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ABSTRACT

Introduction: The applicability of Nanofiber (NF) membranes in air sampling 
of pollutants for the purpose of determining the airborne concentration has 
received little attention around the world. The present study aims to optimize 
the fabrication of NF membrane for the of air sampling application. 
Materials and methods: The polyvinyl chloride NF membranes were 
fabricated using needle-based solution electrospinning technique. The 
experimental design was prepared by Design-Expert v7.0 and data analysis 
was done by Central Composite Design (CCD) base on Response Surface 
Methodology (RSM) technique. The ability of the fabricated membranes in 
air sampling applications was performed by sampling of airborne crystalline 
silica by them using the National Institute for Occupational Safety and 
Health (NIOSH7602) method and then comparing with the commercial PVC 
membranes. 
Results: The fabricated NF membranes had a mean porosity of 31.60% 
compared to a porosity of 25.1% in the case of commercial Polyvinyl Chloride 
(PVC) membranes. The electrospun NF membranes had mean pressure drop 
of 194.23 Pa, which is lower than the 204 Pa pressure drop of commercial 
PVC filters. The mean concentration of silica sampled by the electrospun 
NF membrane was 0.14 mg/m3 while this was 0.03 mg/m3 for commercial 
PVC membrane. The difference concentration of crystalline silica sampled by 
NF and commercial PVC membranes had the strongest relationship with the 
electrospinning solution concentration (r=-0.785, p>0.05). 
Conclusion: The NF membrane has high performance in sampling the 
crystalline silica dust from the air stream compared to commercial PVC 
membranes. 
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Introduction 

The production of suitable membrane substrates 
for use in the filtration and sampling of airborne 
contaminants is one of the scientific fields 

currently being expanded [1]. The Nanofiber 
(NF) membrane has high performance in 
separating particles and their structural properties 
can easily be controlled via the electrospinning 
process in order to improve their collection of 
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airborne contaminants [2]. Among the common 
methods used in NF membrane production, 
electrospinning is quickly advancing and due to 
its ability to create contiguous membranes with a 
diameter smaller than 100 nm [3]. The electrospun 
NF membrane has a high specific surface area, 
excellent membrane diameter, high porosity, small 
pore size and high air filtration performance [4].
Air filtration using NF membranes have caught 
the attention of researchers in recent years due to 
their large collection surface and low resistance 
against the movement of air [5]. The release of 
nanomaterials from uniform electrospun NF 
filters was low [6].

The sampling and analysis of airborne pollutants 
are undoubtedly the first step in identifying their 
health effects, and have always been considered 
one of the main principles involved in controlling 
their health risk  [7].  One of the common 
methods available for the sampling of airborne 
particles is the filtration [8]. The main attributes 
of the air sampling membrane filter include its 
pore size, cross-section diameter and the type 
of material used. The physical and chemical 
characteristics of the particles, the maximum 
allowed contaminant load on the membrane, air 
temperature requirement during sampling, air 
humidity, pressure drop, method of analysis and 
costs are among the influential parameters in 
selecting a suitable membrane [9]. 

Crystalline silica is the most commonly found 
mineral on the earth’s crust and can be either 
amorphous or crystalline in form [10]. Recent 
studies have shown that more than 2.3 million 
workers in the United States (US), more than 
2 million workers in the European Union (EU) 
and more than 23 million workers in china have 
had exposure to crystalline silica in their work 
environment [11, 12]. In October 1996, the  
International Agency for Research on Cancer 
(IARC)  categorized silica as a human carcinogen 
[13]. Workers occupied in industries involving 
casting, stone crushing, grinding, construction, 
tiles, glass and sandblasting  are particularly 
at risk of exposure to silica dust with severe 

health implications [14-20]. Numerous studies 
have shown correlations between exposure to 
silica dust and pulmonary fibrosis, cancer and 
shortness of breath [21]. PVC membrane filters 
are currently being used as recommended filter 
by NIOSH for the air sampling of crystalline 
silica in the workplaces [22]. 

Today, electrospun NF membranes are being used 
for various filtration applications such as in air 
filters, respiratory masks and automobile filters 
[23]. Despite their high performance in collecting 
airborne particles and air purification, the 
applicability of NF membranes in the collecting 
and sampling of airborne contaminants for the 
purpose of determining the concentration of 
pollutants has received less attention around the 
world. Thus, in the present study, the fabrication 
of the NF membrane via electrospinning and the 
optimizations of the electrospinning parameters 
for application of air sampling of crystalline 
silica was carried out. Moreover, the obtained 
results for air sampling of crystalline silica have 
been compared to ones of commercial PVC 
membrane filters. In the present study, influential 
electrospinning parameters such as polymer 
concentration, applied voltage, electrospinning 
duration time and needle-collector distance were 
optimized. The purpose of optimization is to 
achieve membranes with desired porosity and 
diameter or membranes with suitable morphology 
such as uniform distribution of fiber, reduced 
beaded, lower pressure drop and better collection 
of airborne particles.

Materials and methods

Materials

The PVC-S6532 polymer (Arvand Petrochemical 
Co, Iran, MW=62.50 g/mol and a density of 
1.3-1.45 g/cm3) was purchased to prepare 
electrospinning solution. The Tetrahydrofuran 
(THF) (MERCK Co, Germany, MW=72.11g/
mol, purity=99.8%) and Dimethylformamide 
(DMF) (MERCK Co, Germany, MW=73.09g/
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mol, purity>99.8%) were used as solvents at a 
1:1 ratio. KBr powder code 104905 (MERCK 
Co, Germany, MW=119.01g/mol, purity>99.5%) 
was also used in the making of the pellet needed 
for the FT-IR device.  The PVC membrane filter 
(Pore size 5 µm, 25 mm -SKC, Inc.; United States) 
was obtained to be compared with the results of 
air sampling of the electrospun NF webs.

Measurement method

This experimental study was conducted in 8 
phases. The experimental design was made using 
the Response Surface Methodology (RSM) based 
on the Central Composite Design (CCD). The 
Polyvinyl Chloride (PVC) NFs were fabricated 
using the needle-based solution electrospinning 
technique. Structural features (fiber diameter, 
porosity) and performance features (concentration 
of airborne silica, pressure drop) were also 
determined. Identifying optimized conditions 
along with validation experiments were also 
conducted. 

Determining the boundary values of input 
variables

Pilot studies were done and the related research 
papers were reviewed in order to determine the 
range of values for each of the electrospinning 
parameters such as polymer concentration, 
applied voltage, electrospinning duration and 
the needle-collector distance. The aim was 
to fabricate continuous fibers without them 
breaking up into droplets and the suitable level 
of mechanical strength of membrane. The 
remaining electrospinning parameters such as the 
solvent ratio and rate of injection were chosen 
by considering the results of pilot studies and 
they were also selected based on the results of 
previous researchers [24, 25].

Experimental design 

The experimental design was devised with 
Design Expert software (version 7; DX7; 
Stat-Ease, Minneapolis, MN, USA) using 

the Response Surface Methodology (RSM) 
and based on the Central Composite Design 
(CCD). Input (independent) variables included 
electrospinning polymer concentration (11-
13 wt%), applied voltage (15-20 kV), needle-
collector distance (12-15 cm) and electrospinning 
duration (2-4 h). Output (dependent) variables 
included morphological characteristics (fiber 
diameter, membrane porosity) and performance 
characteristics (concentration of airborne silica, 
pressure drop). A total of 30 experimental 
runs were suggested by the software for the 
optimization of the electrospinning parameters 
used for PVC NF membrane fabrication (Table 
1). 

Preparing the electrospinning solution

Polyvinylchloride (PVC) polymer, N solvent, 
Dimethylformamide (DMF) and Tetrahydrofuran 
(THF) were used to prepare the electrospinning 
solution. The PVC/DMF/THF solutions was 
prepared at different concentrations (11, 12 and 
13 wt%). In order to achieve homogeneity, the 
solution was heat stirred at room temperature for 
3-6 hours and the PVC solution was dissolved in 
the THF: DMF solvent at a 1:1 ratio [26].

NF fabrication 

The design of the present study is presented in 
Table 1. PVC NF membranes were fabricated 
using an ES2000 electrospinning machine 
(Fanavaran Nano-Meghyas Co., Iran) per the 
following conditions: a temperature of 25 °C, 
a collection plate covered with spun-bonded 
polypropylene substrate, an injection rate of 2 
mm/h, a syringe size of 5 mm, an 18-gauge needle 
(internal diameter of 0.84 mm), a nozzle scanning 
rate of 300 mm/minute and a drum rotation speed 
of 700 rpm.

Measurement location

The casting section of an auto parts factory was 
selected as the air sampling site. The types of 
materials used in this section included crystalline 
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Voltage 
(kV) 

 
 

Distance 
(cm) 

Concentration 
(wt%) 

Duration 
(h) 

Run 

15 15 13 2 1 

20 12 12 2 2 

15 12 13 4 3 

20 12 12 2 4 

20 15 13 2 5 

17.5 13.5 12 4 6 

15 15 12 4 7 

17.5 13.5 12 2 8 

17.5 12 12 2 9 

15 15 12 4 10 

20 13.5 12 3 11 

20 12 11 2 12 

15 15 13 3 13 

17.5 13.5 13 4 14 

15 13.5 12 3 15 

17.5 13.5 11 4 16 

17.5 13.5 11 3 17 

20 12 12 3 18 

17.5 13.5 12 3 19 

15 15 13 4 20 

15 15 13 4 21 

20 12 11 3 22 

20 15 13 4 23 

17.5 13.5 11 3 24 

20 13.5 11 2 25 

17.5 15 12 3 26 

17.5 12 11 3 27 

17.5 13.5 11 3 28 

15 12 13 2 29 

17.5 13.5 11 3 30 

 

Table 1. Study design
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silica, foundry sand, iron alloys, scrap metal and 
brittle materials. Measurement data related to 
the annual assessment of workplace pollutants 
in the industry and the opinion of experts 
present, showed the difference of pollution level 
in different parts of the factory in the casting 
section. Therefore, according to this issue, a 
location in the sand casting section with medium 
pollution level (DISAMATIC molding machines 
(DISA)) comparing to others, was selected for air 
sampling. DISA use foundry molding horizontal 
equipment [27].The presence of silica at the 
selected point was previously confirmed by a 
pilot study. Air samples for the pilot study were 
taken in compliance with the National Institute 
for Occupational Safety and Health (NIOSH) 
7602 method [22]. All measurement for each 
experimental run were done at the same time. 
The Cast Iron section consists of three main parts 
including the Smelting part which is responsible 
for preparing food for Badische Maschinenfabrik 
Durlach (BMD) and DISA parts which  
produce various pieces through the Badische 
Maschinenfabrik Durlach (BMD) machine and 
DISA machines , respectively, and   Finishing 
work part in which  pieces are inspected [28]. 

Air sampling and analysis

The air sampling of crystalline silica was carried 
out based on NIOSH 7602 method [22] at the 
casting unit of an automobile parts manufacturing 
plant. The air sampling was done simultaneously 
using both the fabricated NF membranes and 
commercial PVC NF membranes. The sampling 
pumps (SKC Air Check Sampler 224-44XR, 
USA) was calibrated with a rotameter (Platon-
NG; Austria) using a soap bubble flow meter. 
The membranes were kept inside a desiccator 
for 24 h before air sampling and recording their 
initial weight. For air sampling, the membranes 
were placed inside a cyclone (SKC 225-01-02, 
USA/UK) and connected to the sampling pump. 
Sampling was done at a flow rate of 2.5 L/min for 
a fixed duration to obtain the sample volume of 
air (400-1000 L). Atmospheric parameters such 

as dry temperature (27.9 OC), relative humidity 
(~52%) and atmospheric pressure (88654.19 Pa) 
was measured in each sampling stage using a 
multipurpose anemometer (BENETE GM8910, 
China). After the sampling, the NF membranes 
were placed inside a desiccator for 24 h and then 
the secondary weight of the membranes was 
measured using a scale. Assessment of the control 
samples was conducted under the exact same 
conditions and methods as the main samples. 
Since this study is the first phase of a larger study, 
the results of the determination of  accuracy and 
precision of  measurement presented in a study 
by some researchers [29].

In order to prepare the samples, the membranes 
were placed inside a crucible and submerged 
under 200 mg of potassium bromide. Then, the 
samples were placed inside a muffle furnace 
(HORST UHLING KG – Type U 24/St, 220v, 
1200 w) at a temperature of 600 °C for a duration 
of 2 hours. Once the sample had cooled, it was 
placed in a crucible and homogenized. The 
sample was then transferred to a 13 mm steel cast 
and pressed under 20 MPa pressure until a pellet 
is formed. This pellet is then placed inside the 
Fourier Transform Infrared Spectroscopy (FT-IR) 
device (Rayleigh WQF 510 A, China) and scanned 
at 710-825 nm. The surface area below the peak 
reading for crystalline silica was calculated using 
the provided FT-IR device software. In order to 
draw the calibration curve, standardized silica 
samples were made. The concentration of the 
collected silica was calculated for each sample 
using the calibration curve and the corresponding 
peak surface area. In order to estimate the Limit 
of Detection (LOD) and the Limit of Quantitation 
(LOQ) of the determination of silica, the PVC 
filter was analyzed. LOD of 0.049 μg and LOQ 
of 0.162 μg were obtained

Determining morphological and performance 
characteristics

The structural attributes of the NF membrane 
such as its morphology (fiber diameter, 
membrane porosity) was determined using 
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Table 2. The response variables in each experimental run

 

Difference in 
crystalline silica 

concentration 
between NF 

membranes and 
commercial PVC 

 

Crystalline 
silica 

concentration 
from commercial 

PVC filters 
(mg/m3) 

Crystalline 
silica 

concentration 
from nanofiber 

membranes 
(mg/m3) 

Pressure 
drop 

(Pa) 

Porosity 
(%) 

Fiber 
diameter 

(nm) 
 

Run 

0.11 0.03 0.14 295 21.5 526   1 

0.14 0.03 0.16 225 29.06 290  2 

0.10 0.02 0.12 193 29/40 560   3 

0.15 0.04 0.18 185 31.06 280   4 

0.09 0.02 0.11 239 39.43 510   5 

0.10 0.02 0.11 199 35.89 469  6 

0.11 0.03 0.14 185 32.28 538  7 

0.05 0.03 0.08 190 39.7 450  8 

0.10 0.02 0.12 277 15.33 279   9 

0.11 0.01 0.12 189 31.26 460   10 

0.11 0.01 0.12 166 28.5 415   11 

0.17 0.03 0.20 185 29.97 210   12 

0.03 0.03 0.06 300 22.57 612   13 

0.11 0.03 0.14 190 35.6 368  14 

0.05 0.03 0.08 198 39.6 580  15 

0.14 0.04 0.17 150 36.34 337   16 

0.19 0.02 0.21 145 28.36 200  17 

0.13 0.03 0.16 128 35.08 265  18 

0.13 0.02 0.15 190 39.89 418   19 

0.03 0.02 0.06 188 35.56 546   20 

0.05 0.06 0.09 282 38.5 570   21 

0.14 0.04 0.18 160 37.76 284   22 

0.05 0.02 0.07 255 23.5 578   23 

0.19 0.07 0.25 150 31.20 215  24 

0.14 0.03 0.17 222 24.57 282  25 

0.10 0.00 0.10 175 22.25 410  26 

0.18 0.04 0.22 148 30.5 210  27 

0.19 0.06 0.25 146 31.4 205   28 

0.10 0.02 0.11 125 41.53 312   29 

0.19 0.03 0.22 147 30.12 205  30 

 

        
Difference in 
crystalline silica 
concentration 
between NF 
membranes and 
commercial PVC 

 

       
Crystalline silica 
concentration 
from commercial 
PVC filters 
(mg/m3) 

 
Crystalline 
silica 
concentrati
on from 
nanofiber 
membranes 
(mg/m3) 

             
Pressure drop 
(Pa) 

     
Porosity 

(%) 

            
Fiber diameter 
(nm) 

 
Run 
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SEM photography. The SEM images were 
evaluated using SEM analysis algorithms and 
the Image J v1.5 (Wayne Rosband, National 
institutes of health, USA). Pressure drop tests 
were performed using an FT150EG filter testing 
device (Fanavaran Nano Meghyas Co, Iran) per 
the ISO29463 standard [30]. 

Statistical Analysis  

The determining of optimum conditions for 
NF membrane fabrication and analysis of the 
independent and combined effects of the variables 
was carried out using the Design Expert. This is 
able to model and optimize the parameters by 
using statistical and mathematical approaches 
[5].

Determining Optimum Conditions 

Design Expert is able to offer the optimum 
condition for the experimental variables to 
maximize or minimize the value of dependent 
ones. Validation of the proposed regressions 
equations was done by randomly selecting and 
performing three different runs from the list of 
proposed solutions.

Results and discussion

The resulting of response variables obtained for 

Table 3. Correlation coefficient between electrospinning parameters and morphological variables

morphological and performance characteristics 
for each run is presented in Table 2.

Morphological characteristics 

The mean diameter of the fabricated NF 
membranes was 386nm±136.57. The largest 
diameter achieved belonged to run 13 at 612 nm 
while the smallest diameter achieved belonged 
to run 17 at 200 nm. The mean porosity of the 
fabricated NF membranes was 31.6%. The 
highest porosity achieved was 41.53% which 
belonged to run 29 while the lowest porosity 
achieved was 15.33% and belonged to run 9. The 
main and interaction effect of the electrospinning 
parameters on morphological characteristics of 
PVC NF have been reported in published article 
of the authors [31]. Therefore, only some of the 
results will be given in the present study. Table 3 
presents the correlation between electrospinning 
parameters and the morphological characteristics. 
Among the electrospinning parameters, the highest 
correlation coefficient was observed between 
fiber diameter and solution concentration which 
was statistically significant (r=0.756; p=0.001). 
A positive but weak correlation was observed 
between fiber diameter and needle-collector 
distance (r=0.65; p=0.021) and electrospinning 
duration (r=0.42; p=0.001). The fiber diameter 
and applied voltage was inversely related to each 
other (r=-0.502; p=0.005). 

Electrospinning parameters Fiber diameter (nm) Porosity (%) 

r p-value r p-value 

Solution concentration (wt%) 0.75 0.001 0.05 0.794 

Applied Voltage (kV) -0.50 0.005 -0.10 0.597 

Electrospinning Duration (h) 0.42 0.001 0.19 0.690 

Needle-Collector Distance (cm) 0.65 0.021 -0.072 0.321 
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Numerous studies [32-34] have stated that solution 
concentration is the most influential factor that 
effects the diameter of the NFs. Some researchers 
optimized the electrospinning parameters in order 
to achieve desirable morphological characteristics 
in Polyacrylonitrile NFs. The results showed that 
the maximum solution concentration yielded the 
most suitable fibers in terms of morphology and 
maximum fiber diameter [35]. This can be due to 
the fact that higher solution concentration would 
have more polymer chain entanglements and less 
chain mobility, leading to harder jet extension 
and higher disruption during the electrospinning 
process and favoring the formation of a large-
diameter fiber [5].

Increasing applied voltage has the reverse 
effect on the diameter of the NF membrane. 
The increased applied voltage can enhance the 
electric field strength, therefore creating a higher 
electrostatic repulsive force on the polymer jet 
and decreasing the fiber diameter [5].  

NF diameter also increases as the electrospinning 
duration and needle-collector distance are 
increased. A researcher investigated the effect 
of solution concentration and needle-collector 
distance as well as the combined effect of 
solution concentration and applied voltage 
on fiber diameter. It was observed that at a 
constant applied voltage, increasing the solution 
concentration from 4% to 6% and 8% while 
increasing the needle-collector distance results 
in an increased NF diameter [36]. Increasing the 
needle-collector distance and also electrospinning 
duration (leading to increased thickness of NF 
layer) can decrease electric field strength, which 
can result in the larger fiber diameter [37].

The fabricated NF membranes had a mean 
porosity of 31.60% compared to the porosity 
of the commercial PVC membranes which was 
25.1%. The highest porosity obtained from 
the fabricated NF membranes was 41.53%. A 
weak correlation was observed between the 
electrospinning parameters and the porosity of 
the NF membrane. Among these parameters, 
electrospinning duration and porosity had the 

strongest positive correlation (r=0.19; P=0.690), 
while applied voltage and porosity had the 
strongest inverse correlation (r=-0. 1, p=0.597). 
The correlation coefficient between NF 
membrane porosity and solution concentration 
was 0.05 (p=0.794), while the correlation 
coefficient between NF membrane porosity and 
needle-collector distance was r=-0.07(p=0.321). 
In a study, researchers found that the increase 
of applied voltage and needle-collector distance 
when solution concentration was fixed at given 
value resulted in increased porosity measured by 
image analysis [38]. Other researchers in a study 
indicated that there was a positive relationship 
between solution concentration and percent 
porosity when keeping applied voltage and 
spinning distance constant in a way that increase 
in concentration leads to increase in porosity 
(r=0.66, P<0.01). There are not enough studies 
on optimization of electrospinning parameters 
for porosity to make definite conclusions, so the 
differences between the results can be due to the 
types of experimental design and different used 
methods and material [5].

Performance characteristics

The pressure drop of fabricated NF membranes 
and crystalline silica concentration were 
measured and compared to commercial PVC 
membranes (Table 2). In general, the range of 
pressure drop of the all studied NF membranes 
was between 125-300 Pa. Mean pressure drop 
of all 30 runs was 194.23±47.70 Pa which was 
less than the mean pressure drop of commercial 
PVC membranes (204 Pa). The pressure drop of 
run 13 was highest at 300 Pa while run 29 had 
the lowest pressure drop at 125 Pa. The mean 
concentration of crystalline silica collected by the 
fabricated membranes was 0.14 mg/m3 while for 
the commercial PVC membranes, this was around 
0.03 mg/m3. In case of the NF membrane, the 
least concentration belonged to run 13 while the 
highest belonged to run 24 and 28. The smallest 
difference in concentration of crystalline silica 
sampled by NF and commercial PVC membranes 
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belonged to run 13 and 21.

Correlation between electrospinning parameters 
and pressure drop 

The correlation coefficients between 
electrospinning parameters and performance 
variables are presented in Table 4. A positive 
correlation was observed between pressure drop 
and solution concentration with a correlation 
coefficient of 0.554 (p=0.001) and also between 
pressure drop and needle-collector distance with 
a correlation coefficient of 0.435 (p=0.595). An 
inverse correlation was observed between applied 
voltage and pressure drop with a correlation 
coefficient of -0.171 (p=0.365) and also between 
electrospinning duration and pressure drop with a 
correlation coefficient of -0.101 (p=0.016). 

Increasing solution concentration or needle-
collector distance led to increased pressure drop. 
Increasing electrospinning duration also led 
to reduced pressure drop. The applied voltage 
had very little influence as increasing it had a 
negligible effect on pressure drop. It must be 
noted that pressure drop is dependent on the 
structural attributes of the NF membranes such as 
diameter and porosity and not the electrospinning 

Table 4. Correlation coefficient between electrospinning parameters and response variables related to 
performance characteristics.

Electrospinning parameters Pressure drop (Pa) Difference in silica 
concentration between the two 

membranes 
            r  p-value r p-value 

Solution concentration (wt%) 0.55 0.001 -0.78 0.066 

Applied voltage (kV) -0.17 0.365 0.39 0.887 

Electrospinning duration (hr) -0.10 0.016 -0.23 0.667 

Needle-Collector distance (cm) 0.43 0.595 -0.47 0.746 

 

parameters themselves. Thus, one can not 
only look at the independent effects of the 
electrospinning variables on pressure drop. Here, 
only the effects of each parameter have been 
investigated.

As was mentioned above, pressure drop is 
dependent on the structural attributes of the NF 
membranes such as porosity and diameter. The 
results show a positive association between NF 
pressure drop and diameter with a correlation 
coefficient of 0.589 which means that increasing 
fiber diameter also increases pressure drop 
(p=0.001). An inverse association was observed 
between porosity and pressure drop with a 
correlation coefficient of -0.439 meaning that 
increasing porosity reduces pressure drop 
(p=0.015). Numerous studies have confirmed this 
observation and have investigated the relationship 
between pressure drop and the porosity and 
diameter of the NFs. Many researchers  analyzed 
nylons 6 electrospun NFs and found that 
increasing solution concentration from 30% to 
35% increases NF diameter from 103 nm to 144 
nm which also increases the number of fibers 
resulting in thicker membranes and increased 
pressure drop [39].
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Correlation between electrospinning parameters 
and measured silica concentration

Regarding the difference in measured silica 
concentration between the two membranes (NF 
and commercial PVC), The smallest difference in 
concentration of crystalline silica sampled by NF 
and commercial PVC membranes belonged to run 
13 and 21.  The highest inverse correlation was 
observed between electrospinning parameters and 
solution concentration (r=0.78, p=0.066) and its 
correlation coefficient with other electrospinning 
parameters namely electrospinning duration, 
needle-collector distance and applied voltage 
was -0.23 (p=0.667), -0.47(p=0.746), and 0.39 
p=0.887), respectively.

The independent effect of each electrospinning 
parameter on the difference in the measured 
concentration of silica between the NF and 
commercial PVC membranes, while the other three 

parameters were at their mean value was fixed at 
given value (mean value) was presented in Fig. 1. 
As shown in the Fig. 1, increasing electrospinning 
duration, needle-collector distance or solution 
concentration has had a somewhat inverse effect 
on difference concentration of solution and the 
black curves show these changes. Black square 
at the beginning and the end of each curves are 
mean concentration of silica at lowest and highest 
limit of electrospinning parameters. The amount 
of change is insignificant when increasing 
needle-collector distance and electrospinning 
duration while the change is significant when 
solution concentration is increased. Increasing 
voltage however, increases the concentration 
of silica captured by the NF membranes and 
the commercial PVC membranes. This is a 
performance feature of the NF membranes and 
therefore one cannot analyze the independent 
effect of each electrospinning parameter. 

Fig. 1. The independent effect of electrospinning parameters on the difference in the measured concentration of 
silica by the nanofiber and the commercial PVC membranes
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silica by the nanofiber and the commercial PVC membranes
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Fig. 1. The independent effect of electrospinning parameters on the difference in the measured concentration of 
silica by the nanofiber and the commercial PVC membranes

Table 5. Interaction effects of electrospinning parameters on response variables

A = Solution concentration, B= Applied voltage, C= Needle-Collector distance, D = Electrospinning duration,

Response variable Model Equation 

Diameter (nm) Quadratic -410.2+ 49.39A+49.26C+50.38D+81.14AB+114.38BC+96.53A2+148.21C22 

Porosity (%) Quadratic 35.38-7.74CD -10.63B2 

Pressure drop (Pa) Linear 194.23+24.04B +28.98C 

Difference in 
silica 

concentration 
between the two 

membranes 

Quadratic 
0.091-0.035C-0.036AB-0.047BC +0.056C2 
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Table 6. Some of the optimum solutions

Models of interaction of electrospinning 
parameters and response variables

Analyzing the combined effect of the 
electrospinning parameters on the response 
variables was performed using the multiple 
regression analysis by Design Expert (Table 
5). Insignificant terms not included in the 
models are aliased according to the suggestion 
of Design Expert software. Model fitting was 
done with the help of Design Expert [5].  

In the diameter equation, it is clear that 
increasing solution concentration will 
increase the diameter of the membranes. In 
the porosity equation, the highest negative 
effect size belonged to applied voltage 
meaning that increasing applied voltage will 
increase membrane porosity. As for pressure 
drop, increasing applied voltage will increase 
membrane pressure drop. The difference in 
silica concentration captured by the fabricated 
NF membranes and the commercial PVC 
membrane increased at lower needle-collector 

distance.  In all equations the variables with 
p-value was more than 0.05 were removed 
from the equation. 

Determining the optimum conditions

One of the aims of the present study was 
to determine the optimum electrospinning 
parameters for fabrication NFs for application of 
air sampling. After initial analysis and considering 
the relevant results, optimization was performed 
using the Design-Expert software with the aim 
of determining the optimum electrospinning 
parameters in terms of achieving desired values 
pertaining to the diameter, porosity and pressure 
drop of the fabricated NF membrane. For 
this, diameter was set to minimum, porosity to 
maximum and pressure drop to minimum, in the 
optimization instructions of the software. Three 
of the most desirable electrospinning conditions 
obtained in the optimization stage have been 
taken from the list of proposed experiments and 
presented in Table 6.

Code Desirability 
(0-1) 

Pressure 
drop 
(Pa) 

 

Porosity 
(%) 

Membrane 
diameter 

(nm) 

Voltage 
(kV) 

Needle 
distance 

(cm) 

Concentration 
(%wt) 

Duration 
(h) 

Row 

Select
ed A 

0.893 149.86 40.80 298.26 16.21 13.83 11 4 1 

Select
ed B 

0.893 149.34 41.29 305.45 16.09 13.81 11 4 2 

Select
ed C 

0.892 150.20 40.76 297.76 16.13 13.85 11 3.99 3 
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Considering the software suggestion, it was 
determined that in order to achieve the highest 
optimum degree of desirability, which was 
0.893, the electrospinning parameters must be 
as follows: a solution concentration of 11 wt%, 
an applied voltage of 16.5 Kv, a needle-collector 
distance of 13.5cm and an electrospinning 
duration of 4 hours.

Confirmation experiments

Validation of the equations was tested by 
performing the first three selected experiments 
with higher desirability degree under the 
determined electrospinning conditions. The 
results indicate that the experimental values are 
in agreement with the predicted responses, so in 
case of fiber diameter and Difference in silica 
concentration between the two membranes (NF 
and commercial PVC), percentage variation 
was 9% and 11%, respectively. 

Conclusion

In case of relationship between electrospinning 
parameters and performance characteristics, 
the highest (negative inverse) correlation was 
observed between solution concentration and 
difference in silica concentration between the 
two membranes (NF and commercial PVC). In 
case of relationship between electrospinning 
parameters and structural characteristics, the 
highest (positive) correlation was observed 
between solution concentration and fiber 
diameter. It was determined that a solution 
concentration of 11 wt%, an applied voltage 
of 16.5 Kv, a needle-collector distance of 13.5 
cm and an electrospinning duration of 4 hours 
can be one of the optimum electrospinning 
conditions for fabrication the PVC NFs in 
application of air sampling. The PVC NF 
membrane has suitable performance in air 
sampling of the crystalline silica dust   in 

compared to commercial PVC membrane.
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