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Abstract 
 
This research is to investigate nanoporous electrospun structures obtained from 
electrospinning technique for using as filters. In the research, Nylon 6 and the blend of Nylon 
6/chitosan nanostructures were fabricated from polymer solutions at various concentrations 
ranging from 30 to 35% w/v. The kinematic viscosity of the Nylon 6 and Nylon 6/Chitosan 
solutions was determined by using Cannon-Fenske (Reverse Flow) viscometer while the 
morphology of nanofibers was observed with Scanning Electron Microscope (SEM). The 
results showed that the solutions with a higher viscosity yielded fibers with larger diameters 
and pores. Although the solution of nylon 6/chitosan at a ratio of 50:1 (30% wt nylon) had the 
highest viscosity in the experiment, the formation of small sized ultrafine fiber group 
generated even much smaller pores. In the filtration test, the flow rate of the suspension of 
polystyrene particles in water was adjusted to 8 µm/s and the nanofibrous filters with the 
thickness in the range of 0.1±0.02 mm were used. The results showed complete removals of 
polystyrene particles when using nanofibrous filters for both pure Nylon 6 and Nylon 
6/chitosan nanofibers, being compared with the filter paper and commercial nylon fabric with 
No. 80/55 and No. 150/35, which showed much lower performance, i.e. filtration efficiency 
of 2.71 to 14.50%. 
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Introduction 
 
The electrospinning method has become a popular method for producing fibers with 
diameters in the range of few microns and submicron. 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 (Mincheva et al. 2008). Many 
researchers were successful to produce the nanofibers via electrospinning technique (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. The applications include drug releases, sensing vapor gases, wound dressing, 
catalysis, and filtration. The efficiency of nanofibrous filters as a filtration media were 
studied by many research groups. (Barhate et al. 2006; Gibson et al. 2001; Hajra et al. 2003; 
Shin et al. 2005).  
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One of the polymers usually used for filter productions 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 
(Aussawasathien et al. 2008). 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 β-(1→4)-2-acetamido-2-deoxy-
D-glucopyranose and β-(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) was able to electrospin chitosan nanofibers from acetic acid solution. Others tried to 
blend chitosan with other electrospinnable polymers such as poly(vinyl alcohol) 
(Chuachamsai et al. 2008).  
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 contains 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, such nanofibrous structures of this polymer blend was applied in the filtration of 
colloidal particles from water phase.  
 
Methodology  
 
Material  
High-molecular-weighted chitosan (%Degree of Deacetylation = 98.6) was obtained from 
A.N. Lab Aquatic Nutrition, Thailand. Nylon 6 was purchased from Sigma-Aldrich Co.LLC. 
Formic Acid was supplied from Ajax Finechem Pty Ltd.  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 with No. 80/55 and No. 150/35 were 
purchased by Synthetech Co.,Ltd.  
 
Spinning solution preparation   
Nylon 6 was dissolved in 10 ml of 90%wt formic acid to obtain the spinning solutions with 
Nylon 6 concentrations of 30-35 %wt/vol. Then chitosan was added in Nylon 6 solution at 
various amounts which are 1, 1.5 and 2% of the Nylon 6 concentration to get the weight 
ratios of Nylon 6 to chitosan of 100:1, 100:1.5 and 50:1, respectively. Each mixture was 
blended with magnetic stirrer at room temperature for 2-4 hr until the solution was 
homogeneous. 
 
Electrospinning of nanofibers 
The electrospinning apparatus was set up as shown in Figure 1. The spinning solution was 
poured into a 2 ml syringe with 0.8 mm-ID and 4.2 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 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 for 1.5-3 
hr to get the mats with 0.1± 0.02 mm in thickness. 
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Figure 1 Apparatus of the electrospinning 

 
 
Determination of kinematic viscosity 
The kinematic viscosity of the Nylon 6 and Nylon 6/Chitosan solutions was determined by 
using Cannon-Fenske (Reverse Flow) viscometer, size 400 (U853) and size 450 (E641) from 
Cole Parmer at 40oC.  Cannon-Fenske viscometer, size 400 was applied for Nylon 6 solution 
while size 450 was applied for Nylon 6/Chitosan solution. 
 
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 pore size diameter of fiber was obtained with an image analyzer. 
 
Filtration of polystyrene particle by nanofiber 
Firstly, the nanofiber was placed in the syringe filter holder with a diameter of 13 mm and 
then 5 ml of 200 ppm polystyrene particle suspension was pumped through the filter by a 
syringe pump at a flow rate of 8 µl/sec. The polystyrene colloidal particles were collected 
after filtering and the concentration of filtrate was measured. The results were compared with 
those for No. 1 Whatman filter paper and commercial Nylon fabrics, No. 80/55 and 150/35. 
The calibration curve of polystyrene particle concentration was prepared from polystyrene 
colloidal suspension with concentrations of 20, 40, 80, 120, 160 and 200 ppm. UV-VIS 
spectrophotometer was applied at a wavelength of 490 nm for measuring the concentration of 
the filtrate. Filtration efficiency (%) was defined by equation (1). 

    filtrate

initial

CFiltration efficiency (%) 1 100
C

= x−     (1) 

Where Cfiltrate and Cinitial are polystyrene concentrations in the filtrate and in the suspension 
feed, respectively 
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Results 
 
Kinematic viscosity of spinning solutions. 
 
Kinematic viscosity of Nylon 6 and Nylon 6/Chitosan solutions at various concentrations was 
shown in Figure 2.  

 
Figure 2 Kinematic viscosity of Nylon 6 solutions and Nylon 6/Chitosan solution at various 
concentrations 
 
Considering Nylon 6 without adding chitosan, the kinematic viscosity was increased with 
increasing Nylon 6 content.  When chitosan was added in Nylon 6 solution, the kinematic 
viscosity was also increased with increasing chitosan content. Noticeably, the kinematic 
viscosity of the 30%wt/vol Nylon 6 blended with 1% wt/vol chitosan was slightly higher than 
that of the 35% wt/vol Nylon 6 solution. Chitosan molecules seem to be very large when 
compared with nylon molecules. 
   
Morphology of nanofibers. 
 
SEM micrographs of electrospun products from solutions with different Nylon 6 
concentrations with and without adding chitosan were shown in Figure 3. Evidently, when 
the polymer concentration increased, the nanofiber diameter increased. These SEM 
micrographs were then used to analyze the average diameter and average pore size as shown 
in Figure 4.  
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Figure 3 SEM micrographs of electrospun products from different polymer concentrations 
(a) 30%wt/vol Nylon 6 (b) 35%wt/vol Nylon 6 (c) 30%wt/vol Nylon 6/CS with 1.0% of 
Nylon 6 (d) 30%wt/vol Nylon 6/CS with 1.5% of Nylon 6 (e) 30%wt/vol Nylon 6/CS with 
2.0% of Nylon 6 

     

     
Figure 4 Kinematic viscosity of Nylon 6 and Nylon 6/Chitosan solutions at various 
concentrations together with (a) average diameter and (b) average pore size of nanofiber 

 
 

(a) (b) 
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Comparing Figure 4(a) and Figure 4(b), it was likely that the average diameter and average 
pore size show the same trend except in the case of 30%wt/vol Nylon 6 blended with 
2%wt/vol chitosan where very small pores formed by ultrafine fibers were found leading to a 
much lower average pore size. 

 
Filtration of polystyrene particle by nanofibers. 
 
Figures 5-7 show SEM micrographs of polystyrene particles, whose size were of 410, 200 
and 90 nm, which were collected by different filters. As can be seen in Figure 5(a)-5(d) and 
Figure 6(a)-6(d), when 410-nm- and 200-nm-polystyrene particles were filtered, a few of 
them stuck onto the commercial nylon fibers of both types, No. 80/55 and No. 150/35, 
whereas there were a large number of polystyrene particles on Nylon 6 nanofibers produced 
from a 30%wt/vol solution and on No.1 filter paper. Nonwoven structures seemed to collect 
the particles better than the woven ones. Figure 7 shows that 90-nm polystyrene particles 
covered thoroughly on the filter paper and nanofibers while the particles covered partly on 
the commercial nylon fibers. The filtration efficiency of each filter was shown in Table 1. 

 

 
Figure 5 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 (d) 
Nanofibers from 30%wt/vol Nylon 6 solution, with 15,000x magnification.  
 

Figure 6 SEM micrographs of 200-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 (d) 
Nanofibers from 30%wt/vol Nylon 6 solution, with 15,000x magnification.  
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Figure 7 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 30%wt/vol Nylon 6 solution (e) 
Nanofibers from 35%wt/vol Nylon 6 solution (f) Nanofibers from 30%wt/vol Nylon 6 /CS 
1.0% of Nylon 6 solution (g) Nanofibers from 30%wt/vol Nylon 6 /CS 1.50%of Nylon 6 
solution (h) Nanofibers from 30%wt/vol Nylon 6 /CS 2.0% of Nylon 6 solution 
 
In Table 1, it was clearly shown that the nanofibrous structures could capture polystyrene 
particles much better than filter paper and the commercial nylon fabrics, No. 80/55 and No. 
150/35. Moreover, every sample of nanofiber filters showed 100% filtration efficiency for 
every particle size. For 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 seen 
when filtering much smaller particles attributable to particle self-aggregation due to high 
surface energy of fine particles. In addition, although the pore size of commercial nylon 
fabric with 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 result 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. 
 
Table 1 Filtration efficiency of different filter type when applied to filter polystyrene 
particles with various sizes 

Filter type 
Filtration efficiency (%) 

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 
N635 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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Discussion and Conclusion 
 
In this work, Nylon 6 and Nylon 6/CS nanofibrous structures were used as filters for a 
removal 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 solution was increased with increasing polymer content, which in turn increased 
the size of the fibers as confirmed with SEM micrographs. In addition, the average fiber 
diameter of nanofibrous structures and their average pore size showed the same trend. 
Moreover, 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 filter 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. In 
conclusion, nanofibrous structures could successfully remove particles in a size range of 
micron and sub-micron down to 90 nanometers from the suspension. 
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