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Abstract 

 
Bacterial water pollution is a genuine general wellbeing concern since it causes various maladies. Antimicrobial 

nanofibers can be integrated by incorporating nanobiocides, for example, silver nanoparticles into nanofibers. Nylon 6 

was dissolved in formic acid at a concentration of (25 wt. %) and tough antibacterial (AgNO3/Nylon) nanofibers were 

produced utilizing electrospinning system. Polymer solution was tested before accomplishing electrospinning process to 

acquire its surface tension, electric conductivity and viscosity, where every one of those parameters increased relatively 

with increasing concentration of (AgNO3) additions. SEM and EDX spectra were utilized to focus on the morphology, 

surface elemental membrane, fibers and porosize diameters. The resulted nanofiber membrane has an average fiber 

diameter of 139 nm for pure nylon 6 and 247 nm for (1.2 wt. % AgNO3/Nylon). The resultant polymer membrane was 

then tested for their ability to destroy microorganisms in water; antimicrobial tests showed that the prepared nanofibers 

have a high bactericidal effect against Escherichia Coli Bacteria with inhibition zone (10 mm) and antibacterial activity 

(99%). Likewise, these results highlight the potential utilization of these nanofibrous mats as antimicrobial agents. 
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1. Introduction  

 

The development of energy-efficient water 

treatment technology has become an important area of 

research as it offers a solution to the increasingly 

limited water supplies available to the world’s 

growing population and industry [1-3]. Nanofibers 

have perfect filtration properties because of different 

polymers that can be used to produce nanofibers,  

functional molecules and chemical groups can be 

added to the nanofibers which made nanofibers 

applicable to sanitation and purification of water. 

Antimicrobial     nanofibers synthesized  by 

incorporating nanobiocides such as silver 

nanoparticles into the nanofibers (by reduction Silver 

Nitrate). The synthesis of nanofibers consists of metal 

nanoparticles is well investigated because of the 

benefits included with the joining of functional 

properties of metal nanoparticles with the widely 

applicable properties of nanofibers [4]. For a 

generation of nano-Ag-bearing nanofibres, 

silver can be added to the spinning solution 

either in form of nanoparticles [5] or as silver-

ions which can be reduced to nano-Ag by a 

corresponding post-treatment [6 , 7]. 

Reduction of ionic silver can be achieved (i) 

by subsequent UV-irradiation  of  the  fiber 

webs, (ii) by the use of reducing agents [8] 

and (iii) by heat-treatment of the nanofibres 

[9]. 

Investigates in the previous years 

demonstrated that silver-containing 

electrospun nanofibers have pulled in 

consideration as another sort of antimicrobial 

material [10, 11]. Electrospinning process 

utilized for creation of nanofiber mat with 

high surface areas to volume aspect ratio, and 

high porosity. The process has appeared to be 
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reasonable for production manufacturing of low-cost 

mass production [12, 13, 14]. Silver is extensively 

used as biocidal agent which is successful versus 

bacteria, fungi and viruses yet are non-harmful to man 

cells [15, 16]. The electrospun nanofibers with high 

specific surface area and thinness combined with the 

biocidal effectivity of silver nanoparticles made an 

excellent antimicrobial material [17, 18]. The 

reduction of aldehyde groups from (AgNO3) forms a 

metallic silver. The formic acid goes about as the 

solvent for (Nylon 6) and a reducing agent for 

(AgNO3). The (Nylon 6) solution in formic acid, 

trailed by silver nitrate were slowly included dark and 

opaque condition, with obvious visible bubbles have 

been appeared. The reaction mechanism in figure (1) 

can clarify the past segment. At the point when silver 

nitrate is included into the formic acid solution of 

(Nylon 6), it is reduced into metallic silver by the 

aldehyde group in the formic acid molecule. 

Simultaneously, the oxidation occurs in the aldehyde  

group and form carboxyl group. Then the carbonic 

acid form that is  unsteady and rapidly dissociates  into 

carbon  dioxide and water [19]. The advantage of this 

system is the in situ stabilization of silver 

nanoparticles. Initially, ions are reduced to metallic 

silver, immediately atoms are aggregated into clusters. 

These clusters have very small size and high surface 

energy, which leads them to form larger particles. 

Usually a surfactant agent is added to stabilize silver 

and avoid  further aggregation [20, 21]. When 

antimicrobial agents are needed, silver is considered  

best material, and its forms are a strong antimicrobials 

against diverse bacterial kinds. The precise 

mechanism of how silver take part in the distortion of 

bacteria is regrettably yet unclear. Silver nanoparticles 

adhere to the microbial cell membrane where it 

interacts with sulfur-containing proteins. 

Nanoparticles can also penetrate the cell membrane, 

where it interacts with phosphorous-containing  DNA 

and  attack  thiol  groups  of respiratory chain 

enzymes, inhibiting cell division and respiration, 

finally leading to cell death [22 , 23]. However, mostly 

it is supposed that sliver basically makes denaturation 

and oxidation for cell organelles which drive to 

suppress the cell segmentation. As Known, the 

inhibition zones formed near the contact part when the 

critical amount of antibacterial agents in touch with 

bacterial strains[24].  

The object of this study is to prepare antimicrobial 

(Nylon 6) nanofibers containing silver nanoparticles 

by electrospinning technique. The solvent and 

polymer in this research act as reducing and a 

stabilizing agent, respectively. 

 

  
 

Fig. 1. Chemical mechanism of silver reduction 

by formic acid [18]. 
 

 

Nylon 6 is chosen due to it is one  of the 

most used conventional fibers materials. 

Finally, demonstrating Antibacterial 

properties for use in water disinfection 

(Escherichia coli (E.  Coli)) was chosen in 

this study as indicators of fecal contamination. 
 

 

2. Experimental Part 

2.2. Materials 
     

Nylon 6, formic acid, and silver nitrate 

(AgNO3) were bought from (Sigma-Aldrich 

Co. (USA)). All materials were utilized 

without further purification. 

 

2.3. Preparation of Nylon 6/AgNO3 

Electrospinning Solution 
 

Nylon 6 was dissolved in formic acid at a 

concentration of (25 wt. %) and was stirred at 

(30-40 º C) for (3) hrs to acquire a transparent 

homogeneous solution. The solution was then 

cooled to room temperature under stirred, and 

a specific amount of AgNO3 (0.2 to1.2 wt% 

in solution) was included. The solution was 

avoided from light and stirred under room 

temperature for (3) hrs to insure the complete 

reduction of (AgNO3). 

 

2.4. Electrospinning  
 

The prepared electrospun solution was 

gathered in (10 ml) syringe furnished with a 

(22 gauge) stainless steel needle tip. The 

electrospinning process was conveyed at 

voltage (25 KV), flow rate (0.5 ml/hr), (22) 

gauge (0.7 mm) needle of electrospinning, and 

(15 cm) separation distance between electrode. 

The electrospinning process took four hour 

time and these parameters will be fixed for 

every solution in this work. The 

electrospinning process was carried out by a 

(Bio-electrospinning/ Electrospray system 

ESB-200, provided by Nano NC, South 

Korea), as shown in Figure (2). 
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2.5. Characterizations  
- Characterization of polymer solution 
 

Before electrospinning and (SEM, EDX) of 

membrane after spinning process: Pure and (AgNO3 

/Nylon 6) polymeric Solution viscosity were 

measured by a Viscometer of type (DV-II- pro) 

Brook, Solution electrical  conductivity was 

measured using the electrical conductivity 

device of model (C and 7110 inolab) and  

Surface tension also measured  using a 

Surface Tensiometer model (JYW-200A- 

LARYEE TECHNOLOGY CO). 

 

 

 
 

Fig. 2. Electrospinning device: a- syringe pump instruction, b- collector plate, c- power supply, d-touch control 

Board. 

 

  

     
 

Fig. 3. Photographs of (Nylon 6) nanofibrous web (A) 

Without (AgNO3) and (B) Nylon 6 with (AgNO3). 

 

 

The surface morphology of nanofibers and 

measurement for the overages fibers diameters and 

process was observed using scanning electron 

microscope (Model: VEGA3 LM -TESCAN)), by 

mode of low variable pressure,  which must be enough 

and not need any more of sample gold ion sputtering 

coating to  a chive conductivity surface for (SEM) test. 

 

- Antibacterial Assessment Assay: 
A. Antibacterial Activity Test (Disc Diffusion 

Method): 

 

The bacteria were grown aerobically in nutrient 

broth at (37 ºC for 12 hrs) [25]. The cells 

were washed and suspended in distilled 

water, reaching the final concentration of 

(10
6
 CFU/mL). The antimicrobial 

susceptibility of (Nylon 6 nanofibers / 

additives) was evaluated using the disc 

diffusion method. Muller - Hinton agar was 

prepared from a commercially available 

dehydrated medium according to 

manufacturer’s instructions. The dried 

surface of Muller Hinton agar plate was 

inoculated with E.coli by swabbing over 

entire the sterile agar surface. Two forms of 

sterilized samples of nanofiber membrane 

(one containing additive and one without 

additive, used as control) were cut into small 

standard circles (6mm in diameter) for each 

circle and placed on the surface of the 

inoculated media. The plates were incubated 

at (37 ºC for 24 hours). Following incubation 

plates were examined in order to identify 

zones of on growth (halos around the 

fragments) characteristic for antibacterial 

activity.  

 

A 

C 

B 

D 

Input voltage adjust Input currentadjust 

Voltage switch 

Main switch 

Light 

The touch screen for controllingthe 

spinning parameters like: flowrate, and 

rotation speed 

(A)  (B) 
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B. Measuring Antibacterial Activity by the 

Optical Density Method:  
 

The antibacterial activity of electrospun 

nanofibers membrane was tested by immobilizing 

nanofiber onto filters of a Millipore, under vacuum 

filtration. A test water sample was prepared by 

inoculating (1*108 cells/ml) Escherichia Coli into 

(250 ml) of sterile normal saline water sample of 

(0.85 % NaCl) in (100 mL) distilled water. Water 

samples were then filtered through the membrane. 

After this step the optical density of the solution 

was measured by a UV spectrophotometer (UV-

1800 spectrophotometer, Shimadzu) the number of 

bacteria was indirectly measured by optical density 

at (450 nm) in an ultraviolet (UV) –visible 

spectrometer  and the antibacterial activity was 

calculated by the following equation: 

Antibacterial activity=(A-B)/A×100%       …(1) 

Where A: the numbers of surviving cells in the 

control and B: the numbers of surviving cells in the 

test samples [27]. 
 

 

3. Results and Discussion 
 

Figure (4), shows the viscosities of 

electrospinning solutions with different (AgNO3) 

precursor concentration. It is clear shows viscosity 

of solution increased with increasing (AgNO3) 

concentration. As shown in figure (7) every 

(Nylon) molecule layer binds with a silver 

nanoparticle because of the highest particle surface 

energy. As its discussed before, the formation of 

intermolecular interactions with chains in the 

solution from the (Nylon 6) molecule chains on the 

surface of silver nanoparticles is responsible for the 

viscosity increase [28, 29]. 
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Fig. 4. Effect the (AgNO3) on viscosity of (Nylon 6). 

 
 

 
 

Fig. 5. Effect the (AgNO3) on Electrical 

Conductivity of (Nylon 6). 

 

 

Because of the presence of the (Ag+ and 

NO
-3

) ions the conductivity of the solution 

increase. Figure (5) shows the increase in the 

solution conductivity with increasing (AgNO3) 

concentration. 

  The surface tension of the electrospinning 

solution was increase due to the viscosity of 

solution increase. The effect of (AgNO3/Nylon 

6) on surface tension was showed in figure (6). 

 

 
 

Fig. 6. Effect the (AgNO3) on surface tension 

of (Nylon 6). 

 

 

Figure (7) shows that formic acid acts as 

a reducing agent in the reduction reaction of 

the (Nylon 6) molecule chain solution. As 

soon as the silver nanoparticles are created, 

(Nylon 6) molecules on the particle surface 

stabilize them in the nanosize and prevent 

them from more aggregating by decreasing 

their surface activity. Nylon 6 molecules 

work as a matrix of electrospun nanofibers 

and a stabilizing agent of silver 

nanoparticles. 
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Fig. 7. Silver nanoparticles formation and 

stabilization by the in situ generation mechanism 

[18]. 

 

Figure (8-A) shows the (SEM) image of 

(Nylon 6) electrospun nanofibers mats, the 

nanofibers looks continues and smooth 

fibrous structure and homogeneous 

morphology, with an average  diameter (139 

nm) obtained from the histogram drawn 

from (SEM) image analysis and calculated 

and shown in figure (8-b) for average fiber 

diameters and figure (8-c) for pore size. 

Figure (8-a) shows (Nylon 6) nanofibers  

 

 

 

     
 

Fig.  8. (A) SEM image of pure (Nylon 6) nanofibers membrane, (B) diameter distribution and (C) pore size 

distribution. 
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Fig.  9. (A) SEM image of (AgNO3 /Nylon 6) nanofibers membrane, (B) diameter distribution and 

(C) pore size distribution. 
 

 

With resulted a smooth, free beads structures 

and homogeneous morphology.  The (Nylon 6) 

nanofibers maintained its morphology upon 

loading with (AgNO3), Figure (9-A) with 

average nanofiber diameters (247 nm).  

 

 
 

Fig. 10.  EDX spectrum result of (0.4% 

AgNO3/Nylon 6). 

A B  C 

A B  B  
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    A high magnification (SEM) image of 

(AgNO3/Nylon 6) with the (EDX) spectrum  

analysis of  electrospun membrane suggests the 

chemical composition and show (Ag (peak)) due 

to addition (AgNO3) reduced to (Ag-NPs). 

Figure (10) EDX spectra of (AgNO3/Nylon 6) 

which confirm the existence of (Ag-NPs) and 

formed  into fibers. Our process to fabricate the 

(Ag) nano purification (Nylon fibers) to insure 

that the formed (Ag-NPs) will be inside the 

polymeric fibers and never at its surfaces to 

avoid removing its from fibers at application 

condition as a result of water or any fluid flow 

through for water purifications. 

 

Microbiological Study 
 

Figure (11) shows the incubated petri plates 

of (E. coli) grown in presence of circular 

nanofiber mats after 24 hrs. From that figure 

(11), generation of clear zone  surrounds circular 

mat contains silver-nanoparticles (AgNO3), 

where in the  (Nylon 6) nanofiber membranes 

these zones are absent. The creation of clear 

zones surrounds the nanofiber mat is an indicator 

for inhibition of bacteria colonies near the 

nanofiber mat edges.  Mainly, because of the 

existence of silver in the nanofiber mat, it may 

kill the microorganism that surrounds the mat 

which results in formation of clear circular 

zones. 
 

 
 

Fig. 11. Antimicrobial activities of (Nylon 6) 

nanofibers against Escherichia coli. (a) Missing the 

inhibition zone in plain (Nylon 6), (b) (1.2 

%AgNO3), where the inhibition zone is visible in 

(Nylon 6) embed (AgNPs(AgNO3)). 

 
 

Quan Shi et al.[19], shows that silver 

nanoparticles loaded nylon produced in one stage 

process can liberate a appropriate amount of 

silver to offer excellent antibacterial activity. 

Antibacterial activity of nylon 6 loaded silver 

nanoparticles (AgNO3) showed an increase in the 

inhibition zone as the (AgNO3) increase due to 

increase (Ag-NPs) as the result of antibacterial 

activity test Figure (12).     

 
 

Fig. 12. Effect of (AgNO3) on antibacterial activity 

of (Nylon 6) by measuring an inhibition Zone E.Coli 

Medium.   
 

 

Antibacterial activity of (AgNO3/Nylon 6) was 

also proven by optical density. Optical density is 

measured by using a spectrophotometer. Light 

scattering rises with the increase in cell number. 

When light is passed through bacterial cell 

suspension, light is scattered by the cells and 

transmission decays. At a particular wavelength, 

light optical density is proportional to the cell 

concentration of micro-organisms present in the 

suspension. This is a nondestructive method that 

is also very simple, rapid and accurate. Both live 

and dead cells are, however, able to scatter light 

and, therefore, both are counted [26]. 

As show in (SEM) image of the surface of 

nanofiber membrane and illustrate dendritic shape 

the cluster (live or dead) on surface of the 

membrane Figure (13). Which indicate that the 

filter can stop bacteria from passing through, 

while the formation of bacteria as a cluster on the 

surface of the filter and prevent it from 

penetrating through the nanofiber membrane. 

Figure (14) shows the influence of the (AgNO3) 

concentration on antibacterial activity. The 

antibacterial activity the electrospun nanofiber 

mats increased by increasing the (AgNO3 wt.%) 

concentration, Which  approach to about (< 99% 

± 0.5) for E. coli at concentrations of (1.2 wt.% 

AgNO3) in (Nylon 6). An antibacterial properties 

has been found on nylon 6 nanofibers while the 

nylon nanofibers/Ag NPs showed excellent 

antibacterial activities against E. coli (Gram-

negative) and Staphylococcus aureus (Gram-

positive) bacteria as provided by M. Montazer 

[30].  

 

A  B  
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Fig. 13. SEM of membrane after exposing to 

bacteria where the bacteria cluster (a) on the 

membrane surface as a dendritic shape colony (b) 

and (c) shows how fiber captures the bacteria. 

 

 
 

Fig. 14. Antibacterial activities at different 

(AgNO3/Nylon 6) membrane concentration. 

 
 

4. Conclusions 
 

This article portrays a simple way to deal with 

fabricated (Ag nanoparticles inside nano-

polymeric nylon fibers (AgNO3) by formic acid 

reduction), silver nano-particle loaded (Nylon 6) 

Nano fibers by means of a one-stage 

electrospinning process. This process includes 

silver nanoparticles formation and stabilization by 

the in situ generation Mechanism where the 

solvent work as reducing agent and polymer 

matrix act as stabilizing agent. Other than the 

electrospinning solution, this technique does not 

require extra reducing/protecting agents or 

(thermal/illumination) treatment. The in situ 

formation of nanoparticles and the stabilizing 

mechanism of (Nylon 6) molecules result in a 

restricted size of silver nanoparticles and uniform 

scattering of silver nanoparticles in the nanofiber 

mat, as tested by (SEM) and (EDX). Antibacterial 

measures demonstrate these nanofibers have more 

than (99.6%) antibacterial activity to E. coli. 
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أ90?ف اE?40. ا0/]?دة B;9/T0وZ?ت J;/A . اT<0.ث اT0 D>.WB@0/9?ه <B9RS 1T;Uة 3OPد 1MN اKC7A LEI 1>?=0 اJ> 3A3=0 اB>Iاض
  ?O=94^P_ABط Ja 0أ90?ف ا D8 1A.E?401 ا[b0ا cd> 1A.E?E 39اتC> e>د.E?4 . ن.TA?40٦ا  h9iB<Z j9>ر.b0ا l/m D8 L<Z6 اذاP)٢٥٪ ( ،

6P اC<S?ر <TM.ل ا19T/a cCw B/90.C0 اBC0م . B<Eات اu0]1 ا3aت 3v<2?Zام 194uP اBC0م اDs?ZBO;0/ اr90Gف ا1A.E?40 <]?دة B@T0اTA?E 69W.ن 
و:/jTP |9 ا0=.ا<K2?4<> c;UZ 3AhP c <| زA?دة ) hTو:LMR2 BP.P1، اc9N.<0 اDs?ZBO;0 وا0( اMT0 Ds?ZBO;0^.ل S zTa.اص <TM.ل 

1[b0ات اB<E 18?}~19  ا/i . �R2 ،19:.0.81  30را12 <.ر<<U<</01 ا=�G9?ف اR> �M8 ا0/?�2 و DEوB<;0Gا BO@/0ا �M8 �>3v<2وا
�U?ء اK9iB<0 اB^4=0ي،BRw ا90I?ف  و m@6 ا7/0?<19 T0 .  es?<40ء ا?U�T0 1A.E?4090?ف اGاBRw ن <=3ل?i �9m)١٣٩ B<>.E?E(  ن.TA?4T0

6P 6W اC<S?ر ا19U�G ا1AB/90.C0 ا3u0 �M8 1@P?40رB9>3P zTa ?OP اB<E . D8 ?AB9<;C0ات ا1[b0 %)  B<>.E?E(  D8 ،)١.٢ ٢٤٧(اDu40  و 
<]?د B@T0ا69W {3 اAB9<;C0? ا19E.0.u0 و 1uR4>  �E?i اa  �9Cd<0?ل ?ف اB9W�P ?O0  .E?40ا0/?ء؛ وأ�?رت اC<SG?رات ا0/]?دة B;9/T0وZ?ت أن أ90
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