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We report the formation of multi-layer nylon-6 (PA-6) nanofibrous membranes by electrostatic spinning
coupled with a hot pressing process. The structure and porosity of multi-layer PA-6 nanofibrous
membranes were characterized using a scanning electron microscope and the N, nitrogen adsorption
and desorption isotherms. We show that multi-layer PA-6 nanofibrous membranes can be used for

efficient and continuous indigo dye filtration. Under the condition of constant pressure at the 0.1 MPa
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with the increase of the number of layers in PA-6 nanofibrous membranes. The 10 layer PA-6 nanofiber

DOI: 10.1039/cBra01442f membrane can completely remove the indigo dye, and early filtration flux was high, with extended time,
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1 Introduction

Nowadays, increasing attention has been devoted to polymer
nanofibers because of their applications in filtration, fuel cells,
sensors, drug delivery and tissue engineering."” Electro-
spinning is a process in which a polymer fluid is drawn under
electrostatic forces to form solid polymer nanofibers.®
Compared with various fiber-making routes including melt-
blown,” template synthesis,® sea-island spinning,® phase-sepa-
ration,' and plasma treatment," electrospinning is a versatile
and effective method for the large-scale fabrication of polymer
nanofibers with controlled sizes, morphologies and functional
components.*>™ Electrospun polymer nanofibrous membranes
are a promising filtration material because of their high surface
area to volume ratios, large porosity, good mechanical proper-
ties and good water permeability’® which are critical for air
filtration'® and water treatment."”

Electrospun nylon-6 nanofibrous membranes as filtration
materials have been reported in the literature.**> In this paper,
we form multi-layer nylon-6 (PA-6) nanofibrous membranes by
combing electrospinning and hot-pressing processes. The
structure and porosity of multi-layer PA-6 nanofibrous
membranes were characterized by a scanning electron micro-
scope (SEM) and the N, nitrogen adsorption and desorption
isotherms. Furthermore, we study the filtration performance of
multi-layer PA-6 nanofibrous membranes for indigo dye.
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the filtration flux decline and gradually stabilized.

2 Experimental section
Materials

The nylon 6(PA-6 medium viscosity) was purchased from Toray
industries, Inc., Japan. Formic acid (HCOOH, FA) and glacial
acetic acid (CH3COOH, HAc) were purchased from XiLong
Scientific Co., Ltd, China. Indigo dye was provided by Brothers
Chemical Co., Ltd. These chemicals were used without further
purification.

Preparation of PA-6 solution

PA-6 was dissolved in FA/HAc mixed solution with the weight
ratio of 3/1, in which the concentration of PA-6 was 9 wt%. The
mixed solution was magnetically stirred at room temperature
for 10-12 hours until it became a clear homogeneous solution.

Fabrication of PA-6 nanofibrous membranes by
electrospinning

PA-6 solution was electrospun onto an aluminum foil support
located 10 cm away from the edge of the cylinder electrode at
ambient temperature. During electrospinning, a positive DC
high voltage of 18 kV was applied to PA-6 solution through the
needle by using a high voltage power supply. In the electro-
spinning process, we need to maintain the speed of drum and
the electrode to ensure the uniformity and continuity of nano-
fiber membranes.

Preparation of multi-layer nanofibrous membranes and
evaluation of filtration performance

Fig. 1 shows the schematic diagram of multi-layer nanofibrous
membranes and a filtration cell equipment. In order to
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Fig. 1 Schematic diagram of the preparation of PA-6 multi-layer
nanofibrous membranes and filtration cell set-up.

completely remove the residual of solvents, the acquired
nanofibrous membranes were placed in a vacuum oven at 60 °C
for 12 h. Subsequently, 1, 2, 5 and 10 layers of electrospun PA-6
nanofibrous membranes were hot-pressed in flat-panel curing
machine at 90 °C with different pressures for 120 s. The prin-
ciple of the filtration cell equipment was the dead end filter.

Characterization

The structure of electrospun PA-6 nanofibrous membranes was
characterized with a scanning electron microscope (SEM, SU-70,
Hitachi High-Tech, Tokyo, Japan) at 10 kV. For the SEM
measurement, the membrane was placed on a conducting resin
and then coated with gold. The diameters of fibers were
measured and calculated using an image analyzer (Smile View).
The surface area and pore size distribution of PA-6 nanofibrous
membranes were analyzed by nitrogen gas adsorption and
desorption method (TriStar II 3020, Micromeritics, USA). The
nitrogen adsorption and desorption curves were measured at
the temperature of liquid nitrogen (—196 °C) using Micro-
meritics Tristar II 3020. Before the nitrogen adsorption, PA-6
nanofibrous membranes were degassed at 80 °C for 4 h. The
surface area and pore size distribution of PA-6 nanofibrous
membranes were obtained with Brunauer-Emmett-Teller (BET)

Membrane Thickness(mm)

Fig. 2
layers.

12174 | RSC Adv., 2018, 8, 12173-12178

View Article Online

Paper

and Barrett-Joyner-Halenda (BJH) methods, respectively. The
UV-Vis spectra of filtrated dye solution of PA-6 nanofibrous
membranes were taken with a UV-2550 UV-visible spectropho-
tometer (Shimadzu, Japan). The filtration flux of the fiber
membrane was calculated according to the formula (1).

vV

J:E (1)

In the formula, J represents the filter flux, L (m* h)™"; v
represents the body fluid through the nanofiber membrane, L; A
represents the effective filtration area, m?; ¢ represents the time
the liquid passed through the membrane, h.

3 Results and discussion

Fig. 2a is a photography image of PA-6 nanofibrous membranes.
They are free-standing and flexible. The thickness of nano-
fibrous membranes increases with the increase of the number
of layers (Fig. 2b). Fig. 3a-e shows the SEM image of PA-6
nanofibrous membranes. The electrospun PA-6 nanofibers
have smooth surface and form three-dimensional networks.
The diameter of the electrospun PA-6 nanofibers varies in the
range from 0.1 pm to 0.35 um (Fig. 3f).

Fig. 4 shows the N, nitrogen adsorption and desorption
isotherms of PA-6 nanofibrous membranes. The type-v
isotherm evidenced by a hysteresis loop is a result of the porous
structure of PA-6 nanofibrous membranes. A summary of the
Brunauer-Emmett-Teller (BET) specific surface area and the
average pore size of PA-6 nanofibrous membranes are given in
Table 1. The average pore size of PA-6 nanofibrous membranes
calculated with the Barrett-Joyner-Halenda (BJH) method
slightly changes in the range from 8.54 nm to 12.15 nm with the
increase of the number of layers in PA-6 nanofibrous
membranes. The BET specific surface area decreases from 11.81
m® g~ " to 5.68 m*> g~ with the increase of the number of layers
in PA-6 nanofibrous membranes.

Indigo dye is an anionic pollutant generated from industrial
dyeing, printing and food coloring processes. The filtration
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(a) Photography image of 10 layer nanofibrous membranes. (b) The thickness of nanofibrous membranes as a function of the number of
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Fig. 3 SEM images of nanofibrous membrane with layer of (a) as-prepared (b) 1, (c) 2, (d) 5 and (e) 10. (f) Average fiber diameters of the relevant

membranes.

performance of PA-6 nanofibrous membranes was carried out in
a dead-end filtration cell equipment, in which indigo dye
solution (10 mg L") was used as the feed solution. The dried
nanofibrous membranes (the effective membrane area = 0.02
m?) was placed in the filtration cell and the feed solution was
passed through the cell at the feed pressure of 0.1 MPa. The
time required for the permeation of feed solution through the
cell was recorded. Subsequently, the filtration measurements
were repeated for three times.

Fig. 5a shows the photography images of the top and bottom
surfaces of 10-layer nanofibrous membranes after the filtration.
After filtration, the top surface of fiber membrane surface was
covered with a dense cake-layer of indigo dye. It can also be seen
in Fig. 5b, indigo dye was trapped on the surface of the fibrous
membrane, but the membrane was not completely blocked.
This is because during the filtration process of the dead end, the

This journal is © The Royal Society of Chemistry 2018

filtrate was vertically passed through the membrane surface,
and as the filtering time was performed, the concentration of
the material deposited on the membrane surface produces
a concentration polarization, so that the solute concentration of
the membrane surface was greater than its saturation solubility,
so that the filter cake was formed on the membrane surface
adsorption.

Fig. 6 shows the UV-Vis absorption spectra of feed and
filtration solution. The feed solution shows a maximum
absorbance at 704 nm. The intensity of the maximum absor-
bance was used to qualitatively evaluate the efficiency of PA-6
nanofibrous membranes for removing indigo dye. As can be
seen in Fig. 6 that the intensity maximum absorbance at 704 nm
of filtration solution decreases with the increase of the number
of layers in nanofibrous membranes. The filtration efficiency of
the one-layer membrane after the hot pressing is twice as high

RSC Adv., 2018, 8, 1217312178 | 12175
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Fig. 4 Nitrogen adsorption—desorption isotherms and pore size
distributions of PA-6 nanofibrous membrane with different number of
layers.

Table 1 Thickness, specific surface area, pore width of PA-6 nano-
fibrous membranes

Thickness Specific surface Average pore
Sample (mm) area (m®> g ") size (nm)
As-prepared 0.05 11.81 8.54
One-layer 0.03 9.80 9.13
Two-layer 0.05 9.18 9.63
Five-layer 0.07 6.53 11.25
Ten-layer 0.13 5.68 12.15

as that of as-prepared membrane. After being filtrated by 10
layer nanofibrous membranes, the indigo dye are completely
removed. In other words, the facile hot-pressing method proven
to be very effective to improve the rejection fraction of electro-
spun nanofiber membranes. Fig. 7 shows the photography
image of feed solution after filtration through as-prepared, 1, 2,
5 and 10 layer nanofibrous membranes. Fig. 7b shows that blue
color feed solution becomes clean and transparent after the
filtration, which suggests that indigo dye molecules in solution
are effectively removed by the membrane.

Fig. 5
nanofibrous membranes after filtration.
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Fig. 6 UV-Vis absorption spectra of indigo dye solution before and
after filtration by PA-6 nanofibrous membranes with different layers.

Fig. 8 shows the water flux of electrospun PA-6 nanofiber
membrane for removing indigo dye molecules in solution. Note
that the 10 layer membrane was hot-pressed with 15 MPa
pressure. We can see that the filtration flux decreases rapidly in
the first 200 minutes, then gradually slows down, and it remains
above 15 L m~2 h™! after 500 minutes of filtration, which is
mainly the result of filter cake filtering. At first, under the
pressure of a certain filtration pressure, most of the dye large
particles were directly intercepted or adsorbed by the
membrane and trapped on the membrane surface, and some
small particles entered the membrane, so the initial filtration
flux was large. With the continuous accumulation of the dye on
the membrane surface and inside the membrane, a thick filter
cake is formed on the film surface, the pore diameter of the film
is reduced, the interception rate increases rapidly, and the
filtration flux drops sharply. As the time goes on, the filter cake
on the membrane tends to be stable, so the filtration flux of the
membrane to the dye also tends to be stable. That is to say,
when the thickness of cake layer reaches a certain value, the
membrane have to be cleaned and remove the cake layer to
restore the pre-filter state.

1pm

(a) Photography images of the top and bottom surfaces of 10 layer nanofibrous membranes after filtration. (b) SEM image of 10 layer

This journal is © The Royal Society of Chemistry 2018
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Fig. 7 Photography images of feed solution before (a) and after (b) filtration solution by PA-6 nanofibrous membranes.
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Fig.8 Permeate flux of 10 layer nanofibrous membranes for removing
indigo dye molecules in solution.

4 Conclusions

We have prepared multi-layer nanofibrous membranes by the
hot-pressing of PA-6 nanofiber membranes prepared with
electrostatic spinning. The structure and porosity of multi-layer
PA-6 nanofibrous membranes were characterized by SEM and
the N, nitrogen adsorption and desorption isotherms. After PA-
6 nanofiber membrane was hot-pressing, with increasing
number of layer, the fiber diameters and the thickness of
membrane increased. We showed that multi-layer PA-6 nano-
fibrous membrane can be used as a filtration material to remove
indigo dye from water, and it can be continuously filtered for
a long time. The filtration efficiency for indigo dye increases
with the increase of the number of layers in PA-6 nanofibrous
membranes. The 10 layer PA-6 nanofiber membrane can
completely remove the indigo dye, and early filtration flux was
high, with extended time, the filtration flux decline and grad-
ually stabilized. The ability to intercept dye molecules and in
a simple one-step hot-pressing process will enhance their
applicability significantly in the field of filtration.
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