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ABSTRACT: Doping of the polymeric electrospun nanofibers by metal oxides nanoparticles is usually performed by electrospinning of
a colloidal solution containing the metal oxide nanoparticles. Besides the economical aspects, electrospinning of colloids is not
efficient compared with spinning of sol-gels, moreover well attachment of the solid nanoparticles is not guaranteed. In this study,
reduction of zinc acetate could be performed inside the nylon-6 electrospun nanofibers; so polymeric nanofibers embedding ZnO
nanoflakes were obtained. Typically, zinc acetate/nylon-6 electrospun nanofibers were treated hydrothermally at 150°C for 1 h. Besides
the utilized characterization techniques, PL study affirmed formation of ZnO. The produced nanofibers showed a good antibacterial
activity which improves with increasing ZnO content. Overall, the present study opens new avenue to synthesize hybrid nanofibers by

a facile procedure. © 2012 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000~000, 2012
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INTRODUCTION

Nanofibers are an exciting class of material used for several
value added applications such as medical, filtration, barrier,
wipes, personal care, composite, garments, insulation, and
energy storage.”> The electrospinning technique has been pro-
ven to be versatile and effective method for manufacturing
micro to nano scale fibers.” Inorganic nanostructures in general
reveal fantastic characteristics; however, handling is the main
constrain standing against wide applications because usually the
final product is in a powdery form. Therefore, hybrid nanofib-
ers are an interesting remedy for the problem as the metal oxide
NPs can be supported in an electrospun mat which can be eas-
ily handled. Usually, the metal oxides as ceramic materials are
not soluble in most of the conventional solvents, accordingly
electrospinning of metal oxide NPs/polymer colloids was carried
out in most of the reported studies to produce metal oxide-
doped polymeric nanofibers.>® To incorporate the metal oxide
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NPs inside polymeric nanofibers, the size of the utilized NPs
should be very small which creates financial problem in case of
large scale production. Moreover, electrospinning of the pre-
pared NPs/polymer colloid has low efficiency compared to sol—
gels which adds another dilemma to that strategy. Accordingly,
seeking about another methodology to prepare the hybrid nano-
fibers from a sol-gel is an interesting target. Recently, Ye et al.®
introduced ZnO-doped cellulose nanofibers using the electro-
spinning and solvothermal techniques. In that study, a sol-gel
consisting of zinc acetate (ZnAc) and cellulose was electrospun,
and then NaOH solution was used to decompose zinc acetate
into zinc oxide. To avoid utilizing the alkaline solution which
might affect the mechanical properties of the polymer, we
report facile and feasible route to synthesize nylon-6 mats con-
taining ZnO nanoparticles/nanoflakes inside the polymeric
nanofibers via combined electrospinning and hydrothermal
processes. The formed nylon-6/ZnO hybrid mats showed good
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Figure 1. Synthesis sketch of nylon-6/ZnO hybrid mat.

antibacterial activity towards the gram negative bacteria (Esche-
richia Coli) in the day light condition without using UV-radia-
tion. In other words, besides overcoming the handling problem,
incorporation of ZnO inside the polymeric nanofibers did not
affect the known antibacterial activity of ZnO.”*

EXPERIMENTAL PROCEDURE

Hybrid Nanofibers Preparation

First, 22 wt % nylon-6 (N6, KN20 grade, Kolon, Korea) solu-
tion was prepared by dissolving the polymer granules in a for-
mic acid/acetic acid (weight ratio of 4:1) mixed solvent. Sol-
gels with different zinc acetate [ZnAc, Zn(CH;COO),-2H,0,
Showa, Japan] contents were prepared by addition of ZnAc
powder to the polymer solution, namely the utilized solutions
were having 5, 10, and 15 wt % ZnAc (based on nylon-6 solu-

1 um

tion). The final solutions were electrospun at 22 kV, the distance
between the collector and the tip of the syringe was fixed to be
16 cm. Thus obtained N6/ZnAc electrospun mats were vacu-
ously dried at 50°C for 24 h. In a typical hydrothermal process,
1.076 g of Bis-(hexamethylene)-triamine (Bis-HEA, Sigma-
Aldrich) was dissolved in 50 mL distilled water, then 500 mg
from the hybrid electrospun mats were added to the solution.
Subsequently, the resulting mixtures were transferred into a
Teflon lined stainless steel autoclave and kept at different tem-
peratures and times. Finally, the resultant mats were drawn
from the autoclave, washed several times by distilled water,
and dried at 50°C for 12 h. The mats obtained from 5, 10,
and 15 wt % ZnAc were named as ml, m2, and m3, respec-
tively. The proposed procedure is schematically summarized in
Figure 1.

I um

Figure 2. FESEM images of pristine nylon-6 (a) and nylon-6/ZnAc mats before hydrothermal process (b, ¢, and d panels represent electrospun mats con-

taining 5, 10, and 15 wt % ZnAc, respectively).
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Figure 3. FESEM images of nylon-6/ZnAc mats after the hydrothermal process (a, b, and ¢ represent samples containing 5, 10, and 15 wt %, ZnAc,

respectively). Panel d represents the average diameters (bh, before hydrothermal; ah, after hydrothermal). The hydrothermal process was carried out at

150°C for 1 h.

Antibacterial Test

The antibacterial properties of the N6/ZnO hybrid mats were
quantitatively evaluated wusing a gram-negative bacterium
(E. coli) ATCC 52922 as a model organism. The bacterial inocu-
lums were prepared in Triptic Soy-agar broth at 37°C for 12 h.
The hybrid mats of the same diameter were cut and placed at
the bottom of the Petri dish, and the E. coli suspension was
placed over the mats and incubated at 37°C for 12 h. The cell
concentration was determined by a viable count method on
Triptic Soy Agar plates after 1077 dilution of the culture in
Triptic Soy Broth; 100 uL solutions are taken from the 1077
dilution and spread on the Triptic Soy Agar plates. All the plates
were incubated at 37°C for 12 h before enumeration.

Characterization

The surface morphology of nanofibers was studied by using
field-emission scanning electron microscopy (FE-SEM, S-7400,
Hitachi, Japan). Information about the phase and crystallinity
of different mats (before and after hydrothermal process) were
obtained by using a Rigaku X-ray diffractometer (XRD, Rigaku,
Japan) with Cu Ko (1 = 1.540 A) radiation over Bragg angle
ranging from 10° to70°. High resolution images of nanofibers
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Figure 4. XRD patterns of pristine nylon-6 (a), and ZnAc-containing
nylon-6 nanofibers (sample m2) before (b), and after the hydrothermal
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treatment (c). The inset represents XRD results for sample m3. The
hydrothermal process was carried out at 150°C for 1 h. [Color figure can
be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 5. TEM images for nylon-6/ZnAc electrospun nanofibers before (a, sample m1) and after the hydrothermal process; (b, sample m1; ¢, sample m2;
and d, sample m3), the red arrows point to the crystalline ZnO nanoflakes. Panel e represents the HR TEM image for the marked area in image c. The
hydrothermal process was carried out at 150°C for 1 h. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

containing ZnO nanoparticles of nanoflakes were obtained via
transmission electron microscopy (TEM, JEM-2010, JEOL, Ja-
pan) operating at 200 kV. Photoluminescence (PL) spectroscopy
analysis was carried out at room temperature using a laser with
325 nm wave length as the stimulating source.

RESULT AND DISCUSSION

The electrospinning technique involves the use of a high voltage
to charge the surface of a polymer solution droplet and thus to
induce the ejection of a liquid jet through a spinneret. Because
of bending instability, the jet is subsequently stretched by many
times to form continuous, ultrathin fibers. Consequently, the
electrospinning is widely used for production of many poly-
meric nanofibers. Figure 2 displays the FE-SEM images of pris-
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tine [Figure 2(a)] and ZnAc-contained (5, 10, and 15 wt %,
Figure 2(b—d), respectively) nylon-6 electrospun mats. As shown
in the figure, spider-net was created among the main nanofibers
due to salt addition. Actually, formation of small nanofibers in
the form of spider net among the main polymer nanofibers
upon salt addition was fully studied in our previous work.’
Briefly, in that study, it was concluded that addition of a salt
does have tendency to ionize in the polymer solution leads to
form a spider-net like structure among the main electrospun
nanofibers. Figure 3 represents the FE SEM images of samples
ml, m2, and m3 mats obtained after the proposed hydrother-
mal process which was carried out at 150°C for 1 h [Figure
3(a—c), respectively]. Moreover, the average fiber diameter of
each mat has been estimated, the results are demonstrated in
Figure 3(d). As shown in the Figure 3(a, b), the spider-net
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Figure 6. Elemental mapping analysis for sample m2 after the hydrothermal process. The hydrothermal process was carried out at 150°C for 1 h. [Color

figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

became denser after the hydrothermal process due to the high
pressure atmosphere inside the reactor. The spider-net disap-
peared at high concentration of ZnAc [Figure 3(c)]. Addition of
ZnAc to nylon-6 led to a slight increase in the average diameter
[Figure 3(b)], the average diameter of the nanofibers was found
to be 115, 117, 125, and 127 nm for the mats containing 0, 5,
10, and 15 wt % ZnAc, respectively. This increase in the average
fiber diameter can be explicated as the effect of ZnAc.'® Simi-
larly, the average fiber diameter of ml, m2, and m3 mats was
also found to be 122, 129, and 131 nm, respectively. For the
same formulation, a slight increase can be observed due to the
hydrothermal treatment. The average fiber diameters were esti-
mated by using Photoshop computer software, in every image
the diameters of at least 100 nanofibers were estimated and
then the average value was determined.

Figure 4 represents the XRD patterns of pure and ZnAc-con-
taining nylon-6 electrospun mat before and after hydrothermal
treatment process at 150°C for 1 h. A broad non-crystalline
peak at 20 of 21.5° was observed for the pristine and ZnAc/ny-
lon-6 formulations which represents y nylon-6. The diffraction
peaks at 20 of 31.63°, 34.48°, 47.53°, 56.47°, 62.78°, 67.92° cor-
responding to the crystal planes of (100), (002), (101), (102),
(110), (103), and (112) indicate the presence of ZnO in
the nanofibers (JCPDS 36-1451). The introduced spectra in this
figure represent the sample containing 10 wt % zinc acetate
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(i.e., sample m2). The inset demonstrates the results obtained
when the ZnAc content was 15 wt % (i.e., sample m3), as
shown in this figure the peaks representing ZnO are more sharp
and have higher intensities. This observation indicates more
crystalline ZnO in the treated electrospun mat in case of m3
sample. Therefore, one can say that increase the utilized amount
of ZnAc in the electrospun mat leads to enhance ZnO content
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Figure 7. XRD pattern for the sample m2 after hydrothermal treatment at

125°C for 1 h. The inset shows the corresponding FE SEM image.
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Figure 8. The obtained mat after hydrothermal treatment of m2 sample at 150°C for 30 min (a) and 90 min (b).

after the hydrothermal treatment process. Moreover, it can be
said that ZnO exists in the main nanofibers rather than in the
spider net counterpart as m3 sample does not contain spider
net [Figure 3(c)]. This finding is interesting as the proposed
hydrothermal process could reduce the ZnAc to ZnO, which
was carried out inside the polymer nanofibers. It is noteworthy
mentioning that, the proposed hydrothermal process could con-
vert nylon-6 from y to o form, the later being thermodynami-
cally the most stable. Interestingly, increase ZnAc content causes
to complete transformation of nylon-6 from y to o form as
shown in the inset.

The direct evidence of formation of ZnO inside the nylon-6
fibers was further given by TEM images (Figure 5). As shown in
Figure 5(a), which represents TEM image of sample m1 before
the proposed hydrothermal process, there is no crystalline parts
can be observed. It is clearly seen that the crystalline ZnO nano-
flake-like structures are formed inside the nylon-6 fibers due to
the hydrothermal treatment process in all formulations [Figure
5(b—d)]. From Figure 5(d) it is shown that ZnO crystals are
formed in large quantities in m3 mat but it is formed in small
quantities in m1 and m2 mats [Figure 5(b, c), respectively].
This may be due to the low content of ZnAc in ml and m2
mats. This finding supports the XRD results. The crystalline
structure of ZnO was further confirmed by high resolution
TEM image [Figure (5e)]. Figure 6 represents the elemental
mapping of the treated nylon-6/ZnAc (sample m2), as shown
in the figure carbon and oxygen have high density as they are
incorporated in the polymer chain, however zinc has a rela-
tively low density. Also, from the elemental mapping, one can
suggest good distribution of ZnO inside the treated
nanofibers.

To properly investigate the influence of the temperature and
time as important process parameters, the hydrothermal treat-
ment process was carried out at 125 and 175°C. Figure 7 dis-
plays the XRD results for the m2 sample obtained at tempera-
ture of 125°C and residing time of 1 h. As shown in the figure,
weak ZnO peaks can be observed which suggests low ZnO con-
tent. The inset represents the corresponding FE SEM image of
the obtained nanofiber mat, as shown little change in the mor-
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phology can be observed. Increasing the hydrothermal tempera-
ture to 175°C resulted in complete disappearing of the polymer
nanofibers, only small pasty powder was obtained. Accordingly,
performing the hydrothermal process at 150°C is highly recom-
mended. Concerning the treatment time, Figure 8(a) and (b)
represent the FE SEM images for the sample m2 after hydro-
thermal treatment at 30 and 90 min, respectively. As shown in
Figure 8(a), short treatment time looks insufficient to convert
ZnAc to ZnO as there is not distinct change in the morphology.
In other words, the nanofibers’ surfaces turn to be rough due to
ZnO incorporation as can be concluded from the previous
images, so Figure 8(a) reveals low ZnO content as the surfaces
are smooth and almost there is no change in the spider net
morphology. The XRD results showed very weak peaks (data
not shown). However, as shown in Figure 8(b), as expected,
long treatment time have good impact of ZnO formation as the
surface of the nanofibers became rough due to ZnO formation.

It is commonly known that the room temperature PL spectra
for ZnO usually show three major peaks: a UV near-band-edge
emission peak around 380 nm, a green emission peak around

Intensity (a.u.)
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Figure 9. PL spectra of ml, m2, and m3 mats. [Color figure can be
viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 10. Number of E. coli colonies grown on LB agar plates after treatment. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]

520 nm, and a yellow—orange emission peak around 600 nm.
The 380 nm peak is attributed to the exciton recombination
process, whereas the green and orange are attributed to the
intrinsic defect of ZnO."'™" In this study, the peaks obtained
around 520 nm were attributed to deep level intrinsic defect in
ZnO crystals such as vacancies and interstitials of zinc and oxy-
gen (Figure 9).

Figure 10 shows the antibacterial activity on the surface of different
composite mats against E. coli in the day light. The result showed
that the m3 mat has the lowest survivability of bacteria than that of
m2 and m3 mats. It showed that the pristine nylon-6 mat did not
show remarkable antibacterial activity. The suggested two possible
mechanisms for the antibacterial activity of zinc oxide nanopar-
ticles towards E. coli are: (i) Formation of increased levels of reac-
tive oxygen species (ROS) mainly hydroxyl radical and singlet oxy-
gen which damage the bacterial cell wall.'"*™'¢ (i) Deposition of
nanoparticles on the surface of bacteria or accumulation of the
nanoparticles either in the cytoplasm or in the periplasm region
causing disruption of cellular function and disorganization of
membranes.'” In the present study, the second hypothesis is not
valid as ZnO is incorporated inside the nanofibers.

CONCLUSION

Hydrothermal treatment of zinc acetate/nylon-6 electrospun
nanofibers in presence of suitable reducing agent can lead to
produce of nylon-6 nanofibers embedding ZnO flakes. This
strategy might be invoked to produce metal oxide-doped poly-
meric nanofibers rather than electrospinning of colloidal solu-
tion; the conventional complicated methodology. Interestingly,
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ZnO doping of the nylon-6 nanofibers did not affect the anti-
bacterial activity and PL characteristic of the ZnO.
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