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The catalysis of nanomaterials are interesting and attractive. Here, electrospinning was employed to afford poly (methyl

acrylate) (PMAA)-poly (vinyl pyrrolidone) (PVP) electrospun nanofibers. Next, in situ photosynthesis resulted in the

www.rsc.org/

fomation of a uniform assembly of silver nanoparticles (AgNPs) over the electrospun fibers, generating AgNPs—PMAA—-PVP

electrospun nanofibers, the as-formed AgNPs—PMAA-PVP electrospun nanofibers were utilized for investigating the

catalytic reduction of 4-nitrophenol (4-NP) in the precence of NaBH,. For the in situ synthesis, the available light sources

were used including sunlight, table lamps, and 365 nm UV lamps, and the results showed that the AgNPs-PMAA-PVP

electrospun nanofibers could catalyze 4-NP in the presence of NaBH,, generating 4-aminophenol (4-AP) and reducing the

toxicity of 4-NP. After the use of AgNPs—PMAA—-PVP electrospun nanofibers for up to 4 cycles, the catalytic efficiency

remained as high as 90%, suggesting that the noble metal/poylymeric electrospun nanofibrous catalyst is highly effective

and reusable.

INTRODUCTION

Nanoparticles have attracted significant attention, particularly
in fields that environmental problems arise,l"3 caused by their
small size effect, surface effect and catalytic performance.
Recently, silver nanoparticles (AgNPs) and their composite
materials have been widely used in the field of catalysis, such
as for the reduction of methyl orange,4 methylene blue,” 6
janus green,7 trypan blue,8 and 4-nitrophenol (4-N P).9

On one hand, nitrophenol (NP) is an important chemical
intermediate, been widely used for the
manufacturing of chemicals, biochemicals and medicine.
Unfortunately, all of its three isomers, ortho-isomer (1-NP),
meta-isomer (2-NP) and para-isomer (4-NP) are toxic.
Especially, the para isomer exhibits the highest toxit:ity.10 4-NP
exhibits good water solubility; however, it does not undergo
general electrophilic caused by the electron-
withdrawing nitro group, as a result, it is resistant to
decomposition by oxidase in common
thereby leading to long-term persistence in the soil and
water." ™ Moreover, 4-NP can enter the human body through
the respiratory tract and skin, thereby damaging the
hematopoietic and nervous systems, and resulting in tumors

which has

reactions,

microorganismes,
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as well as producing mutation, finally causing tremendous
damage to human health."* For these reasons, it is vital to
effectively treat such compounds.

On the other hand, electrospinning, in which a high-speed
spray is generated by a conducting flow under a high-voltage
static field, is a technique for the large-scale production of
fibers on the order of magnitude of sub-micrometers, or even
nanometers. As a result, nanofibers are obtained in a dash
receiver by solvent evaporation or melt cooling.ls’ 1 As the
equipment employed for electrospinning is simple and easy to
operate, it is easy to control the chemical composition and
physical properties of the electrospun nanofibers. In addition,
the obtained non-woven fabrics exhibit advantages of large
specific surface areas, high porosity, and uniformity,17 and the
applications of electrospun nanofibers in the fields of
biomedicine and electricity as well as optics have attracted
significant attention.”® *°
studies about the preparation of the AgNPs-loaded micro- and
nanofibrous materials by electrospinning, such as direct
dopping,20 chemical reductions,21 photoreductions22 and
decompositions,23 ect. Wherein, in situ photoreduction is

Up to now, there are numerous

considered to be simple and easy, thus we choose this method
to prepare the composite nanofibers.

In our previous study, electrospun nanofibers containing
AgNPs were successfully prepared by the combination of
electrospinning and in situ photosynthesis that can be used for
enhancing Raman scattering signals.24 Further investigation
found that the AgNPs-PMAA-PVP electrospun nanofibers
exhibited good catalytic activity, which was almost difficult for
AgNPs to detach from the composite nanofibers, thereby
retaining the catalytic activity of AgNPs after several recycling
and reusability steps. Furthermore, this catalytic activity of
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Scheme 1 Schematic of in situ photosynthesis of electrospun
nanofibers and the catalysis activity towards 4-NP.

AgNPs-PMAA-PVP electrospun nanofibers was evaluated
toward the reduction of 4-NP in the presence of NaBH, by the
redox reaction (scheme 1). Results from the investigations
indicated that the electrospun nanofibers doped with AgNPs
photosynthesized in situ can be repeatedly used, and the high
catalytic activity is retained even after four cycles. To our
surprise, by the redox reaction, the toxicity of 4-NP decreased

simultaneously. 4-aminophenol (4-AP) resulting from the
reduction of 4-NP is an important chemical and a
pharmaceutical intermediate, which is applicable to

antipyretic, analgesic drugs, paracetamol, and dyestuff. 25,26

EXPERIMENTAL SECTION

Instruments and reagents

To prepare the electrospun the DFS-01
electrospinning apparatus (Beijing Kai-weixin Technology Co.,
Ltd, China) was utilized. A desk lamp (11 W), a UV lamp of 365
nm with a power of 11 W, and sunlight were employed as the
irradiation sources for preparing AgNPs. Scanning electron
microscopy (SEM) and transmission electron microscopy (TEM)
images were recorded using an S-4800 SEM system (Hitachi,
Tokyo, Japan) and a TEM system (Hitachi, Tokyo, Japan),
respectively. A TSX-6-12 muffle furnace (Beijing Xinite electric
furnace company) was used for the calcination of the
electrospun nanofibers to improve their stability. UV-vis
absorption spectra were recorded with a U-3010
spectrophotometer (Shimadzu, Japan) at room temperature.
SDT-Q600 (TA Instrument Company, American) was used to
record thermogravimetric analysis data at a heating rate of 20
°c mint. A digital camera (Olympus E-510) was used to
capture photographs.

Poly (vinyl pyrrolidone) (PVP, Mw = 1300000) was
supplied by Aladdin, Ltd. Poly (methyl acrylate) (PMAA, Mw =
9500) and silver nitrate were purchased from Sigma-Aldrich.
Dehydrated alcohol (>99%) was obtained from Chongging
Chuandong Ltd. All chemicals were used without further
purification. Water purified by a MilliQ system (Millipore) was
used throughout.

nanofibers,
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Preparation of AgNPs-PMAA-PVP electrospun nanofibers

Firstly, 5 mL of 8% PVP and 0.74 mL of a freshly prepared 0.6
mol/L silver nitrate solution was thoroughly mixed and then
placed in a dark area with continuous magnetically stirring for
3 h. Secondly, 0.26 mL of a 10 % PMAA solution was added
into the mixture, which was then magnetically stirred in a dark
area until PMAA was totally dispersed. Thirdly, the mixture
was transferred to a 10 mL tip plastic syringe for
electrospinning. The commercial DFS-01 electrospinning
apparatus was operated at an applied voltage of 20 kV, a
collection distance of 20 cm, with an electrospinning solution
feed rate controlled at 0.03 mm/min under a humidity of 50%-
60% and a temperature of 25°C - 30°C. Next the as-prepared
nanofibers were collected as overlaid membranes on an
electrically grounded aluminum foil that covered the plate,
and they were dried under vacuum at 30 °C overnight for
Finally, the
electrospun nanofibers were illuminated under different light

removing the residual solvent and moisture.

sources mentioned above, which could obtain different colors
electrospun nanofibers. At last, the electrospun nanofibers
were calcined at 200 °C for 4 h to get the stable AgNPs-PMAA-
PVP electrospun nanofibers.

Catalytic properties of AgNPs-PMAA-PVP electrospun nanofibers
First, 0.036 g of the as-prepared electrospun nanofibers at
room temperature were added into a mixture containing 0.25
mL of 1.0 x 10 mol/L 4-NP, 0.25 mL of 5 mol/L NaBH,, and
19.5 mL water. Under magnet stirring, UV-vis absorption was
measured. The solution was filtered with a 0.45um filter film
for removing the impurities before measurement, followed by
capturing photographs of the mixture.

Reusability of AgNPs-PMAA-PVP electrospun nanofibers

The as-prepared electrospun nanofibers (0.08 g), which had
been illuminated with different light sources at
temperature, were placed in mixture of solutions containing
0.25 mL of 1.0 x 10 mol/L 4-NP, 0.25 mL of 5 mol/L NaBH,,
and 19.5 mL water, followed by magnetic stirring at room

room

temperature. the solution was filtered using a 0.45um film for
removing the impurities before measurements. And then, UV-
vis absorbance was measured at 250 nm-550 nm every other
15 min. When the catalysis finished, the used electrospun
nanofibers were collected, washed with water, and dried, then
added to another cycle of 4-NP treatment. A treatment of 4
cycles was conducted for the catalysis of 4-NP.

Estimation of cytotoxicity

To estimate the cytotoxicity, 0.036 g of the as-prepared
electrospun nanofibers illuminated using a UV lamp of 365 nm
at room temperature was placed in a mixture of solutions
containing 0.05 mL of 4-NP at different concentrations, 0.05
mL of 5 mol/L NaBH,, and 3.9 mL water. After finishing the
reaction, the solution was filtered with a 0.45 pum film for
removing the impurities, which resulted in a colorless solution.
Next, human laryngeal epithelial cells at a concentration of
1.0x 10 "% were planted to each grid, which were incubated for
24 h to investigate the cytotoxicity of the filtrate.

This journal is © The Royal Society of Chemistry 2015
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RESULTS AND DISCUSSION

Preparation of
nanofibers
Sunlight is an important ubiquitous source of light in the
nature, hence, we checked whether the electrospun
nanofibers could exploit natural sunlight. As shown in Fig. 1 A,
with increasing the illumination time, the color of the
membrane gradually deepened from brown till finally changing
to pink after 24 h, suggesting that AgNPs were generated on
the electrospun nanofibers after illumination with natural
sunlight. In other words, natural sunlight can be used for the in
situ photo synthesis.

Fig. 1B also shows the properties of the electrospun
nanofibers under illumination by different light sources.
Without light irradiation, the electrospun nanofibers did not
exhibit any absorption band, while under illumination by a UV
lamp of 365 nm, table lamp and sunlight, the nanofibers
exhibited the maximum absorption band at 424 nm, 430 nm,
and 432 nm, respectively. The absorption spectra, colourful
images and solution suggested the generation of AgNPs after
light irradiation.”’

As shown in Fig. 2, the amount of the AgNPs
photosynthesized in the electrospun nanofibers illuminated by
a 365 nm UV lamp (B), table lamp (C), and sunlight (D)
increased as compared with that of nanofibers without
illumination (A). The AgNPs-PMAA-PVP electrospun nanofibers
illuminated by a UV lamp of 365 nm were taken as a
representative example to explore the fine structure of the
nanofibers. After the size statistics of AgNPs on the nanofibers,
it is found that the AgNPs with diameters ranging from 15 to
25 nm are distributed on the surface of the PMAA-PVP
electrospun nanofibers (inset from Fig. 2B). It is also
demonstrated that the illuminations will further promote the
formation of AgNPs.

The elemental analysis profiles in Fig.3 also show that the
electrospun nanofibers under illumination with different light
sources contained Ag, C and O. Particularly, the atom
percentage of Ag were more than 3.80%, suggesting the
formation of AgNPs on nanofibers. Hence, the corresponding
reactive processes of generating AgNPs are presumed as
follows: (1) the partial Ag" ions were dispersed homogeneous
in solution by chelating effect and reduced to tiny Ag atoms as
seeds with the carbonyl oxygen of PVP; (2) the rest of Ag"
might be adsorbed around the surface of nuclei, which were
potential foreshadowing for the following photoreduction; (3)
photochemical reactions:** *

2Ag"+2NO3” ™ » 2Ag042NO,+ O,

electrospun AgNPs-PMAA-PVP electrospun

(1)
(2

In order to evaluate the mass content of AgNPs on the
AgNPs-PMAA-PVP electrospun nanofibers, thermogravimetric
analysis was examined. As shown in Fig. 4, all samples
displayed two loss distinct weight loss regions in 50-500 °C
range. The first weight loss region could be attributed to the
desorption of the water at about 100 °C, and the second
weight loss was due to degradation of the polymer molecules
at about 300 °C. This different maximum decomposition was

mAg” 2 (Ag),

This journal is © The Royal Society of Chemistry 2015
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Fig. 1 Optical properties of the as-prepared electrospun
nanofibers without calcination. (A) Photographs of the
electrospun nanofibers from the AgNO3;-PMAA-PVP solution
illumination by sunlight at different times. (B) UV-vis
absorption spectra of agueous suspensions of the as-prepared
products. Insets in (B) show the photographs of electrospun
nanofibers illuminated with different light sources (top), and
the optical images of the as-prepared products in the reaction
solution are shown at the bottom. a, before illumination; b,
illumination under a UV lamp of 365 nm; c, illumination under
desk lamp; d, illumination under sunlight.

Fig. 2 SEM images of the AgNPs-PMAA-PVP electrospun
nanofibers prepared under different light sources. All
nanofibers were calcined at 200 °C for 4 h. A, Before
illumination; B, illumination under a UV lamp of 365 nm, with
insets showing the high-resolution SEM image (top right) and
TEM image (bottom left); C, illumination under desk lamp; D,
illumination under sunlight.
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Fig. 3 Elemental analysis profiles of the AgNPs-PMAA-PVP
electrospun nanofibers under illumination by different light
sources. All nanofibers were calcined at 200 °C for 4 h. B,
illumination under a 365 nm UV lamp; C, illumination under
desk lamp; D, illumination under sunlight.
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Fig. 4 Thermogravimetric analysis curves of AgNPs-PMAA-PVP
electrospun nanofibers prepared under different light sources.
A, pure PMAA-PVP electrospun nanofibers; B, illumination
under a UV 365 nm lamp; C, illumination under desk lamp; D,
illumination under sunlight.

affected by AgNPs residue. Herein, the AgNPs weight of with a
365 nm UV lamp, a table lamp, and sunlight were 20.58%,
19.70%, 30.76%, respectively. That is to say, the real content
of AgNPs depends on the light source used, which is similar to
the result in Fig. 3. We take AgNPs-PMAA-PVP electrospun
nanofibers under illumination of a 365 nm UV lamp as a
representative example to study the properties of AgNPs-
PMAA-PVP electrospun nanofibers considering the following
issues: (1) sunlight will vary with the changes of season and
weather; (2) the humidity in the air is high and AgNPs-PMAA-
PVP electrospun nanofibers hard to keep the normal
morphology.

Notably, the AgNPs-PMAA-PVP electrospun nanofibers
exhibit strong hygroscopicity, which is a characteristic not
beneficial for storage. In this case, we prepared the
electrospun nanofibers by calcination at 200 °C for 4 h,
rendering them stable. By subjecting the electrospun
nanofibers to a thermal treatment at 200 °C, inter- and intra-
molecular anhydridization reaction involving the carboxylic
acid groups of PMAA ,29’ *%and the shrinking of the nanofibers
with evaporation of remanent solvent®* could solidify the
composite nanofibers to form a water-stable material. As
shown in Fig. 5 the morphology of the AgNPs-PMAA-PVP
electrospun nanofibers was almost unchanged after
calcinations and contacting with aqueous solution. What's
more, it has been reported that PMAA and PVP present good
thermal stabilities, which will be degraded until 420 °C and 380
°c, respectively.30 In our work, AgNPs-PMAA-PVP electrospun
nanofibers were calcinated at 200 oC, which could degrade
neither PMAA nor PVP. That is, the electrospun nanofibers
remain unchained in structure after calcination at 200 °C.

Catalysis of AgNPs-PMAA-PVP electrospun nanofibers on the
reduction of 4-NP

Nano-silvers, similar to other nanoparticles,az'34 exhibit
surface effects, catalytic performance, and other special
properties, which significantly depend on the particle size,
specific surface area, as well as state and shape. In such cases,
the composite nanofibers produced by nanoparticles obtained
by electrospinning are thought to exhibit high catalytic activity
as the resulting fibers exhibit a large specific surface area and

4 | NewJ. Chem., 2015, 00, 1-7
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high porosity.
attached to the

Hence, the catalytic performance of AgNPs
electrospun nanofibers was investigated. First,
& . ; L e T gt ,

-

Fig. 5 (A-B) SEM images of AgNPs-PMAA-PVP electrospun
nanofibers without illumination. A, before calcination; B, after
calcination. (C-F) SEM images of calcinated AgNPs-PMAA-PVP
electrospun nanofibers under illumination by a UV lamp of 365
nm after contacting for different time with aqueous solution. C,
0 min; D, 10 min; E, 20 min; F, 35 min.

we examined the reaction of a mixture of solution containing
4-NP and NaBH,; without the AgNPs-PMAA-PVP electrospun
nanofibers and observed that absorbance at 400 nm, which is
attributed to the characteristic absorption band of 4-NP. The
inset of Fig. 6 A exhibited no changes for the4-NP and NaBH,
mixture that without the AgNPs-PMAA-PVP electrospun
nanofibers, suggesting that the redox reaction related to 4-NP
does not occur, and the decrease of absorbance is solely
attributed to the physical adsorption of 4-NP on the surface of
the composite nanofibers.”” ¥ However, in the presence of
AgNPs-PMAA-PVP electrospun nanofibers, the absorbance of
the mixture containing 4-NP and NaBH, at 400 nm gradually
decreased with prolonging the reaction time. Simultaneously,
a new small absorption band was observed at 290 nm, which is
attributed to the characteristic absorption of 4-AP (Fig.6 B, C,
and D).E'G'39 As a consequence of the catalysis reaction, 4-NP
gradually converted to 4-AP, and the solution color faded from
yellow (the insets in Fig. 6 B, C, and D), wherein the following
reaction occurred:*!

NO, NH,
7
AgNPs-PMAA-PVP
4 + 3BH4- electrospun nanofibers 4 @ +3B02.+ 2H20
/
HO OH (3)

In such cases, the change in the concentration of 4-NP at
different times can be expressed as follows:

A= ¢ecL (4)

This journal is © The Royal Society of Chemistry 2015
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Fig. 6 (A-D) UV-vis absorption spectra and photographs (insets)
of 4-NP solutions at different reaction times. A, before
illumination; B, under illumination of a 365 nm UV lamp; C,
under illumination of a desk lamp; D, under illumination of
sunlight. E, A,/A, versus reaction time for the reduction of 4-
NP; F, Degradation kinetics of 4-NP. All nanofibers were
calcined at 200 °C for 4 h. The weight of the electrospun
nanofibers was 0.036 g. c4.np, 1.25%10 AmoI/L; CNagha, 6.25%10°
ZmoI/L.

In(£L) = —kt (5)
Co
From these equations, we have,
(2 = e (6)
Ao

Here, A is absorbance, Ay is the initial absorbance, A; is the
absorbance at corresponding time t, € is the absorptivity, c is
the concentration (mol/L), L is the thickness of the absorption
cell (cm), and t is the reaction time (min), k is rate constant for
the reductive reaction. According to Eq (6) as well as the plot
of A./A, versus reaction time for the reduction of 4-NP shown
in Fig. 6 E, and the kinetics of the degradation of 4-NP shown
in Fig. 6 F, the catalytic performance of the AgNPs-PMAA-PVP
electrospun nanofibers was almost the same as that exhibited
by AgNP-containing PAA-PVA nanofibrous mats.?! At the same
time points, the catalytic reductive efficiency of 4-NP follows
the order from the rate constants: sunlight > UV lamp of 365
nm == table lamp, this result might because of the amount of
AgNPs are different, which also corresponded with the
elemental analysis profiles (Fig.3) and thermogravimetric
analysis curves (Fig.4).

This journal is © The Royal Society of Chemistry 2015
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Fig. 7 Conversion rates of AgNPs-PMAA-PVP electrospun
nanofibers catalytic ability (4 cycles) prepared
illumination with different light sources. All nanofibers were
calcined at 200 °C for 4 h. The weight of electrospun
nanofibers was 0.08 g. cs.np, 1.25x10 AmoI/L; CNaBH4r 6.25x107
mol/L.

under

Reusability

For testing the recyclability of the AgNPs-PMAA-PVP
electrospun nanofibers, the electrospun nanofibers were
repeatedly used. In such cases, we measured the conversion
rate of 4-NP, which could be defined as follows:

:MxloO% (7)

0

Here, r,, represents the conversion rate of 4-NP into 4-AP,
Aq is the initial absorbance; A is the absorbance of which
reaction time is 15 min. The reusability of the electrospun
nanofibers illuminated by 365nm UV lamp, desk lamp and
sunlight were conducted, as shown in Fig. 7. The conversion
rates of 4-NP catalyzed with AgNPs-PMAA-PVP electrospun
nanofibers were more than 90%, suggesting that the catalytic
ability of the AgNPs-PMAA-PVP electrospun nanofibers kept
very well after reuse. In other words, the catalytic properties
of the fibrous materials performed in aqueous solution of 4-NP
were very stable.

Stability and recovery are the two key factors determining
whether the AgNPs-PMAA-PVP electrospun nanofibers can be
recycled.40 Generally, because of the van der Waals force and
high surface energy, the nanoscale metal particles in solution
can mutually combine, resulting in the increase of particle size
and the decrease of number as well as the decrease of the
potential difference between metal particles and 4-NP, which
decrease or lower the catalytic rate.*! However, in this work,
the introduction of PMAA in PVP polymeric nanofibers can
significantly improve the stability of catalysts. The side chain of
PMAA, which has been proven to be a versatile template for
preparating Ag nanoclusters, has sufficient carboxylic acid
groups, which not only exhibits strong adsorption for silver
ions but also prevent nanoclusters from further growing to
large nanoparticles; in other words, the carboxyl acid groups of
PMAA do not coordinate with Ag ions.™® Simultaneously, PMAA
can eliminate free radical hydroxyl ions for preventing the
oxidation of silver nanoclusters into silver oxide.*” What’s

w
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Fig.8 Cytotoxicity test of 4-NP solutions before and after
treatment with AgNPs-PMAA-PVP electrospun nanofibers
under illumination with a 365 nm UV lamp. All nanofibers were
calcined at 200 °C for 4 h. The weight of electrospun
nanofibers was 0.036 g. Cyagha, 6.25 % 102 mol/L.

more, the strong coordination between carbonyl oxygen of
PVP and Ag enable PVP as a protective agent for preventing
AgNPs from aggregating.24

In addition, the combination of high-voltage static
electrospinning and in situ photo synthesis produce AgNPs
exhibiting catalytic activity fix on the microscopic base of the
electrospun nanofibers, in other words, the stability of the
AgNPs-PMAA-PVP electrospun nanofibers further increases.
Thus, upon recycling, AgNPs nearly do not detach from the
AgNPs-PMAA-PVP electrospun nanofibers, which is attributed
to the calcination at 200 °C, enable these electrospun
nanofibers with high water-stability to separate from the
water for recycling.

Cytotoxicity test

To evaluate the effect of reduction of toxic 4-NP by the AgNPs-
PMAA-PVP electrospun nanofibers, the in vitro cytotoxicity of
all solutions was tested. As shown in Fig. 8, the higher
concentration of 4-NP led to the greater cytotoxicity. The
presence of AgNPs-PMAA-PVP electrospun nanofibers
promotes to increase cell viability, suggesting that the catalysis
of the AgNPs-PMAA-PVP electrospun nanofibers reduces the
cell cytotoxicity of 4-NP solutions. This reduction in cell toxicity
is possibly attributed to the conversion of 4-NP to 4-AP after
catalysis with AgNPs-PMAA-PVP electrospun nanofibers, and
the cytotoxicity of 4-AP is less than that on 4-N p.r3

CONCLUSIONS

AgNPs-PMAA-PVP electrospun nanofibers, prepared from
high-voltage static electrospining and in situ photo synthesis,
exhibit good catalytic performance for the conversion of 4-NP
to 4-AP with high stability and recycling ability. As the
introduced PMAA can adsorb significant amount of Ag" on
polymers, the AgNPs were tightly held by the electrospun
nanofibers mats. Undoubtedly, the photosynthesis of AgNPs-
PMAA-PVP electrospun nanofibers makes this a facile
technique with high energy saving.

6 | NewJ. Chem., 2015, 00, 1-7
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