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Fe(III)meso-tetraphenylporphyrinated polyacrylonitrile fiber mat supported TiO 2 photocatalyst (PANC/
TiO2 mat) was prepared via copolymerization and electrospinning. SEM images showed that well-defined
fibers with diameters around 1.47 £+ 0.26 pm were fabricated from Fe(III)meso-tetraphenylporphyrin
(FeTPP)-acrylonitrile copolymer (PANC) and TiO> mixture. The XRD characterizations demonstrated
that the electrospinning process had no effect on the anatase structure of TiO2. The photocatalytic activity
of the PANC/TiO2 mat was examined for the photodegradation of methyl red in aqueous solution under
the irradiation of visible light. The results showed that this PANC/TiO. fiber mat was very efficient for
the photodegradation of methyl red, with a degradation percentage over 94%. It is worth noting that the

PANC/TiO2 mat could be easily recovered and reused 3 times without any destruction of fiber morphologies.

Key Words: Electrospinning, porphyrins, photodegradation, photolysis

Introduction

The treatment and purification of waste water is one of today’s major concerns of both industrial and scientific
activities. Precipitation, coagulation, flocculation, and adsorption have been widely used to remove pollutants
from waste water in many cases, but they merely transfer pollutants from aqueous phase to solid phase, causing
secondary pollution.' 3 By constant, decomposition of pollutant by photocatalysis is a much more promising

method for the treatment of polluted water.4=6 As TiO,-based photocatalysis could directly photodegrade
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organic pollutants (e.g., alkanes, alcohols, phenols, dyes, and pesticides) into COz, H2O, and innocuous
inorganic species, the TiO5-based photocatalysis system is one of the most potential photocatalysis systems for
practical applications. Unfortunately, TiOo could only be activated by ultraviolet radiation (the wavelength
of which is less than 387 nm), which greatly limits its application in largescale industries. Dye-sensitization
is an effective way to extend the light absorption band of TiOs from the ultraviolet light region into the
visible light region.”® Porphyrins and metalloporphyrins, which can efficiently harvest sunlight and have high
molar adsorption coefficients in the visible region and high quantum yields of photo-excited triplet states,
are recognized as one of the best photosensitizers.? '3 Furthermore, some metalloporphyrins themselves are
excellent photocatalysts and so they can cooperate with TiOs participating in the photodegradation of organic

pollutants. 11 =13

Electrospinning is a simple but efficient method for producing non-woven mats with large surface area
to volume ratio and excellent mechanical strength. These electrospun mats can be used in various areas such
as filtration, composite material, tissue engineering, and supporting material. 141> A number of synthetic, bio-
related polymers and composites have been successfully fabricated into sub-micro- or nanofibers for various
applications. %17 Park et al. have prepared pure TiO, fibers by electrospinning, but the poor mechanical
stability greatly limited their application in waste water treatment.'® In order to solve this problem, TiO,
was supported onto the poly(dimethyl siloxane) fiber using hybrid electrospinning and sol-gel methods. This
hybrid fiber mat was very effective to photodegrade methylene blue.'® Uyar et al. have prepared a series of
polymer [poly(methyl methacrylate), polyacrylonitrile, polyethylene terephthalate, polycarbonated] fiber mats
as the supporting materials of TiO5 short nanofibers. It was found that all these nanofibrous composites had
photocatalytic activities. These fiber structures could increase the dispersion of active catalyst species and

facilitate the recovery of catalyst. 2’

Among the polymers, acrylonitrile-based homo- and copolymers were the most widely used polymers due
to their excellent spinnability and chemical stability. 2! =22 Therefore, FeTPP-acrylonitrile copolymer (PANC)
was electrospun into fiber mat as the supporting material in this study. FeTPP in the copolymer could act as
the photosensitizer of TiO5. The larger size of the fiber mat can greatly facilitate the recovery of photocatalyst
and the FeTPP in the copolymer can efficiently extend the absorption band and enhance the molar adsorption
coefficient of TiO5. The PANC fiber mat supported TiOo mat (PANC/TiO2 mat) has been demonstrated as

an efficient and recyclable heterogeneous photocatalyst for photodegradation of methyl red in this article.

Experimental

Materials

Methyl red was purchased from Shanghai Yu’an Sixteenth Production Brigade Plant. Hydrogen peroxide
(H2032) (30 vol.%) was supplied by Sinopharm Chemical Reagent Co., Ltd. TiO2 (anatase) particles were
purchased from Shanghai Reagent Plant. Polyacrylonitrile (PAN) and FeTPP-acrylonitrile copolymer (FeTPP

weight content: 1.25%) were synthesized and purified according to the literature method.??
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Fabrication of PANC/TiO; hybrid fiber mat

PANC and TiOy were mixed with various polymers in certain weight ratio (95:5). The mixture was then
dissolved in DMF at a concentration of 8 wt.%. Electrospinning was carried out on self-made electrospinning
equipment. The polymer solution in a syringe was delivered through a needle tip (0.8 mm inner diameter) 12.0
cm away from the collector, by a micro-infusion pump (WZ-502C, Zhejiang University Medical Instrument Co.,
Ltd, China) at a constant rate of 1.0 mL/min. The syringe needle was directly connected to a 15 kV high
voltage supply (GDW-a, Tianjin Dongwen High-voltage Power Supply Plant, China) and the collector was a
sheet of aluminum foil. The residual solvent of the prepared fiber mats was removed under a reduced pressure

at room temperature, and the resulting mats were stored in a desiccator until application.

General procedure for photodegradation of methyl red

The photocatalyzed oxidative degradation of methyl red was performed in a photochemical reactor (XPA-7,
Nanjing Xujiang Electromechanical Plant, China). For this, 10 mg of photocatalyst and 15 mL of methyl
red solution in deionized water (20 mg/L) were added to a tubular reactor and stirred for about 1 h prior to
irradiation with a 40 W incandescent bulb at 40 °C, and then 1.0 mL H3 O (0.65 mmol/L) was added to the
solution just before the degradation reaction. After the reaction, the solution was transferred into a quartz cell
for UV-Vis measurement.

Residue of methyl red in solution was calculated according to the following equation:
Residue of methyl red = [(A — A;)/A] x 100%, (1)

where A; is the absorbance of methyl red (429 nm) at reaction timet, and A is the related initial absorbance.

Recycling and reuse of PANC/TiO; mat

The PANC/TiO2 photocatalyst was removed from the reaction mixture by filtration, and the recycled photo-

catalyst was washed with distilled water and then reused for the next photodegradation reaction directly.

Characterization

The intrinsic viscosities [n] of PAN and PANC were determined in DMF solution with a concentration of
1.0 mg/mL at 30 + 0.5 °C using an Ubbelohde viscometer. UV-Vis spectra were recorded on a UV-1800
PC spectrometer (Mapada, China). The matched quartz cell path length was 1.0 cm. Morphologies of the
electrospun mats were characterized using a scanning electron microscope (SEM) (Jeol, Jsm-6360lv, Japan).
Samples for SEM analysis were sputtered with a 20-30 A layer of Au to make them conductive. The diameter
of the fibers was determined from the related SEM images and at least 50 fibers were counted. The X-ray
diffraction (XRD) was recorded on an X-ray diffractometer (PANalytical, Empyrean, Netherlands).

Results and discussion

About 100 years ago, Fenton reported that Fe?t ion could contribute to the formation of -OH radical from
H2 Oy ; this is known as the photo-Fenton process (Path I).2425 Recently, Chu et al. reported that Fe3*t ion
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could generate -OyH radical via oxidation of Hy O under the irridiation of UV light, while Fe3t ion was
reduced to Fe?' ion, which was called the photo-Fenton-like process (Path II) (Figure 1).26 These -OH and
-O 2 H radicals produced are the predominantly active species to degrade organic pollutants. Thus, FeTPP was
chosen as the photosensitizer of TiO in this study. The molecular structure and UV-Vis spectrum of PANC
are shown in Figure 2. The porphyrin in PANC has a strong absorption peak at 413 nm (Soret band) and 2
less intensive peaks at 568 and 610 nm, which is consistent with the literature that the Q band of porphyrin

strongly depends on the symmetry of the molecular structure. 2’

H,O Fe2*
272 “OpH +H*
uv uv
OH" +-OH Fe3* H20,
Path | Path 1l

Figure 1. Photo-Fenton (Path I) and photo-Fenton-like (Path II) process.
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Figure 2. Molecular structure (inset) and UV-Vis spectrum of PANC.

It is well known that concentration plays an important role in electrospinning.?® After examining a
series of concentrations, 6 wt% of PAN in DMF was shown to be the best concentration to prepare uniform
and homogeneous fibers. Therefore, 6 wt% polymer concentration was chosen for the subsequent fiber mats’
preparation. As shown in Figure 3, all the fibers of mats were uniform and homogeneous. Because the intrinsic
viscosity of PANC was 168 mL/g while that of PAN was only 144 mL/g, the fiber diameter of the PANC mat
was larger than that of the PAN mat (Table 1). Since higher molecular weight could facilitate the preparation of

uniform fibers and also increase the diameter of fibers, it is reasonable to get these results. Due to the insolubility
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of TiO2 in DMF, the fiber diameters of the PAN/TiO5 mat and the PANC/TiO5 mat were obviously increased
compared to the fiber diameters of the corresponding PAN and PANC mats

18ku X118, oBa

Figure 3. SEM images of PAN mat (a), PANC mat (b), PAN/TiO2 mat (c), and PANC/TiO2 mat (d).

Table 1. Fiber diameters of the electrospun mats.

Fiber mat | Diameter (nm)

PAN 231 £41
PAN/TiO2 537 £ 86
PANC 572 £ 89

PANC/TiO, | 1470 + 257

The crystalline structure of TiOs particles and PANC/TiO2 mat was identified by X-ray diffraction
(XRD). Figure 4 shows the XRD pattern of TiOy particles with series of diffraction peaks corresponding to
anatase phase, which is known for its photocatalytic activity. As the content of TiO2 in PANC/TiO45 was only
5 wt.%, the corresponding XRD peak was very weak. However, the salient peak at 260 = 25° corresponding to
the (101) plane of anatase TiO9 structure could be clearly identified. Therefore, the TiO2 in PANC/TiOo was
still in anatase structure and it can be concluded that the electrospinning process has no effect on the structure
of TiOs.

As methyl red has the framework of azo-dyes and azo-dyes are widely used in the textile and food

industries, methyl red was employed to examine the photocatalytic activities of these electrospun mats (Figure
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5). Due to the oxidation ability of HoO4, the methyl red was also degraded partly in the presence of the
PAN mat. The photocatalytic activities of the PAN/TiO4 fiber mat and PANC were comparative and higher
than that of TiO4 particles. However, the PANC/TiO5 mat was obviously the most efficient photocatalyst,
indicating the excellent photosensitization ability of FeTPP. In contrast to the literature,?? the incorporation
of TiO» into fibers could increase the photocatalytic activity of TiOs. We think this might be due to 2 reasons:
the first is that the incorporation of TiO4 into the fiber could increase the dispersion of TiO 4 particles and avoid
the aggregation of TiO 4 particles; the second is that the porous fiber mat could increase the adsorption capacity
of dyes. As a result, the photocatalytic activities of the photocatalysts were reduced as follows: PANC/TiO 4
mat > PANC mat > PAN/TiO3 mat> TiOy > PAN mat.

40,000 ~ 100, AN
PAN/TIO,
35,000 - i A
__~(1on A =TiO, —v— PANC
30,000 1 B = PANCITIO, 8 50 \ —e—PANC/TIO:
e} L —o—TiO,
25,000 g '\'
: z NN
s =
2 20,000 1 oé) 604 \
£ 15,000 4 kS ]
=1 [}
K Z 40 *
10,000 2 4 .
[}
a4
5000 - \.—
A 20
04
20 30 40 50 60 70 8 90 20 0 20 40 60 80 100 120 140 160 180 200
2 Theta (degree) Time (min)

Figure 4. XRD patterns for TiO2 (A) and PANC/TiO2 Figure 5. Photodegradation of methyl red as the function

mat (B). of irradiation time.

The amount of Ho Oo was very important for photodegradation. It is reasonable to expect an increase
in -OH radical upon increment in Hy Q5. This in turn will increase the photodegradation rate and efficiency.
As the concentration of Ho O2 increased to 0.65 mol/L, further addition of H2 O5 indeed could enhance the
photodegradation efficiency after 3 h of irradiation (Figure 6). However, the photodegradation rate in the first
hour of irradiation was reduced. A possible explanation could be that too much Ho O5 would lead to the
formation of peroxyl radical (HOs-), which is a much weaker oxidant than -OH radical.® As a result, the
degradation efficiency increased while the degradation rate decreased with the concentration of Ho Qo being
over 0.65 mol/L.

As the photocatalytic decomposition reaction is approximately first-order kinetic, the plot of InCg /C as

a function of time gives a straight line.3! Thus, the photocatalytic reaction can be simply described as Eq. (2):
thO/C:lnAo/At:klf, (2)

where A; is the absorbance of dyes (429 nm for methyl red) at time ¢, and Ag is the initial absorbance prior
to the reaction. Cj is the original concentration of methyl orange and C' is the concentration after irradiated
for time t. k is the overall degradation rate constant, which demonstrated the photocatalytic activity of the

photocatalyst under visible light. As shown in Table 2, the PANC/TiO5 mat has the highest photocatalyst
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activity. When the concentration of Ho O2 is 0.97 mol/L, the degradation rate constant (k) of PANC/TiO» is
1.611 x 102 min~' and the corresponding half-life time (t1/2) is 43.03 min.

100 —
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80 —&A— 0.97 mol/L

~ 60 =
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=
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Figure 6. Effects of hydrogen peroxide concentration on methyl red photodegradation with PANC/TiO2 mat as the

photocatalyst. The inset shows the UV-Vis spectra of methyl red solutions as the function of irradiation time (H2O2:

0.97 mol/L).

Table 2. Photodegradation kinetic data of methyl orange.

Photocatalyst | HoO, (mol/L) | R* | K (107% min) | t1/o
TiOq 0.65 0.992 4.27 155.69
PAN 0.65 0.996 3.67 188.87

PAN/TiO2 0.65 0.992 8.16 84.94
PANC 0.65 0.993 7.36 94.18

PANC/TiO2 0.65 0.922 7.01 98.88

PANC/TiO2 0.32 0.995 4.20 165.04

PANC/TiO2 0.97 0.991 16.11 43.03

* The R value of fitting curve.

Recovery and recycling of photocatalyst is a key factor relating to its cost and the prevention of secondary
pollution of water. The prepared PANC/TiO9 fiber mat photocatalyst is much easier to separate from the
reaction mixture by filtration than powder catalyst because of the big size of the fiber mat. Unfortunately, the
photocatalytic activity of PANC/TiO2 decreased about 10% after each cycle, which might be due to the loss of
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photocatalyst in the recovery step and the destruction of FeTPP ring in the photodegradation step (Table 3).
However, the SEM images of the recovered PANC/TiO2 mat showed that no changes in the fiber morphology

occurred even after 3 cycles (Figure 7).

Table 3. Reuse of the PANC/TiO2 mat.

Cycles | Photodegradation (%)
First 94.89
Second 86.94
Third 75.85
100
—— 0.32 mol/L
| —@— 0.65 mol/L
80 —&— 0.97 mol/L
~ 60 u
S
=
8 - \
E 201 O mi |
6 40 _ min
=) 1.6
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~ g
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Figure 7. SEM images of the recovered PANC/TiO2 mat recycled 3 times.
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