber diame-
ter. From eq. (5), it has been determined that the air
permeability is a linear function of 1/Q. The rela-
tionship between the air permeability and 1/Q is
shown in Figure 5. The results indicate that there
was a linear relation between 1/Q and the air per-
meability of the samples, and a correlation coeffi-
cient of about 0.86 was obtained.

ENT

As mentioned before, according to statistics and the-
oretical information, ENT is a measure of the surface
roughness or complexity.16

Typical SEM micrographs of nanofibers placed on
pores of open-cell activated carbon filter media are
shown in Figure 6. ENT was obtained from the co-
occurrence matrix for the directions of y 5 0, 45, 90,
and 1358 for d 5 1, and the mean values for these
directions were computed. The results are presented
in Table I. Figure 7 illustrates the effect of the nano-
fiber diameter on ENT of filter media. The results
reveal that ENT tends to increase with increasing
fiber diameter. In other words, increasing the nano-

TABLE I
Effect of the Polymer Solution Concentration on the Surface Properties of Nanofiber Mats

Polymer
concentration (%)

Polymer
viscosity (mPa s)

Nanofiber
diameter (nm)

Surface
porosity (%)

Air permeability
(L/m2 s) AGR (nm) ENT

11 608.6 195.1 6 42.03 81.4 6 4.5 2700 6 0 66.42 1.06 6 0.12
12 836.8 277.5 6 39.94 78.8 6 4.6 2700 6 100 152.09 1.1 6 0.23
13 1252.4 340.55 6 54.5 80.8 6 4.2 2400 6 0 276.93 1.37 6 0.25
14 1845.1 394.67 6 52.76 72.4 6 7.8 2200 6 100 332.22 1.34 6 0.23
15 2512.7 523.94 6 116.85 73.4 6 8.7 2267 6 152.8 404.44 1.43 6 0.27

Figure 3 Distribution of the fiber diameter for a polymer
concentration of 15 wt %.

TABLE II
Computed Structural Characteristics of the

Nanofiber Mats

Polymer
concentration (%)

Fiber diameter
median (nm)

Mean
coverage (—)

Product
Q (nm)

11 189.76 0.206 39.05
12 270.80 0.238 64.52
13 342.18 0.213 72.95
14 388.46 0.323 125.46
15 508.51 0.309 157.25
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fiber diameter enhances the surface roughness of
nanofiber mats, and here a correlation coefficient of
about 0.90 was obtained.

AFM

AFM produces topographical images by scanning a
sharp tip, situated at the end of a microscopic canti-
lever, over a surface. The technique has been used to
produce images of many materials, and the resolu-

tion can reach atomic dimensions for flat surfaces.
AFM can give useful information about surface mor-
phology.19,20 Figure 8(a–e) shows typical three-
dimensional (3D) AFM images of each of the mats
over an area of 10 lm 3 10 lm. The color intensity
shows the vertical profile of the mat surface. The
light regions are related to the highest points, and
the dark regions are related to pores and valleys. Ta-
ble I reports that the average geometric roughness
(AGR) is equal to the standard deviation of heights
for the images of Figure 8. The mean values and

Figure 4 SEM micrographs of PAN nanofibers at differ-
ent concentrations: (a) 11 and (b) 15 wt %.

Figure 5 Relation between the air permeability (AP) and
1/Q [see eq. (5)].

Figure 6 SEM micrographs of PAN nanofibers: (a) 11 and
(b) 15 wt %.

Figure 7 Relation between the nanofiber diameter and
ENT of filter media.
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standard deviations reported were obtained by the
division of each 10 lm 3 10 lm area into nine equal
square regions and the subsequent assessment of the
roughness of each region. On the basis of the results
of Figure 8 and Table I, the finest fibers and smooth-
est surface belonged to a polymer solution with an
11 wt % concentration, whereas the coarsest fibers

and roughest surface belonged to the sample with a
15 wt % PAN solution. The relationship between
AGR and the square root of the product [sqrt(Q)] is
shown in Figure 9. AGR is a linear function of
sqrt(Q). The correlation coefficient is about 0.96. In
fact, s(x) from eq. (6) is directly connected to AGR
evaluated from AFM images.

Figure 8 3D AFM micrographs of PAN nanofiber mats: (a) 11, (b) 12, (c) 13, (d) 14, and (e) 15 wt %. [Color figure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]
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It is interesting that AGR and air permeability are
functions of Q 5 d log(1/P0).

CONCLUSIONS

The structural parameter Q is a suitable composite
measure of the structure of mats. In this study, new
techniques for assessing the surface roughness of
nanofiber mats were employed. To analyze the varia-
tions of the surface roughness quantitatively, ENT of
the co-occurrence matrix and AGR of AFM images
were obtained. Experimental results indicated the ex-
istence of a good correlation between Q (a function
of the fiber diameter and surface porosity) and the
air permeability or surface roughness of nanofiber
mats. This investigation shows that approximate the-
oretical equations derived from a model of mats as a
random network composed of straight fibers is able
to predict the form of dependences between struc-
tural characteristics and roughness or air permeabil-
ity. Corresponding correlation coefficients are high.
Also, there was a linear relationship between the

results of the ENT algorithm and AFM method with
a correlation coefficient of 0.94.
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