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Abstract 

The nanoporous structures of electrospun nylon-6 and nylon-6/chitosan were investigated 
to be used as filter media.  Nylon-6 nanofibers were fabricated from the solutions with 
concentrations of 30 and 35% wt/v while the blends were from 30% wt/v nylon-6 with 
chitosan contents of 1, 1.5 and 2% of nylon-6 content.  The results showed that the 
solution with higher viscosity yielded structures with larger fiber diameters and larger 
pores. However, the blend solutions yielded bimodal size distribution of ultrafine fibers 
among large ones, resulting in smaller average fiber and pore sizes.  The pore sizes 
determined from the SEM figures were consistent with those calculated from Hagen-
Poiseuille equation.  In addition, the iodine adsorption increased as the pore size 
decreased, implying an increase in total pore surface.  In the filtration test, the flow rate of 
200 ppm suspension of polystyrene particles (400, 200 and 90 nm) was adjusted to 8 
μm/s and the nanofibrous filters with the thickness of 0.1±0.02 mm were used. The 
results showed complete removals of polystyrene particles when using nanofibrous filters. 
These were compared with the filter paper and commercial nylon fabric with No. 80/55 
and No. 150/35, which showed much lower performance. In addition, the nanostructures 
could also adsorb BSA up to 53% from 10 ppm BSA solution.  
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1. Introduction

Nowadays, the electrospinning method has become a popular method for producing fibers 
with diameters in the range of few microns and submicron in laboratory.  It was invented 
in 1934 to produce polymer filaments by using electrostatic force.  When the electric field 
was applied to the polymer solution, the charged liquid jet will be pulled out of the 
capillary tip. The jet with small diameter will undergo stretching and bending instability.  
After the solvent rapidly evaporates, the fibers will be left solidified on a collector.  Many 
researchers were successful to produce nanofibers via electrospinning technique (For 
example, Huang et al. 2003; Li and Xia 2004).  Since the structures contain small fibers 
as well as small pores, there are many applications regarding high surface area to volume 



ratio of the nanofibrous structures.  These include drug releases, wound dressing, vapor 
gas sensing, catalysis, and filtration, on which the latter application is focused in this 
work. 

The efficiency of nanofibrous structures as filter media were studied by many research 
groups.  For instance, polyvinylidene fluoride nanofibers were electrospun in to 
membranes and investigated for membrane separation of polystyrene particles of 1, 5 and 
10 micrometers in liquid phase.  With thickness of 0.3 mm and pore size ranging from 4 
to 10 micrometers, the membrane could reject 90% of particles (Gopal, 2006).  Another 
group produced electrospun polyacrylonitrile nanofibers and applied as a midlayer 
support in membrane for ultrafiltration to remove MgSO4 particles in water (Yoon, 2009).   

One of the polymers usually used as filter cloth is nylon.  Therefore, the electrospun 
nylon-6 nanofibrous structures could certainly be employed as a membrane material for 
water filtration because they have high chemical and thermal resistance as well as 
wettability.  In a study of separation of polystyrene particles in water whose sizes were 
varied to be 0.5, 1000, 6000 and 10000 micrometers by using nylon nanofibrous 
membrane with thickness ranging from 0.15 to 0.6 mm and with the feed concentrations 
of particles from 62.5 to 250 ppm, the separation factor could be up to 85 to 100% 
dependent on the particle size (Aussawasathien et al. 2008).   In addition, nylon-6 
nanofibrous membranes were also employed to remove aerosol, where the Peclet number 
and slip flow phenomena were investigated along with the filtration efficiency (Hung et 
al, 2011). 

Another material that has interested many groups is chitosan, which is a biopolymer 
having a wide range of applications.  It is derived from chitin by removing the N-acetyl 
group on the copolymer consisting of -(1 4)-2-acetamido-2-deoxy-D-glucopyranose 
and -(1 4)-2-amino-2-deoxy-D-glucopyranose units.  Due to its excellent properties 
including biocompatibility, biodegradability, and antibacterial activity, chitosan has been 
extensively found beneficial in many biomedical applications such as scaffolds and tissue 
engineering (Huang et al., 2005; Jiang et al., 2006), and wound dressings to prevent fatal 
infections (Burkatovskaya et al., 2006).  High-molecular-weighted chitosan can be 
dissolved only in an acidic condition, and it is barely soluble at pH above 6.5.  Geng et al. 
(2005) were able to electrospin chitosan nanofibers from acetic acid solution while other 
groups attempted to blend chitosan with other electrospinnable polymers such as 
poly(vinyl alcohol) (Chuachamsai et al., 2008), poly(ethylene oxide) (Desai et al., 2009) 
and nylon-6. 

It was reported by Nirmala et al. (2011) that nylon-6/chitosan composite nanofibers could 
be electrospun from a formic acid solution and the structures contained fibers with 
ultrafine web.  They applied this structure for biomedical applications.  However, the 
ultrafine fibers could be very useful in filtration as well and this has not been investigated 
before.  Therefore, in this work, the nanofibrous structures of this polymer blend was 
mainly studied for the filtration of colloidal particles from water phase which should be 
physically attributable to the relative sizes of particles and pores.  In addition, the 
chemical effect of blending chitosan was also reported for the adsorptive behavior of the 
membrane in capturing bovine serum albumin (BSA) in water.  The detail of our 
investigation was focused on the relation of fiber size and pore size of the structures with 



the filtration efficiency.  Therefore, we applied Hagen-Poiseuille equation to determine 
the pore size and applied iodine number measurement in order to investigate the 
adsorptive surface area of these structures.  

2. Material and Methods 

2.1 Materials 

High-molecular-weighted chitosan (%Degree of Deacetylation of 98.6) was obtained 
from A.N. Lab Aquatic Nutrition, Thailand.  Nylon-6 and bovine serum albumin (BSA) 
were purchased from Sigma-Aldrich Co. LLC.  Formic acid was supplied by Ajax 
Finechem Pty Ltd.  The suspensions of polystyrene particles with average particle sizes of 
90 nm (50-100 nm), 200 nm (200-300 nm) and 410 nm (400-600 nm) were purchased 
from Spherotech, Inc.  All chemicals were of analytical grade and used without further 
purification.  Commercial nylon fabric of No. 80/55 and No. 150/35 were purchased from 
Synthetech Co., Ltd.  

2.2 Spinning solution preparation   

Nylon-6 was dissolved in 10 ml of 90%wt formic acid to obtain the spinning solutions 
with concentrations of 30 and 35 %wt/vol, namely N6 30 and N6 35, respectively.  Since 
chitosan used in our experiments were of high molecular weight, so the addition of 
chitosan to nylon-6 was limited by the solution viscosity.  Chitosan was added in nylon-6 
solution at various amounts which are 1%, 1.5% and 2% of nylon-6 content to get the 
weight ratios of nylon-6 to chitosan of 100:1, 100:1.5 and 50:1 so they were called N6/CS 
30/1, N6/CS 30/1.5 and N6/CS 30/2, respectively.  Each mixture was blended with a 
magnetic stirrer at room temperature for 2-4 hr until the solution was homogeneous. 

2.3 Electrospinning of nanofibers 

The spinning solution was poured into a 2 ml syringe with a needle with a diameter of 0.8 
mm and a length of 4.2 cm.  The high voltage power supply (Glassman PS/MJ30PO400) 
was connected to the end of the needle by a stainless steel electrode.  Another electrode 
was connected to the stationary collector covered with 3.5 X 3.5 cm2 copper plate. The 
electrospinning voltage was set at 21 kV and the distance between the needle tip and the 
collector was held constant at 9 cm.  The spinning time was about 1.5-3 hr in order to 
obtain the nanofiber mats with 0.1±0.02 mm in thickness. 

2.4 Determination of kinematic viscosity 

The kinematic viscosities of nylon-6 and nylon-6/chitosan solutions were determined by 
using Cannon-Fenske (Reverse Flow) viscometer from Cole Parmer at 40oC.  The 
viscometer of size 400 (U853) was applied for nylon-6 solutions while that of size 450 
(E641) was applied for nylon-6/chitosan solutions. 



2.5 Morphology of nanofibers 

The morphology of nanofibers was observed with scanning electron microscope (SEM) 
(JEOL JSM-6310F) after coating by a gold sputtering coater for 100 seconds.  Each SEM 
figure was analyzed for the average fiber size as well as the apparent average pore size of 
the structure. 

2.6 The average pore size determination by Hagen-Poiseuille equation 

In this experiment, a syringe containing 5 ml water was vertically connected to a filter 
holder where the filter medium would be placed inside.  A 0.5 kg piece of metal was then 
placed at the end of the syringe, pushing the water to pass through the filter medium.  The 
volumetric flow rate of water was measured.  The flow is so slow that it could be 
considered a laminar flow and pores inside nanofibrous structure are usually 
interconnected, thus the structures resemble a bundle of tortuous tubes.  To simplify the 
calculation, the tortuosity was neglected and the Hagen-Poiseuille equation should be 
applied.  In this research, the Reynolds number (Re) was 7.41x10-5±1.05x10-5 which 
ensures the flow to be laminar in a circular tube. Therefore, the approximate average pore 
diameter of nanofibrous structures can be determined by Hagen-Poiseuille equation 
(Johnston, 2003),  
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Where, d is the average pore diameter (m), u is the velocity (m/s),  is the viscosity of 
water at 25 oC (Pa s), z is the filter thickness (m) and P is pressure drop (Pa).

2.7 Iodine Number Measurement 

Another experiment that could yield an indirect evidence of pore size inside the filter is 
iodine adsorption.  Iodine molecules could be adsorbed on the surface of nanofibers. 
Therefore, iodine adsorption capacity of the filter could reflect the total surface of the 
pores, which is closely related to the pore size. The experiment followed the method 
described in ASTM WK29867 - Revision of D1510 - 09b entitled the Standard Test 
Method for Carbon Black, Iodine Adsorption Number. 

 In the experiment, 6 mg of filter was submerged in 25 ml of 0.4728 N iodide 
solution and those were centrifuged at 4000 rpm for 5 min.  Subsequently, 20 ml of 
supernatant was titrated with 0.0394 N sodium thiosulphate solution until the color 
changed to yellow.  This was followed by adding 5 drops of 1% starch solution as an 
indicator and the titration was continued until the end point was reached, where the 
solution was colorless.  The iodine adsorption number could be calculated from Eq. (2). 
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Where, I is iodine adsorption number (g/kg), B is titrant volume used for a blank sample 
(ml), S is titrant volume used for our sample (ml), V is an exact volume of sodium 
thiosulfate solution which is 25 ml, W is sample weight (g) and N is the normality of 
iodine solution which is set at 0.04728 (meq/ml).  The value 126.91 refers to mass 
equivalence of iodine (mg/meq). 

2.8 Filtration of polystyrene particles  

Firstly, the nanofiber filter was placed in the filter holder with a diameter of 13 mm and 5 
ml of 200 ppm polystyrene particle suspension was pumped through the filter by a 
syringe pump at a fixed flow rate of 8 μl/sec.  The polystyrene (PS) colloidal particles 
were collected by the filter and the concentration of the filtrate was measured.  The 
filtration results were compared with those using No. 1 Whatman filter paper and 
commercial nylon fabrics, No. 80/55 and 150/35.  The experiments were performed for 
all size ranges of polystyrene particles as described in section 2.1.  The concentration of 
polystyrene particles in the filtrate was obtained by using the calibration curve showing 
the linear relation between the concentration and absorbance measured with UV-VIS 
spectrophotometer at 490 nm.  The filtration efficiency is expressed as 

   filtrate

initial

Filtration efficiency (%) 1 X 100C=
C

          (3) 

Here, Cinitial and Cfiltrate are the initial concentration of PS particles in suspension and the 
concentration in the filtrate coming out of the filter, respectively. 

2.9 Adsorptive filtration of BSA proteins by the nanofibrous structures 

In another experiment, the solution of bovine serum albumin (BSA) with a concentration 
of 10 ppm was used to study the possibility of protein separation using different nanofiber 
filter medium. The calibration curve was prepared from the BSA solution with varying 
concentration up to 10 μg/ml.  The BSA solution has to be mixed with dye reagent based 
on Bradford method.  UV-VIS spectrophotometer was applied at a wavelength of 595 nm 
for measuring the concentration of BSA in a filtrate.  Filtration efficiency (%) was 
defined by equation (3). 

3. Results and Discussion
   
3.1 Morphology of nanofibers 

SEM micrographs of electrospun products from solutions of different nylon-6 
concentrations with and without adding chitosan were shown in Figure 1.  The image 
analysis of SEM figures gave the average diameters of fibers and pores of the structures 
shown in Figure 2(a) and 2(b), respectively, along with the corresponding kinematic 
viscosities of solutions.  The polymer concentration is closely related to the viscosity of 
the spinning solution, which plays an important role in yielding nanofibers without beads.  
In this work, the concentration of nylon-6 was varied first and it was observed that at the 
spinning temperature of 30 oC, the solution with nylon-6 concentration below 30% wt/vol 
was not viscous enough to generate the smooth fibers and that over 35% wt/vol was too 



viscous to be electrically spun.  The chitosan was added later and the amount was also 
adjusted to be in the range of fiber spinnability.  Evidently, the system of nylon-
6/chitosan blend used in this work is different from those in another work (Nirmala et al, 
2011). 

As seen from Figures 1 and 2(a), without chitosan, the kinematic viscosity of nylon-6 
solution was increased with increasing polymer concentration, thereby increasing the 
fiber diameter.  Since chitosan has a much larger molecule than nylon-6, adding chitosan 
whose amount was only 1% of nylon-6 content in N6 30 solution could increase the 
solution viscosity to be higher than that of N6 35 solution.  Upon increasing chitosan 
content in N6 30 solution, the kinematic viscosity is exponentially increased.  It is 
probably from the rapid increase in the degree of polymer chain entanglement of both 
polymers, where the system was reported to show the hydrogen bonding between 
hydroxyl and amino groups of chitosan and amide group of nylon (Zhang et al, 2009).  As 
reported in previous research works (Nirmana, 2011; Zhang et al., 2009), the structures 
from nylon-6/chitosan blends were composed of typical fibers as in the case of pure 
nylon-6 together with the ultrafine nanofibers resembling the continuous spider web.  In 
our case, the ultrafine nanofibers could also be seen in Figure 1(c) – 1(e), whose amount 
was increased when the chitosan content was increased.  Being compared with structures 
from other works, the ultrafine nanofibrous structure in Figure 1(e) did not extend 
continuously and thoroughly among the relatively large nanofibers.  However, we 
expected that the ultrafine nanofibers were also generated inside the pores throughout the 
structures and this could be helpful in filtration processes because it could increase 
probability of particle capture and the adsorption of molecules on to nanofiber surfaces. 
The results will be discussed next. 

In Figure 2(a), because of the existing ultrafine fibers in polymer blend samples, the size 
distribution was bimodal.  The average sizes were 103, 144, 130, 238, and 184 nm for 
N630, N635, N6/CS 30/1, N6/CS 30/1.5, and N6/CS 30/2, respectively.  The average size 
would be resulted from the average of populations of large fibers and ultrafine fibers. 
Obviously, in the case of N6/CS 30/2, the ultrafine nanofibers have a significant weight 
in the average. 

Of interest is the comparison between Figure 2(a) and 2(b).  The similar trends of 
nanofiber size and pore size of the structures are clearly seen.  The electrospun fibers with 
smaller size could generate the nonwoven mat with smaller pores inside its structure upon 
random deposition on the metal collector.  Importantly, if the ultrafine nanofibers could 
be greatly generated as in the case of adding 2% chitosan, even a large number of smaller 
pores within a large pore could be produced.  In this work, the average pore sizes are 94, 
154, 150, 214, and 102 nm for N630, N635, N6/CS 30/1, N6/CS 30/1.5 and N6/CS 30/2, 
respectively. We expect that not only the overall viscosity of the solution is important in 
controlling the fiber and pore size, but the local viscosity of the solution blend is also 
significant.  Blending two polymers in the same solution might generate the heterogeneity 
of viscosity at local composition attributable to the polymer chain interactions, thereby 
producing the fibers with bimodal distribution. 



3.2 Average pore diameter measurement using Hagen-Poiseuille equation 

The average pore size calculated by using Hagen-Poiseuille equation when the pressure 
drop of water flow was kept constant is shown in Figure 3, where all parameters 
involving the fiber size and pore size are displayed together for comparison.  The pore 
sizes were 137, 159, 143, 184, and 85 nm for N6 30, N6 35, N6/CS 30/1, N6/CS 30/1.5 
and N6/CS 30/2, respectively.  The results were consistent with those from the image 
analysis of SEM micrographs, implying the applicability of Hagen-Poiseuille equation.  
The calculation was, however, based on the superficial velocity of the fluid through the 
medium, not the actual fluid velocity, both of which are related with the porosity.  In 
addition, the tortuosity of the pores inside the filter medium might also play the important 
role.  Thus, the equation could be modified to 
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Where,  is porosity and is tortuosity of the filter, which could affect the velocity of 
the liquid flow and the traveling distance of the flow.  In woven cloth, the value of 
tortuosity lies between 1.0 and 1/  (Johnston, 2003).  The porosity of the structures may 
be approximated from the Blake-Kozeny equation, which was derived for describing the 
laminar flow in a packed column of spherical particles as 
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Here, Df is the average fiber diameter and are defined the same as in Eq. (1).  Similar to 
the packed column, the pores inside the filter were generated from the deposition of all 
fibers so the equation should be applied with some acceptable errors resulted from the 
difference of hydraulic radii of pores generating by packed spheres and those by 
deposited fibers.  If we assume Blake-Kozeny equation to be valid, the porosities would 
be 0.765, 0.735, 0.735, 0.675 and 0.565 for N6 30, N6 35, N6/CS 30/1, N6/CS 30/1.5 and 
N6/CS 30/2, respectively.  If the tortuosity for each sample was assumed to be unity, the 
average pore sizes would be approximated to be 157, 185, 167, 224 and 113 nm for N6 
30, N6 35, N6/CS 30/1, N6/CS 30/1.5 and N6/CS 30/2, respectively, which could predict 
better results for some samples.  This is worth investigating more in detail in the future.  
  
3.3 Iodine number measurement 

The standard method of iodine adsorption on surface of carbon black particles was 
adopted here to measure the total surface area of the fibers.  This could imply the pore 
size inside each filter.  The iodine numbers were also shown in Figure 3. 

 The iodine numbers of nylon-6 filter samples were 628 and 542g/kg for N6 30 
and N6 35, respectively, where the iodine number decreased with an increase of fiber 
size.  For the case of polymer blend nanofibers, the iodine numbers were much lower than 
those of nylon-6 fibers.  Since there were very few disconnected ultrafine nanofibers in 



the case of N6/CS 30/1 and N6/CS 30/1.5, the pore size inside the filter was governed by 
the size of the large fibers, thereby decreasing the iodine number to 187 and 90 g/kg, 
respectively.  It was interesting, however, that for N6/CS 30/2, the iodine number 
increased to 254 g/kg.  This result showed that if the continuous structures of the ultrafine 
nanofibers could be obtained, the total surface area of the nanofibers could be increased.  
Nonetheless, the effect of the large fibers was still dominant in this case, probably 
because of not all small pores were visited by iodine molecules due to the effect of 
surface tension of the solution.  This kind of structures could be beneficial for separation 
of some molecules or particles in liquid phase which could be attached to the surface of 
the fibers while letting the liquid flow through easily. 
  
3.4 Filtration of polystyrene particles  

Figures (4)-(6) show SEM micrographs of polystyrene particles, whose average sizes 
were of 410, 200 and 90 nm, respectively, which were collected by different filters.  As 
can be seen in Figures 4(a)-4(d) and Figures 5(a)-5(d), when 410-nm- and 200-nm-
polystyrene particles were captured, few of them stuck onto the commercial nylon fabrics 
of both No. 80/55 and No. 150/35, whereas there were many particles were seen on the 
filter paper.  A large number of polystyrene particles on N6 30 nanofibers were evidently 
seen because the average pore size of the structure was only 94 nm, which was smaller 
than the average particle sizes.  Figures 6(a)-6(d) show that 90-nm polystyrene particles
covered thoroughly on the nanofibers while the particles covered partly on the filter paper 
and very few on the commercial nylon fibers.  The filtration efficiency of each filter was 
reported in Table 1.

In Table 1, it was indicated that the nanofibrous structures could capture polystyrene 
particles of all sizes unlike the filter paper and the commercial nylon fabrics.  For No.1 
filter paper, it could remove polystyrene particles with a size of 410 nm better than that of 
200 nm but less than that of 90 nm.  The higher efficiency was observed when filtering 
much smaller particles, which was attributable to particle self-aggregation due to high 
surface energy of fine particles.  In addition, although the pore size of commercial nylon 
fabric No. 80/55 was larger than that of No. 150/35 but it was observed that the filtration 
efficiency of the former was higher than the latter.  This may be because the commercial 
nylon fiber with No. 80/55 has also larger fiber size than that of No. 150/35 and the 
polystyrene particles may attach onto the fiber surface and then formed the filter layer or 
filter cake, thereby, increasing the efficiency. 

Every sample of nanofiber filters, whose thickness were about 0.1 mm, showed 100% 
filtration efficiency for every particle size.  Among the group of nanofibrous filters, it 
could be seen from the SEM figures that when filtering 90 nm-PS particles, the outlines 
of the fibrous structures were still observed for every filter medium except N6/CS 30/2, 
where all particles covered the filter surface.  This was probably because particles could 
not move through the top layers because ultrafine fiber web could capture them all and 
generate the filter cake so that the fibrous outline could not be seen at all. 



3.5 BSA Adsorption by nanofibrous filters 

Separation of BSA from the aqueous solution was performed using nanofibrous filter 
media.  The prepared concentration of BSA was as low as 10 ppm.  It was found that N6 
30 sample could remove proteins up to 37% and N6 35 could remove up to 41%.  The 
increase in filtration efficiency was probably due to an increase in retention time when 
flowing inside the larger pores of N6 35, facilitating the attraction between nanofibers 
and proteins, even though there was less fiber surface area.  The process involved 
adsorption of protein molecules on the surface of the nanofibers with attractive 
interaction between amino groups of proteins and amide groups of nylon-6 which could 
be enhanced if protein molecules have more time to travel to the fiber surface.  
Interestingly, for the sample of nylon-6/chitosan blends, the efficiencies of protein 
removals were higher than those of nylon-6 and the efficiency seemed not to depend on 
the chitosan content up to 2% of the amount of nylon.  In the presence of chitosan, there 
would be more functional groups that could effectively attract protein molecules.  It was 
reported that when BSA was dissolved in water, its molecule possessed negative charges 
(Wang et al., 2008), which favored the attraction with protonated chitosan molecules 
(protonated amino groups).  It was possible that chitosan content was so small that 
chitosan molecules could not distribute uniformly on the fiber surface, thereby the effect 
of chitosan content was not seen clearly.  This point deserves further investigation. 

IV. Conclusions 

In this work, nylon-6 and nylon-6/chitosan nanofibrous structures were used as filters for 
removals of polystyrene particles of different size and compared with commercial nylon 
fabrics and filter paper.  It was found that kinematic viscosity of nylon-6 solutions and 
nylon-6/chitosan solutions increased with increasing polymer content, which in turn 
increased the size of the fibers as confirmed with SEM micrographs.  The blend polymer 
solution generated untrafine fibers resulting in smaller average fiber diameters.  The 
trends of the average fiber diameters of nanofibrous structures and their average pore size 
were found the same.  In addition, the equation of Hagen-Poiseuille gave pore sizes 
consistent with SEM figures and the method of iodine adsorption could be used to 
investigate the available surface area for adsorption inside the nanofibrous structures.   

In Filtration, the nanofiber filters could capture polystyrene particles much better than 
filter paper and the commercial nylon fabrics, No. 80/55 and No. 150/35.  The nanofiber 
filters gave 100% of filtration efficiency while filter paper and commercial nylon fiber 
gave 8.27%-59.14% and 2.7%-14.50% of filtration efficiency, respectively.  Interestingly, 
self-aggregation of fine particles played an important role on the filtration efficiency.  
Moreover, the adsorption of BSA proteins in a solution of 10 ppm could occur inside the 
nylon-6 nanostructures up to 41% and inside nylon6/chitosan nanostructures up to 53%.  
In conclusion, nanofibrous structures could successfully remove particles in a size range 
of 400 nm down to 90 nm from the suspension and could partly adsorb protein molecules 
as well, showing a potential use of these nanofibrous structures in separation of 
bioparticles and biomolecules.
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FIGURES 

Figure 1: SEM micrographs of electrospun products from different polymer 
concentrations: (a) N6 30 (b) N6 35 (c) N6/CS 30/1 (d) N6/CS 30/1.5 and (e) N6/CS 30/2  

Figure 2: (a) the average nanofiber diameter and (b) the average apparent pore size of 
nanofibrous structures together with the kinematic viscosity of nylon-6 and nylon-
6/chitosan solutions at various concentrations. 

Figure 3: Comparison between the average nanofiber sizes and pore sizes determined 
from image analysis and Hagen-Poiseuille equation, together with the iodine number. 



Figure 4: SEM micrographs of 410-nm polystyrene particles collected by different filters: 
(a) commercial nylon fabric, No. 80/55 with 200x magnification (b) commercial nylon 
fabric, No. 150/35 with 200x magnification (c) filter paper with 15,000x magnification 
and (d) nanofibers from N6 30, with 15,000x magnification.

Figure 5: SEM micrographs of 200-nm polystyrene particles collected by different filters 
at 15,000x magnification: (a) commercial nylon fabric, No. 80/55 (b) commercial nylon 
fabric, No. 150/35 (c) filter paper and (d) nanofibers from N6 30
  

Figure 6: SEM micrographs of 90-nm polystyrene particles collected by different filters at 
15,000x magnification: (a) commercial nylon fabric, No. 80/55 (b) commercial nylon 
fabric, No. 150/35 (c) filter paper (d) nanofibers from N6 30 (e) nanofibers from N6 35 
(f) nanofibers from N6/CS 30/1 (g) nanofibers from N6/CS 30/1.5 and (h) nanofibers 
from N6/CS 30/2 



Figure 7: Filtration efficiency of BSA from 10 ppm solution using various nanofibrous 
filters. 

Table 1: Filtration efficiency of different filters when applied to capture polystyrene 
particles with various sizes 

Filter type 
Filtration efficiency (%) 
PS particle size 
410 nm 200 nm 90 nm 

NC 80/55 7.79 4.93 14.50 
NC150/35 4.96 2.93 2.71 
Filter Paper 35.89 8.27 59.14 
N6 30 100.00 100.00 100.00 
N6 35 100.00 100.00 100.00 
N6/CS 30/1 100.00 100.00 100.00 
N6/CS 30/1.5 100.00 100.00 100.00 
N6/CS 30/2 100.00 100.00 100.00 
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Abstract 

A family of poly(vilnyl alcohol) (PVA) nanofibers filled with carbon black 
particles and carbon nanotubes were investigated for their electrical properties. Carbon 
fillers were found to decrease the resistivity of the fiber mats linearly when detecting IPA 
vapor whose concentration increased from 1 to 8 ppm, confirming the possibility to be 
used as a gas sensor.  Surface treatment with nitric acid could decrease the filler aggregate 
size and disperse the fillers more uniformly in the fibers, thereby, reducing the resistivity. 
The self-dispersible carbon black (SDCB) particles could decrease the resistivity of the 
PVA nanofibers better than untreated carbon nanotubes (CNT). Both SDCB and SDCNT 
samples could maintain the resistivity when the temperature increased, while the 
resistivity of CB and CNT samples decreased with temperature. In addition, the resistivity 
decreased along the dynamic increase in moisture content at 45oC.   However, the 
presence of IPA could still be detected together with moisture.   

Keywords: Carbon Black, Carbon Nanotube, Nanofiber, Poly(vinyl alcohol). 

I. Introduction 

The electrospinning technique has been investigated extensively in order to 
understand all parameters governing the morphology of the obtained nanofibers [1].  Due 
to its large surface area to volume ratio, the nanofibrous structure could be used in many 
applications related to surface activity of the fibers.  For example, in catalysis lots of 
pores in nanofibrous structures yield higher rate of adsorption of reactants and higher 
reactivity due to a large number of active sites.  In biomedical engineering, the 
nanostructures have been applied for drug release and promoting cell growth, each of 
which process needs large surface area to increase its rate and process continuity.  
Besides, gas sensing applications have also been studied since the initial steps of sensing, 
which are diffusion and adsorption of gas molecules into the material of fibers, required a 
large interfacial area between solid and liquid or gas phase.  Such application is the focus 
of this research.

Polymers usually applied in electrospinning process should be easily fabricated 
from their solutions or melts. Poly(vinyl alcohol) (PVA) is one of the most used in film 
forming or fiber fabrication.  Therefore, it has been used in all applications mentioned so 
far as a polymer matrix of nanofibers.  The composite of PVA and other materials, which 
are also polymers or particulate fillers to enhance specific properties of the fibers, has 
been widely experimented.  The mechanical properties of PVA nanofibers were enhanced 



by adding carbon black particles in the fibers [2].  As expected, carbon black, which has 
been used as reinforcing filler in rubber tyre industries for a long time, could increase 
tensile strength of the nanofibers as the filler loading increased from 1 to 10%wt of PVA 
content.  Multi-walled carbon nanotubes (MWCNT) were also reported to improve tensile 
strength of PVA fibers [3] since it could nucleate crystallization of PVA in the composite 
nanofibers. The composite nanofibers mats were later crosslinked with glutaraldehyde to 
improve its mechanical strength as a post-treatment.   

Those carbon-filled PVA nanofibers were of interest for their mechanical 
properties.  However, carbon nanotubes (CNT) were also well known for their electrical 
conductivity.  Recently, the composite of PVA and CNT was prepared and studied as 
conductive nanofibers [4].  In that work, CNTs were dispersed homogeneously in N-
methyl-2-pyrrolidone and mixed with PVA solution.  It was found that the conductivity 
could increase upon increasing the CNT loading.  Since gas sensing application is closely 
related to the electrical conductivity of the materials, the improvement of conductivity of 
PVA nanofibers by incorporating carbon nanotubes have attracted many research groups, 
one of which blended PVA, polyaniline and CNT together and electrospun the fibers in 
order to make a CO sensor and their product could detect CO in the range of 100-500 
ppm [5]. 

The success of conductivity or mechanical properties improvement of PVA 
nanofibers not only lies in filling the fibers with conductive carbon particles but it also 
depends on how well the fillers are dispersed inside nanofibers.  Ultrasound was applied 
to suspensions four times before electrospinning the PVA solution blended with carbon 
black particles [3].  Bang et al. [6] have currently treated the MWCNT with acids by 
varying the pH of the solution and they found that a lower pH gave smaller fiber 
diameter, thereby, increasing mechanical properties.  Li and Sun [7] have applied the 
method of acid treatment before to carbon black particles in order to disperse them more 
homogeneously in suspension as a black dye in coloration of cotton fibers.  

  
In this work, the nitric acid treatment [7] was adopted in order to produce self-

dispersible carbon black (SDCB) particles to be filled in PVA nanofibers, which have not 
been reported before by other groups. The electrical properties were compared with those 
of carbon-black-filled-, carbon-nanotube-filled- and self-dispersible-carbon-nanotube-
filled PVA nanofibers. The model gas to be detected in the study is isopropyl alcohol 
(IPA), which is usually used as a degreaser in electronic device productions.  To test the 
sensitivity of nanofibrous structures, the concentration of IPA was varied lower than 8 
ppm. 

II. Material and Methodology 

Material 
Polyvinyl alcohol (PVA) used in this research was purchased from Sigma 

Aldrich.  It is a cold water soluble type with molecular weight (Mw) of 40,000-70,000 
and degree of hydrolysis of 98%.   Carbon black (N-330, particle size about 33 nm) was 
supplied by Loxley Public Co., Ltd. Multi-walled carbon nanotube with carbon content 



more than 95%, (O.D. x L equals 6-9 nm x 1 μm) was purchased from Sigma-Aldrich Co. 
LLC. Nitric acid and isopropyl alcohol (IPA) were supplied from Merck Ltd., Thailand.  

Self-dispersible carbon black and self-dispersible carbon nanotube preparation  
2 g carbon black or carbon nanotube was mixed with 150 ml. of 65%w/w nitric 

acid and then it was refluxed at 120oC for 2 hr. After that the mixture was heated at 
130oC. To remove nitric oxide left on particle surfaces, particles were washed in water 
and then were precipitated by using centrifugal speed of 3000 for 15 min. The filtered 
precipitate was then added into distilled water and was centrifuged at the same condition 
again. The self-dispersible carbon black (SDCB) particles and self-dispersible carbon 
nanotubes (SDCNT) were received after drying the precipitate at 80oC for 24 hr. The 
size distributions before and after surface treatment of carbon black particles were 
analyzed by a centrifugal particle size analyzer (Shimadsu, model SA-CP3). 

Spinning solution preparation
To obtain pure PVA solution, PVA powder was dissolved in distilled water to 

get PVA concentration of 25, 30 and 35%w/v. The spinning solution was prepared by 
firstly mixing 1 g of PVA with 10 ml of distilled water. After that the fillers which are 
CB, SDCB, CNT and SDCNT were added into PVA solution to obtain the ratio of PVA to 
filler of 100:4, 100:6 and 100:8.    

Electrospinning of nanofibers
The spinning solution was poured into a 2 ml syringe with 0.8 mm-ID and 3.5 

cm needle. The high voltage power supply (PS/MJ30PO400 Glassman) was connected to 
the end of the needle by a stainless steel electrode. Another electrode was connected to 
the stationary collector covered with 2 x 2 cm2 copper plate. The electrospinning voltage 
was set at 18 kV and the distance between the needle tip and the collector was held 
constant at 7 cm. The spinning time was about 25 min. 

Morphology of nanofibers
The morphology of nanofibers was observed with scanning electron microscope 

(SEM) (JEOL JSM-6310F) after gold coating by a gold sputtering coater for 100 seconds. 
The average fiber diameter was obtained with an image analyzer. 

Resistivity of nanofibers
The nanofiber of unknown resistance was connected in series with the known 

resistance.  The voltage of the known resistance and that of nanofiber were measured by 
using a multimeter as shown in Figure 1 for the experimental setup.  The resistivity of 
nanofiber was calculated from (1). When knownR  and fiberR are resistivity of known and 
nanofiber, respectively while supplyV and knownV are the supply voltage and voltage measured 
from known resistance, respectively. 

supply known
fiber known

known

V V
R xR

V
                   (1) 



The effect of IPA concentration on resistivity of fibers 

The experiment was done at the condition of fixing the relative humidity at 40% 
and the temperature at 32˚C. The concentration of IPA in the air was varied by adding 
liquid IPA drop by drop into the whole volume where the fibers were placed and the 
resistivity of the fibers was measured.

The effect of temperature on resistivity of fibers 

The air in the closed vessel contained 67 ppm IPA.  The relative humidity was 
fixed at 40% and the temperature was at 32˚C.  The whole system was heated to 40oC. 
The resistivity of the fibers was measured at various temperatures stepping up with an 
increment of 1oC. 

The effect of relative humidity on resistivity of fibers  

The experiment was done with 67 ppm IPA vapor in the air.  The liquid water 
was placed inside this close system while maintain the constant temperature of 45˚C so 
the relative humidity was changed from 45% to 80% upon continuing evaporation, during 
which time the resistivity of the fibers was measured.   The results were also compared 
with those in the presence of only water vapor in the air.  

III. Results and Discussion 

Size distribution of carbon black particles
The size distributions of carbon black particles before and after surface treatment 

with nitric acid were shown in Figure 2.  It was clearly seen that carbon black particles in 
suspension usually aggregated as a large particle, whose size was as large as 50 microns, 
whereas the self-dispersible carbon black particles were much smaller, whose size mostly 
fell in the range of 100 nm to 250 nm.  This is due to the repulsive forces among the 
carboxylic groups generated upon oxidation with nitric acid on the treated particle surface 
that preclude the aggregation of particles [7].  

Morphology of nanofibers  
When mixing surface-treated and untreated carbon black particles into PVA 

solution and spinning electrically to obtain nanofibrous mats as shown in Figure 3, the 
structures looked similar to one another. The fibers filled with treated carbon nanotubes 
and untreated looked similar to other fibers as well.  Nonetheless, the average size of the 
fibers of each sample was a little different. It seemed that adding self-dispersible fibers 
yielded slightly larger nanofibers. This may be attributable to more amount of fillers 
could be dispersed in the fibers since the particle dispersion was better, leading to a little 
higher viscosity, which in turn resulting in larger diameters. However, on the whole, they 
could be considered physically similar to one another. Therefore, incorporating each 
species of carbon filler of the same loading in the fibers did not affect the shape and size 
of fibers similar to what observed in [2]. 



Resistivity of nanofibers  
The resistivity of nanofibers was shown in Figure 4.  The concentration of IPA 

was varied in a very low range up to 8 ppm in order to observe the sensitivity of the 
nanofibers.  It is clearly seen that for all types of fibers a decreasing trend of resistivity 
was seen when the IPA concentration increased because IPA is a polar substance that 
could conduct electricity.  Therefore, these nanofibers could be applied as gas sensors for 
detecting polar molecules such as alcohols and quantifying their concentrations in 
ambient air.   

When comparing all types of fibers, pure PVA nanofibers possessed highest 
resistivity.  Embodying the fibers with carbon fillers could linearly increase the 
conductivity as shown.  Since all samples looked similar, the surface area per unit volume 
of them should also be similar.  Thus, the decrease in resistivity should be resulted from 
the conductive filler loading.  It was experimented earlier by our groups that upon 
increasing the filler loading up to 8% wt/vol in suspension, the resistivity was decreased. 
Therefore, in this work, we fixed the loading at 8% wt/vol in prepared suspension.  
Adding more filler beyond that resulted in particle aggregation which caused poor 
conductivity in the solid fiber mats.  Surface treatment of particles is, thus, essential.  As 
shown in the figure, the influence of self-dispersible carbon black particles was very 
interesting since it could decrease resistivity of the fibers to be lower than fibers filled 
with carbon nanotubes which are widely known as an excellent conductor.  This finding 
implied that aggregation of carbon nanotubes occurred during the mixing process in PVA 
solution. As expected, the sample filled with self-dispersible carbon nanotubes was the 
best conductors among all. The surface treatment of particles could benefit an increase in 
conductivity of nanofibers since particles could be dispersed more uniformly in each 
fiber, yielding better percolation throughout the structures, which is the mechanism 
governing electrical conductivity of the membrane. 

The effect of temperature on nanofiber resistivity 
It is also intriguing to investigate the effect of temperature on the resistivity of 

nanofibers while absorbing IPA vapor which was fixed at 67 ppm.  This effect is 
important when a sensor is applied at a temperature higher than room temperature.  The 
results are shown in Figure 5.  At first, the resistivity of PVA increased with temperature 
and then dropped.  It is possible that when heated, PVA fibers initially relaxed and the 
whole nanostructures might slightly expand resulting in disconnected path of electrical 
conduction. However, when the temperature increased, both the diffusion rate of IPA 
molecules from the air to the nanofiber surface and the diffusion rate inside the solid 
fibers could increase, which are favorable for an increase in electrical conduction. 
Therefore, these two factors were competitive and the maximum of resistivity of PVA 
nanofibers was observed.  

For other carbon-filled nanofibers, the results could be classified into two 
groups. The first group represents the trend of decreasing of resistivity and the second 
group represents the trend of almost constant resistivity.  As shown Figure 5, PVA 
nanofibers with untreated fillers belong to the first group while PVA nanofibers with self-



dispersible fillers belong to the second group.  These phenomena could also be explained 
with the same reason provided for pure PVA nanofibers.  The carbon-filled nanofibers 
possessed much higher mechanical strength than pure PVA fibers [2] because PVA 
chains were more or less fixed in place with attractive interactions from carbon particles, 
which act as reinforcing filler in polymer matrix.  The structures would be stronger if the 
filler particles were smaller and dispersed more uniformly inside each fiber, which is the 
case for self-dispersible carbon black particles and self-dispersible nanotubes. It is 
possible that the PVA/SDCB and PVA/SDCNT structures were strong enough to 
withstand thermal expansion so the diffusion of more IPA to the structures did not occur 
at higher temperatures.  Unlike those two, the resistivity of PVA/CB and PVA/CNT 
decreased with temperature, which was likely due to a slight effect of thermal expansion 
of PVA matrix, which facilitated the diffusion of more IPA molecules inside the fibers. 
Interestingly, the change of resistivity of PVA/CB and PVA/CNT upon changing the 
temperatures implies that these two nanofibers could be applied as a temperature sensor 
while the PVA/SDCB and PVA/SDCNT could be used as a gas sensor at any 
temperature. 

It should be noted that at lowest temperature of 33oC, the resistivity of 
nanofibers of the PVA was the highest, followed by PVA/CB, PVA/CNT which was 
close to PVA/SDCB and then PVA/SDCNT, whereas at highest temperature of 40oC, the 
order was rearranged to PVA, PVA/SDCB, PVA/SDCNT, PVA/CNT and PVA/CB.  The 
trend at a high temperature was confirmed again in a separate experiment where the 
temperature was set at 45oC, as shown in Figure 6, which showed the comparison of 
resistivity of fibers when exposed to water vapor alone and when exposed to water vapor 
together with IPA vapor. 

The effect of water vapor on fiber resistivity 
Because there is always water vapor in the air, the effect of humidity on the 

detection of IPA vapor should also be studied. It is obvious that the PVA fibers were 
sensitive to water vapor in the air as they were sensitive to the IPA vapor.  These fibers 
could be potentially applied as humidity sensors as well.  As the relative humidity 
increased from 45% to 80% while the IPA concentration was fixed at 67 ppm in the air, 
the resistivity of the fibers absorbing both gasses decreased and it was closer to the 
resistivity of fibers absorbing water vapor alone. However, the separation between these 
two could be seen at a low humidity of 40% which is the ambient humidity when the 
experiment was done.  When the differentiation between the resistivity of both systems 
was mainly considered, the sample PVA/SDCB shows the largest separation of the two 
numbers, followed by PVA/SDCNT.  

III. Conclusion 

This research showed the possibility of applying electrospun poly (vinyl alcohol) 
filled with self-dispersible carbon black (SDCB) and self-dispersible carbon nanotube 
(SDCNT) compared with the nanofibers filled with as-received fillers to be used as a gas 
sensor.  The morphology of nanofibers, their electrical properties before and after the 
detection of isopropyl alcohol (IPA) vapor in the air, as well as the effect of moisture 



content in the air were investigated in this work.  The results showed that adding those 
fillers in the nanofibers decreased the resistivity of the structures at room temperature 
especially with SDCB and SDCNT particles, which were dispersed better in the structures 
because of charges from the surface treatment.  The surface treatment was proved to be 
the essential step during incorporation of nanosized fillers in the polymer matrix. This 
actually benefit in the reduction of filler usage as well as the increase in performance of 
the nanofibers as was seen for the case of SDCB particles which could enhance the fiber 
conductivity comparable to CNTs. 

When nanofibers were tested for both humidity and the presence of IPA vapor in 
the air, the resistivity was found decreasing along the dynamic increase in moisture 
content at 45oC.   However, the presence of IPA could still be detected together with the 
effect of moisture.  The SDCB-filled and SDCNT-filled PVA nanofibers could 
differentiate the presence of IPA and water more clearly than others. In addition, a 
dynamic increase in temperature was found to decrease the resistivity of nanofibrous 
structures embodied with CB and CNT while the ones with SDCB and SDCNT showed 
small degree of fluctuation around a constant resistivity, implying that the latter two were 
more appropriate for gas sensor application.  More importantly, the nanostructures could 
detect the low concentration limit of IPA concentration ranging from 1-8 ppm.  The linear 
relationship between the IPA concentration and the resistivity of the sensors were clearly 
observed.  

All the results evidently indicated that these nanocomposites, especially SDCB 
composites should gain more attention in the field of sensors, provided that the degree of 
dispersion of carbon black particles is maximally enhanced. 
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FIGURES 

Fig. 1 The setup apparatus for measuring the resistivity of nanofibers. 



Fig. 2 Size distributions from centrifugal size analyzer of 
 (a) carbon black particles (CB) and (b) self-dispersible carbon black particles (SDCB) 

Fig. 3 SEM micrographs of (a) PVA nanofibers (b) PVA nanofibers filled with carbon 
black (PVA/CB) (c) PVA nanofibers filled with self-dispersible carbon black 

(PVA/SDCB) (d) PVA nanofibers filled with carbon nanotubes (PVA/CNT) (e) PVA 



nanofibers filled with self-dispersible carbon nanotubes (PVA/SDCNT) 

Fig. 4 The resistivity of various nanofibers at 32˚C and 40%RH was shown 
decreasing with an increase in IPA concentration. 

Fig. 5 The effect of temperature on resistivity of various nanofibers absorbing 67 
ppm isopropyl alcohol (IPA) at 32˚C and 40%RH. (a) PVA (b) PVA/CB (c) PVA/SDCB 
(d) PVA/CNT (e) PVA/SDCNT 



Fig. 6 The effect of relative humidity on resistivity of various fibers. The black dot 
refers to water vapor alone and the white dot refers to water and IPA vapors. (a) PVA (b) 
PVA/CB (c) PVA/SDCB (d) PVA/CNT (e) PVA/SDCNT  
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ABSTRACT

This research aims to simulate the structures of nanofibers on a surface of a 
collector by electrospinning technique. Since the nanofibrous structures contain 
many tiny pores with size ranging from nanoscale to microscale, it is of interest to 
utilize such structures for processes involving surface activity. In this work, nylon-6 
with concentrations of 30 and 35 wt% were electrospun to obtain the nanofibrous 
mats and they were tested for filtration of polystyrene particles in suspension. Some 
experimental results were compared with the simulated ones. In the simulation 
methods, the 2-dimensional connected structures of nanofibers were constructed by 
assuming a nanofiber as an ellipse with an aspect ratio of 100 deposited randomly 
one by one. In addition, the size of nanofiber is assumed polydisperse. It was found 
that the configurations generated via simulations resembled the real structures of 
nanofibers with polydisperse diameters. Fibers from higher solution concentration 
were larger, resulting in larger pore size, which was also confirmed with 
simulations. Varying the size distribution around the same average value did not 
make any difference to the coverage of fibers deposited on the surface but it 
affected 2D pore areas for the systems at low fiber density. In addition, the 
probability for a particle passing through the porous structure was less when the 
fiber number density was higher and the particle diameter was larger, which is 
consistent with the filtration test. Lastly, water flux measurement could be used to 
estimate the void volume fraction of the structures as well as the volume-averaged 
pore diameter, which was found greater than the 2D pore diameter measured from 
SEM micrographs by the quantity related to the fiber size.  

Keyword: nanofiber, porous membrane, polydispersity, simulation, filtration 



1. Introduction 
Electrospinning technique is an easy method to produce nanofibers whose size are in 
submicron or nanometer range by applying the electrical force generated by the electric 
fields between the end of the metal needle and the ground collector. The liquid source 
may be a polymer melt or a polymer solution. Once the electrical force is greater than the 
surface tension of the hanging hemisphere liquid drop at the end of the needle, the liquid 
is pulled out of the needle and swirled onto the ground surface.  Continuous fibers are 
produced in this manner while the solvent evaporates and the final nonwoven nanofibrous 
structure is solidified. A large number of literatures discussing the production of 
nanofibers from various polymer systems and their applications have been investigated 
[1-5]. The research on nanofibers is still receiving more and more attention since the 
benefit of large surface area to volume ratio of nanostructures has been proven to improve 
the performance in many aspects including higher mechanical strength, an increase in 
surface activity, and an increase in adsorption capacity. Therefore, nanofibers were 
widely studied for their uses as sensors [1], catalysts [2], drug delivery systems [3], tissue 
scaffolds [4] as well as filters [5]. The study on surface characterization and pore 
generation of nanofibrous membrane is, thus, of great interest. 
     
 There are many factors influencing the size of fibers produced via electrospinning. 
Those are voltage of power supply, distance between the needle tip and the ground, 
solution flow rate, viscosity, conductivity and surface tension of polymer solutions. Some 
of these process parameters were modeled by Danwanichakul et al. by using poly(vinyl 
alcohol) as a model polymer [6]. However, not only the fibers but also the pores 
generated by the overlap of fibers themselves are of importance. Park and Park found that 
pore size distribution in nanofibrous structures was narrow or sometimes considered as 
monodisperse pores [7]. The study was done experimentally and there was no explanation 
for that. The theoretical work could then fill the gap. Eichhhorn and Sampson simulated 
the fibers by assuming that they are of cylindrical shape whose diameter is so much 
smaller than its length [8]. They found that if the mass of fibers per unit area was fixed, 
when the mass of the fibers increased, the average pore size increased. Maze et al. 
simulated the filter using nanofibers with a diameter of 200 nm and allowed the particles 
with diameters between 50-500 nm to pass through the pores. They found that the 
pressure drop was related to the pore size as could be predicted by the fluid mechanics 
[9]. In addition to 2D simulations, Hosseini et al. attempted to simulate 3D nanofibrous 
structures by building a rigid cylindrical fiber one by one on top of each other and used 
the computational fluid dynamics to study the collection of particles in the air when 
passing through these simulated filters [10]. Another attempt to create 3D nanofibrous 
structure was made by Sambaer et al. to simulate the filtration process via polyurethane 
nanofibers [11]. To construct the fiber mats, they used image of top layer of fibers as a 
template for creating the whole mate with multiple layers. This method proved successful 
in imitating the real behavior of the nanofibers in filtration process.  
   
 The success of 3D-simulation by Sambaer et al. [11] was based on the 2D 
structures of the nanofiber network so the knowledge of 2D structures is still important. 
All the work about simulation of electrospun nanofibers has dealt with the filtration of 
aerosol and all has assumed that the fiber size was monodisperse. In this work, the nylon-
6 was selected as a model polymer for producing nanofibers by electrospinning and the 



use in filtration of particles from liquid suspension was presented. The 2D simulation was 
performed to study the effect of fiber size polydispersity on the pore size of the structures 
as well as to connect the simulated results with the experimental results either 
qualitatively or quantitatively.  

2. Material and Method 
2.1 Materials 
Nylon-6 was purchased from Sigma-Aldrich Co. LLC.  Formic acid was supplied by Ajax 
Finechem Pty Ltd.  The suspensions of polystyrene particles with average particle sizes of 
90 nm (50-100 nm) and 200 nm (200-300 nm) were purchased from Spherotech, Inc.  All 
chemicals were of analytical grade and used without further purification.   

2.2 Electrospinning of Nylon-6 nanofibers   
Nylon-6 was dissolved in 10 ml of 90%wt formic acid to obtain the spinning solutions 
with concentrations of 30 and 35 %wt/vol, namely N6-30 and N6-35, respectively.  Each 
mixture was blended with a magnetic stirrer at room temperature for 2-4 hr until the 
solution was homogeneous. The spinning solution was poured into a 2 ml syringe with a 
needle with a diameter of 0.8 mm and a length of 4.2 cm.  The high voltage power supply 
(Glassman PS/MJ30PO400) was connected to the end of the needle by a stainless steel 
electrode.  Another electrode was connected to the stationary collector covered with 3.5 x 
3.5 cm2 copper plate. The electrospinning voltage was set at 21 kV and the distance 
between the needle tip and the collector was held constant at 9 cm.  The spinning time 
was about 1.5-3 hr in order to obtain the nanofiber mats with 0.1±0.02 mm in thickness.  

2.5 Morphology of nanofibers 
The morphology of nanofibers was observed with scanning electron microscope (SEM) 
(JEOL JSM-6310F) after coating by a gold sputtering coater for 100 seconds.  Each SEM 
figure was analyzed for the average fiber size as well as the apparent average pore size of 
the structure. 

2.6 Water flux measurement 

In this experiment, a syringe containing 5 ml water was vertically connected to a filter 
holder where the filter medium would be placed inside.  A 0.5 kg piece of metal was then 
placed at the end of the syringe, pushing the water to pass through the circular filter 
medium whose diameter of 13 mm.  The volumetric flow rate of water was measured.  
The flow is so slow that it could be considered a laminar flow and pores inside 
nanofibrous structure are usually interconnected, thus the structures resemble a bundle of 
tortuous tubes.  With the relation of water flux and pressure drop across the membrane, 
the volume-averaged pore size could be determined. 

2.7 Filtration of polystyrene particles  
Firstly, the nanofiber filter was placed in the filter holder with a diameter of 13 mm and 5 
ml of 200 ppm polystyrene particle suspension was pumped through the filter by a 
syringe pump at a fixed flow rate of 8 μl/sec.  The polystyrene (PS) colloidal particles 
were collected by the filter and the concentration of the filtrate was measured by using the 
calibration curve showing the linear relation between the concentration and absorbance 



measured with UV-VIS spectrophotometer at 490 nm.  The filtration efficiency is 
expressed as 

filtrate

initial

Filtration efficiency (%) 1 X 100C=
C

           (1) 

Here, Cinitial and Cfiltrate are the initial concentration of PS particles in suspension and the 
concentration in the filtrate coming out of the filter, respectively. 

2.8 Computer simulation of nanofibrous structures 
The computer programming was written in FORTRAN in this study. The deposition of 
fibers on a surface was performed by Monte Carlo simulations. First, the position on the 
2D system and the size of fibers are randomly sampled one by one. Each “2D” fiber is 
modeled as an ellipse whose aspect ratio, i.e. the ratio of the long axis length to the short 
axis length, equals to 100. The length of short axis of the reference fiber is set at df which 
is scaled with a unit size d as 0.075d. The deposited area is scaled as 100d2, equivalent to 
the area of the width of 10d and the length of 10d. Therefore, if the size d is set as 500 
nm, then the fiber size is 150 nm and the deposited square area is 5x5 μm2.  Not the 
position of the fiber center but the angle of the fiber major axis respect to the x-axis is 
also sampled randomly on the surface.  

  To study the effect of fiber size, the size polydispersity of the fibers was varied 
according to the uniform size distribution to be 0.85df-1.15df, 0.75df-1.25df, 0.65df-
1.35df, and 0.55df-1.45df, where df is the size of reference fiber which is 0.075d as 
described above. The simulated structures were analyzed for the surface coverage on the 
deposited area and the average pore size of the structures when more fibers were 
deposited.  

  To quantify how difficult the particles will pass through the 2D porous structures 
as in the filtration test, the number of attempts for the particle to deposit on the structure 
was measured until it could successfully pass the 2D pore. The number of attempts 
reflects the probability of capturing the particles inside the nanostructures. In this test, the 
particle diameter was varied as d, 0.75d and 0.40d and the fiber diameter was fixed at df. 

3. Results and Discussion 
3.1 Morphology of nanofibers 
SEM micrographs of electrospun products from solutions of different nylon-6 
concentrations were shown in Figure 1.  The left-handed side represents the structures 
from 30 %wt nylon solution while the right-handed side from 35wt% solution. The image 
analysis of SEM figures yielded the average diameters of fibers and pores of the 
structures, which are also shown in the figure.  Upon increasing the concentration from 
30 wt% to 35 wt%, the average diameter was increased from 103 to 144 nm because of an 
increase in solution viscosity [12]. It is clearly seen from the SEM figure and the size 
distribution of both fibers and pores that the larger fibers could form the structures with 
larger pores [13]. The average pore size was estimated to be 94 nm and 154 nm for N6-30 
and N6-35, respectively.  



3.2 The simulated 2D nanostructures
The number of deposited fibers on a unit area is defined as the number density of fibers. 
For instance, the system with number density of 0.1 contains 10 fibers on 100d2 area. The 
structures are shown in Figure 2 where the number density increases from 0.1 to 0.8 for 
the structures composed of the same fiber size of df. However, since the actual structure 
contains the fibers with disperse size as shown in Figure 1, the simulation was then done 
to obtain the structures of various size distributions as displayed in Figure 3.  

In Figure 3, all samples are compared at the same fiber number density of 0.8. It 
could be seen that the fiber size could be differentiated from one another more easily as 
the size distribution is wider and this realization is similar to the SEM figures. The 
information that could be obtained from the simulated figures using the gray scale 
analysis is the surface coverage of the nanofibers at different number density.  The 
knowledge of surface coverage is important in the applications of surface coating with 
nanofibers in order to modify the hydrophilicity or hydrophobicity of the original surfaces 
by using more hydrophilic or more hydrophobic nanofibers. For instance, the 
superhydrophobicity of the surface confirmed with water contact angle measurement was 
reported when coating fluorine-plasma-treated cellulose nanofibers on microfiber, which 
possessed large surface area [14].  Another example dealing with surface coverage is that 
the minimum amount of nanofibers was also deposited on top of the large fiber filter to 
increase the filtration efficiency [15].  

3.3 The closeness of simulated structures and the real nanofibers 
In order to compare the 2D nanofibrous structures with the simulated structures, the 
system of N6-35 was chosen. The average fiber size is 144 nm while the simulated 
average fiber size, df, is 150 nm on 5 x 5 micron2. As seen in Figure 1, the size 
distribution of the fibers ranges from 70 nm to 225 nm so the closest distribution for the 
simulated fibers to be chosen is 0.55df-1.45df corresponding to 82.5 nm to 217.5 nm. 
Lastly, the number density of fibers was chosen to be 0.3. The simulated structure and its 
pore size distribution were displayed in Figure 4. 

The pore size distribution in Figure 4 shows that the range of pore size is similar 
to the real pore size ranging from small pores to around 670 nm. The average pore size of 
simulated structure is 165 nm which is close to 154 nm of the real structures. Therefore, it 
is possible to simulate the electrospun nanofibers in 2D to resemble the real structure. 
Usually, one could compare the nanofibrous structures containing different average size 
of fibers at the same solid volume fraction (SVF) or solidity which could be ranged from 
few to 13% [10]. The comparison of simulated structures is shown in Figure 5. 

Figure 5 shows the structure of simulated nanofibers of the average size around 
100 nm, which corresponds to N6-30, and the one whose average size around 150 nm, 
which corresponds to N6-35, at the same solid volume fraction. If the thickness of the 
membrane is assumed to be the same, the number density is then inversely proportional to 
fiber diameter squared. Therefore, to be compared, the number densities of the two 
systems are 0.45 and 0.2, respectively. It is evident that at the same solid volume fraction, 
the pore size of the structures containing large fiber is larger as previously seen in Figure 
1. 



3.4 The surface coverage of nanofibers and projected pore area
The surface coverage and the average pore size of the corresponding simulated structures 
in Figure 3 were illustrated in Figures 6 and 7, respectively. It should be noted that all 
uniform distributions applied in this work are around the same average size of df but their 
ranges are different.  The ranges are 0.30df, 0.50df, 0.70df, and 0.90df for the distributions 
of 0.85df-1.15df, 0.75df-1.25df, 0.65df-1.35df, and 0.55df-1.45df, respectively. 

The gray scale analysis with Photoshop was applied in this study. Differentiation 
between the deposited area (gray area) and the available area or porous area (white area) 
could be done by the program. These monotonous results show that all samples had the 
same coverage area even though the fiber sizes could be differentiated. This happens 
probably because the chosen size distribution is still too close to each other and all 
distributions have the same average size which is df. This may be considered as a 
confirmation that if the average size of nanofibers could be controlled to be equal for all 
samples, the surface coverage of the fibers could be pretty much the same, independent 
on the fiber size distribution with various size ranges studied here.  

The effect of number density on the surface coverage is also clearly seen in Figure 
6. The coverage certainly increases upon increasing the number density but the increase 
rate is slower at higher density due to higher chance of fiber overlaps as seen in two 
dimensions. However, upon adding more fibers, the projected pore sizes of the structures 
decrease as shown in Figure 7.  In the figure, it is obvious that an increase in fiber density 
could decrease the pore size of nanostructures rapidly at low fiber density. The rate of 
decreasing the pore size is lower when the fiber density increases due to less probability 
for fibers to deposit on the vacant area. The transition is seen at density of 0.2 or it may 
be thought as a crossover of the pore generation mechanism. At a high fiber density on 
the surface, it could be seen that there are lots of small pores whose size is around 1-2 
times the fiber size. Figure 7 also shows the similar results of the average pore areas when 
the size distribution was varied. The discussion was already given earlier. However, the 
difference was clearly seen at the low coverage of the fiber. It seems that for a low fiber 
density, the distribution that contains the larger size range results in smaller pore area. 
The 2D structure at a low density is important in simulation of nanofibers in 3 dimensions 
where the whole membrane is made of layers of thin 2D networks [11]. 

3.5 The probability of a particle passing through 2D pores 
Since one of the applications of nanofibers is being used as a filter, with these simulated 
structures, it is possible to obtain the probability for a particle to successfully move 
through the pores perpendicular to the direction of the flow. In this test, particles are 
sampled one by one to be deposited in the pore as described by ballistic deposition model. 
The number of attempts made to successfully place the particle in the pore, i.e. the 
particle does not overlap with the fibers, is counted. Therefore, the reciprocal of this 
number is the probability of the particle passing through the filter without interception 
with the fibers. The results are shown in Figure 8, where the size of the particles is varied 
while the size of the fibers is fixed at df.   

It is found that at the same fiber number density, larger particles tend to stick 
more easily to the fibers than the smaller particles, yielding higher efficiency of the 
filtration [16]. However, in real situation there are some size ranges in which small 



particles could aggregate because of their high surface energy which results in large 
agglomerates leading to a high efficiency in filtration. Therefore, there is the most 
probable size range for particles to easily get through the filter [9]. The topic of 
aggregation will be investigated more in the future. The number density in this case 
actually correlates with the thickness of the filter in 3D. As the number of fiber increases, 
the thickness of the membrane increases and this certainly increase the filtration 
efficiency with an expense of high pressure drop across the membrane [15].    

The experimental study of filtration of small particles with nylon-6 nanofibers was 
also done. With the membrane whose thickness is around 0.1 mm, the N6-30 samples 
could completely remove all particles from the 200 ppm polustyrene particle suspension, 
i.e. the separation efficiency according to Equation (1) equals 100%. Figure 9 shows the 
fiter fronts where particles with diameters of 90 nm and 200 nm were captured. The 
outline of the nanofibers are still seen for the case of smaller particles while almost 
complete surface coverage is seen for the larger ones, implying higher probability for 
smaller particles to move inside the pores of nanofibrous structures as was seen in the 
simulations. 

3.6 The void volume fraction and tortuosity of the structures 
Based on the Kozeny-Carman relation, which could well describe the pressure drop of 
laminar flow through fibrous mats, the void volume fraction of the nanostructures could 
be estimated [17]. The equation was modified here to take into account the tortuosity of 
the structures and the actual velocity of the flow.
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In the equation, Uo is the superficial velocity (m/s),  is the viscosity of water at 30oC 
(Pa s), z is the filter thickness (m), P is pressure drop (Pa),  is the void fraction, and 

is the tortuosity, k is the Kozeny constant, which is equal to 0.55 for nearly cylindrical 
fibers if void fraction ( ) varies from 0.6 to 0.8.  

The tortuosity could be approximated by realization that the whole fibrous mat is 
composed of many layers of nanofiber networks. Each layer is very thin and the surface 
coverage is equal to . Thus, the probability of liquid to pass through each layer is 1- , 
which is equivalent to void fraction, .  The thin layer of thickness dz is considered and 
the liquid is divided into N parts. If some parts of the liquid could pass directly through 
this layer then the traveling distance of these parts is Ndz . The other parts are blocked by 
the fibers so the liquid has to move laterally for a distance (1 ) 2N dz , in case the 
available pore is located at the distance dz from the fiber. Still there are liquid parts that 
are blocked by the fibers and have to travel farther with a distance 2(1 ) 3N dz . It is 
obvious that the probability for the liquid to find the pore depends on the void volume 
fraction. With this logic, one could write the equation of tortuosity which is defined as the 
actual distance for the liquid to travel to the thickness of the mat. The actual distance is 
the average of traveling distance of all liquid parts. Therefore,  
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The number of terms in Equation (3) could reach infinity so tortuosity could be 
approximated as 

1                   (4) 

The fixed volume of water was fixed at 4.60x10-6 m3 and the weight pushing the water 
through the filter was also fixed at 6.42 N. The filtration time was recorded as shown in 
Table 1 and the void fractions of N6-30 and N6-35 mats can be calculated.  

It is noted that as seen from the SEM images in Figure 1 and simulated images in 
Figure 5, the pore size is larger when the deposited fibers are larger and this could affect 
the void fraction as a whole so N6-35 had higher void fraction than N6-30. Based on this 
value, one could assume the first layer is the network with surface coverage equal to 1- , 
which is 0.252 and 0.281 for N6-30 and N6-35, respectively. According to Figure 6, For 
N6-35 with the surface coverage about 0.3, the number density is a bit larger than 0.1. If 
the structure with density 0.1 is adopted for the structure of the first layer and the multiple 
layers could be built layer by layer to obtain the whole mat as previously done by 
Sambaer et al. [11]. Thus, using the connection of the experimental results and simulated 
results, one could have a guide to construct the structure of each layer.  

3.7 The average pore size determination 
Based on the water flux measurement as discussed in the previous section, the Hagen-
Poiseille equation could be used to estimate the volume-averaged pore size [18].  
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The equation was derived for the flow in circular pipe so in this work, the channel inside 
the structure is assumed to be little tortuous circular pipes with non-uniform cross-
sectional area. The variables in the equation are defined in the same way as in Equation 
(2) and d is the volume-averaged pore diameter (m). With Equation (5), the volume-
averaged pore size was obtained as shown in Table 2. 

From Table 2, it is found that the volume-averaged pore size obtained from Hagen-
Poiseille equation is larger than the pore size obtained from SEM figures. If the volume-
averaged pore size is considered as 3D pore size and the average from SEM image as 2D 
pore size, it is possible to relate two quantities by 

2 2 2
2 3D f Dd d d            (6) 

The Equation (6) was used to estimate the d3D for N6-30 and N6-35 and it is found that 
d3D’s are 139 nm and 210 nm, respectively, being compared with 181 and 216 nm. The 



numbers imply that the pore size in vertical axis is at least equal to the fiber diameter as 
was assumed when 3D simulated structures were created by Hosseini et al. [10] and our 
example of 3D-structure of N6-35 is shown in Figure 10. The structures were built by 
adding one fiber at a time on top of the previously added, which means that the pore size 
in vertical axis equals to the fiber diameter. 

4. Conclusions 
The simulation of nanofibrous structures via Monte Carlo method in 2 dimensions was 
performed. The results confirmed that even though there are some variations in fiber size, 
if the average size of fiber could be controlled, the surface coverage of fibers randomly 
deposited during electrospinning process could be the same. However, at a low number 
density of fiber, the average pore size was different when the fiber size range was varied. 
This structure may be thought of the structure of initial layers that could be used to 
simulate the 3D structures by combining multiple thin 2D networks together as a whole 
mat.   

The simulated structures resembled real SEM images of nanofibers closely since 
the fiber size distribution and the average size of the fibers were chosen to be close to the 
real systems, confirming efficiency of 2D simulations. Calculations of void fraction and 
tortuosity of the structures could be used to prove that vertical pore size is at least the size 
of the fibers deposited, providing the connection between 3D pore size and 2D pore size 
from the SEM figures or from the simulated 2D figures.  
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FIGURE CAPTIONS 

Figure 1: SEM figures of nylon-6 nanofibers electrospun from solutions of 30 wt% (left) 
and 35 wt% (right) along with the fiber and pore size distributions. 

Figure 2: The simulated structures of nanofibers with monodisperse size of df when the 
number density of fibers are (a) 0.1 (b) 0.2 (c) 0.3 (d) 0.4 (e) 0.5 (f) 0.6 (g) 0.7 and (h) 0.8 

Figure 3: Nanofibrous structures with various size polydispersity (a) monodisperse size of 
df (b) 0.85df-1.15df (c) 0.75df-1.25df (d) 0.65df-1.35df (e) 0.55df-1.45df

Figure 4: The simulated N6-35 nanofibrous structures and its pore size distribution to be 
compared with Figure 1. 

Figure 5: The comparison of simulated structures for N6-30 (size around 100 nm) and 
N6-35 (size around 150 nm) at the same solid volume fraction.  

Figure 6: Surface coverage of nanofibers at various number density for various size 
distribution

Figure 7: The average projected pore areas in squared micron (as seen in 2D) at different 
fiber number density. The comparison is for all distributions. 

Figure 8: The probability for a particle with different size to successfully move through 
the 2D pore in the structures made of various fiber densities. 

Figure 9: SEM images of polystyrene particles with different diameters, 90 nm (left) and 
200 nm (right), on the filter fronts. 

Figure 10:  An example of 3D structures of nanofibers 

TABLE CAPTION 

Table 1: The void fraction of the nylon nanofibrous structures 

Table 2: The pore sizes from Hagen-Poiseille equation and from SEM images 
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Figure 1: SEM figures of nylon-6 nanofibers electrospun from solutions of 30 wt% (left) 
and 35 wt% (right) along with the fiber and pore size distributions. 



Figure 2: The simulated structures of nanofibers with monodisperse size of df when the 
number density of fibers are (a) 0.1 (b) 0.2 (c) 0.3 (d) 0.4 (e) 0.5 (f) 0.6 (g) 0.7 and (h) 0.8 

Figure 3: Nanofibrous structures with various size polydispersity (a) monodisperse size of 
df (b) 0.85df-1.15df (c) 0.75df-1.25df (d) 0.65df-1.35df (e) 0.55df-1.45df



Figure 4: The simulated N6-35 nanofibrous structures and its pore size distribution to be 
compared with Figure 1. 

Figure 5: The comparison of simulated structures for N6-30 (size around 100 nm) and 
N6-35 (size around 150 nm) at the same solid volume fraction.  

Figure 6: Surface coverage of nanofibers at various number density for various size 
distribution. 



Figure 7: The average projected pore areas in squared micron (as seen in 2D) at different 
fiber number density. The comparison is for all distributions. 

Figure 8: The probability for a particle with different size to successfully move through 
the 2D pore in the structures made of various fiber densities. 

Figure 9: SEM images of polystyrene particles with different diameters, 90 nm (left) and 
200 nm (right), on the filter fronts. 



Figure 10:  An example of 3D structures of nanofibers 

TABLES 

Table 1: The void fraction of the nylon nanofibrous structures 

Sample Thickness (m) time (s) void fraction Tortuosity 
N6-30 1.04E-04 112.34 0.748 1.34 
N6-35 1.16E-04 93.66 0.719 1.39 

Table 2: The pore sizes from Hagen-Poiseille equation and from SEM images 

Sample 
Pore size from  

Hagen-Poiseille (nm) 
Pore size from SEM 

(nm) 
Fiber diameter 

(nm) 
N6-30 181 94 103 
N6-35 216 154 144 


