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KsPMoyoV,040/PAN nanofibers, synthesized by electrospinning technique, were used as catalysts
in phenol degradation by air under room temperature in a continuous mode. 100% degradation

efficiency of phenol and 94.5% TOC removal had been obtained.
Abstract

The nanofibers were synthesized by electrospinning technique using polymer as supports and
polyoxometalates (POMs) as dopants. X-ray diffraction (XRD), Fourier transform infrared (FT-IR)
spectroscopy, ’'P MAS NMR, Scanning electron microscopy (SEM), and the high resolution
transmission electron microscope (TEM) were used to characterized the resulting hybrids. These
POM nanofiber catalysts could provide a continuous flowing mode to promote the oxidative
degradation of phenol into simple inorganic species using air (O,) as an oxidant at room

temperature through nine cycles. The leaching of POMs from nanofibers was little, showing that



RSC Advances

the catalyst had excellent stability and could be used as heterogeneous ones.

Keywords: Polyoxometalates; Oxidation; Phenol degradation; A continuous mode; Nanofibers

1. Introduction

Phenol is an important industrial chemical because of its wide usage (e.g., disinfectant,
precursor of phenolic resins, and reagent in chemical synthesis), which causes a very serious
pollution because of its highly stability, low biodegradabilityl, and toxicity at low concentration’.
Many techniques based on both chemical conversions and physical operations have been used to
remove phenol from wastewater including photocatalytic degradation’, ultrasound-assisted
degradati0n4, catalytic wet air oxidation (CWAO)S‘é, and microwave-enhanced catalytic
degradation””®.

In CWAO process, many catalysts had been involved including both homogeneous and
heterogeneous transition-metal catalysts (Cu2+, Fe’*, or Mn2+)9’12, and polyoxometalates”‘“.
POMs are very available for CWAO of phenol due to the outstanding redox behavior and unique
Keggin structure. The major limitation of such POM catalysts is their low surface area, high
solubility in polar solvents, and thermal instability. Therefore, many attempts have been made to
transfer homogeneous state into heterogeneous one by supporting them on different carriers'™'®. S.
W. Kim’s group reported HsPMo;qV,04¢ supported on silica ball/mesoporous carbon/SBA-15 as
heterogeneous catalyst in CWAO of phenol13 using H,O, as an oxidant. The alternative way is to
integrate POMs into polymer matrices, which is a good method to create novel POM-containing
polymers possessing the unique properties of POM clusters and the favorable processability of
polymers'’. Meanwhile, fiber polymeric membranes have been shown to be very useful for
heterogeneous catalysis'® and micro-filters'’, which give the potential application in removing
organic pollutions from wastewater. More importantly, one dimensional (1D) nanofibers can make
catalytic fiber membranes available for a continuous mode by passing the pollutant solution
through the membrane, which is suitable for industrial applications. Electrospinning is an effective
and easily controllable way to fabricate POM/polymer nanofibers compared to other methods™,
which could only use the simple mixed solution of polymer and POM precursors to fabricate 1D
nanofibers with long length, uniform diameter, diverse composition, and high surface, which can
be applied in many fields such as catalyst supports. By now, there were few reports on the
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construction of one-dimensional POM nanofibers using electrospinning metho , which only
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one had been used in photodegradtion of organic dye. The aim of the present work is to fabricate
POM functionalized fiber membranes using simple procedure, and to develop a novel technology
for decontamination of industrial wastewaters and polluted water resources based on POMs.
Therefore, the electrospinning technique was used to fabricate POM nanofibers using insoluble
polymer as support. The hybrid catalysts were used to evaluate the catalytic activity for CWAO of
phenol on a continuous mode. By now, there is no report on the degradation of phenol using a

continuous mode based on POM catalysts.

2. Results and discussion

2.1. Characterization of KsPMo 19V>0 ,/PAN nanofibers

From the result of elemental analysis, the each contents of KsPMo;(V,04o/PAN were Mo, 7. 05;
P,0.22; V,0.75; and C, 49.45%, respectively. It can be seen that the molar ratio of Mo : P : V was
10 : 1 : 2, showing that POMs was intact in polymer fibers. Meanwhile, the content of
KsPMo1gV,04in PAN was 14.2%.

The IR spectrum of POM nanofibers was investigated (Fig. 1a). Peaks in the range of 600-1100
cm’ could be easily distinguished with 1084, 949, 852, and 797 cm’, respectively. Its parent
[PM010V204O]5' gives four characteristic peaks including P-O stretching (~1064 cm’l), M-Oer
stretching (~964 cm™), Mo-O.-Mo stretching of inter bridges between corner-sharing MoOg
octahedra (~876 cm'l), and Mo-O.-Mo stretching of intra bridges between edge-sharing MoOg
octahedra (~814 cm™). From the IR results, POMs kept its original Keggin structure after being
loaded on PAN. The peak at 2294 cm™ was attributed to C = N corresponding to PAN. Meanwhile,
some shifts indicated the interaction between POM and PAN polymer.

The *'P MAS NMR spectrum of KsPMogV,040/PAN was recorded (Fig. 1b). It can be seen
that two signal peaks at 5.61 and 6.56 ppm for KsPMo;oV,040/PAN, respectively. Compared to its
parent KsPMogV,040 (6 = 4.75 ppm), the split of one peak into two was attributed to the
interaction between KsPMo(yV,049 and polymer PAN.

Fig.1c gave a typical SEM image of the KsPMo;yV,04/PAN nanofibers with an average
diameter of 100 nm. From the EDS (Fig.1d), the molar ratio of P, Mo and V was 1 : 10 : 2. From
the image of high resolution TEM (Fig. le), it can be seen that KsPMo;,V,04y dispersed

uniformed around the polymer.
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Fig. 1
From the result of elemental analysis (Mo, 8.39; P, 0.24; V, 0.45; and C, 47.23%, respectively),
the molar ratio of Mo : P : V was 11 : 1 : 1, showing that the original structure had been kept.
Meanwhile, the content of K4PMo;;VOy4 in PAN was 16.0%. From the SEM image of
K4PMo0;1VO4/PAN (Fig. 1f), it can be seen the diameter was about 100 nm.

2.2. CWAO activity of KsPMo;gV3,0.4/PAN nanofibers
Firstly, in order to determine the catalytic activity of KsPMoyV,04/PAN, the degradation of

phenol by different catalysts had been done (Fig. 2) under flowing oxygen in a flash reactor. It can
be seen that no phenol degradation was detected without any catalyst, which meant that the
oxidation ability of O, at room temperature was limited. The catalytic activity was arranged as
followings: K4PMo;1VOy < KsPMo1gV,049 < K4PMo0;VO,4/PAN < KsPMo01gV,04/PAN. The
potassium of POMs is insoluble in water at room temperature and owns small surface area of 4.3
mz/g, which acted as a heterogeneous catalyst. KsPMogV,04 exhibited low activity in
degradation of phenol by air. The highest activity was obtained by KsPMooV,04/PAN, which
exhibited 96.4% degradation efficiency for 0.72 mM phenol as three times higher as
KsPMooV,04 did. The higher activity of KsPMo;oV,04/PAN was attributed to the high
dispersion of KsPMo;qV,049 on PAN nanofibers, high surface area, the enhanced adsorption of
phenol by PAN. From its XRD (Fig. S1), no POM diffraction peaks were observed, indicating the
good disperse of KsPMo,oV,049 around PAN nanofibers. The image of high resolution TEM also
determined the uniformed dispersion of KsPMo;oV,049. The surface area of KsPMo;oV,040/PAN
was about 361.8 m?/ g higher than that of KsPMo,oV,04. It is known that the nanofiber membrane
can adsorb some substrates. The adsorption capacity on oxidation catalyst is a key factor for the
degradation rate in air oxidation processzs, which provides enhanced mass transport for oxygen
molecules into and out of the pore structure®®. The adsorptions of phenol by KsPMo;,V,0,4,/PAN
and KsPMooV,04 were about 24.5 and 3.6%, respectively. The increasing adsorption of phenol
was attributed to the effect of PAN (23.9%). Therefore, it can be concluded that the adsorption of
phenol had been enhanced by assistance of PAN nanofibers, hence to enlarge the degradation rate.
In addition, the content of vanadium in POMs also influenced the degradation of phenol, that was,

monovanadium POM K ;PMo;;VO4/PAN exhibited lower activity than divanadium
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KsPMo;oV,04¢/PAN did. Cyclic voltammetry of K4;PMo;;VO,/PAN and KsPMo;qV,0,0/PAN
gave the first redox potentials for the VO, /VO*" couple in water as 0.46, and 0.47 V, respectively.
Therefore, the different catalytic performance was supposed to correspond to the redox potential
with respect to vanadium substitution similar to our previous report27.

Fig. 2

It is important to clarify that the removal of phenol by KsPMo;yV,04/PAN was through
adsorption or through oxidation. Therefore, the degradation products during the reaction had been
determined (Fig. S2) using ion chromatography and HPLC. It can be seen that phenol was firstly
oxidized into hydroquinone, catechol, and then p-benzoquinone, o-benzoquinone, and maleric acid.
The final degradation products were CO, and water, which could be determined by Ca(OH)s.
These results could determine that the removal of phenol was through oxidative process by air and
catalyzed by KsPMo;(V,04o/PAN.

To study the effect of initial concentration on the degradation of phenol, experiments were
carried out with different concentrations of phenol from 0.72 mM to 3.60 mM (Fig. S3a). It was
found that with increase in concentration of phenol, the degradation efficiency decreased, which
showed that the phenol removal depended on its initial concentration. The decreasing of activity
was attributed to the decreasing ratio of phenol to catalyst, showing that the limitation of
catalytically active sites hindered the further adsorption of phenol resulting in lower activity. In
addition, the influence of the temperature on degradation efficiency was done (Fig. S3b). It can be
seen that the degradation efficiency increased by increasing temperature from 0°C to 25°C.
Meanwhile, the catalytic activity of KsPMo;,V,0,4/PAN was high even at a lower temperature,
where the degradation efficiency is 82.4% for a 120 min reaction. The amount of catalyst also
influenced the degradation of phenol (Fig. S3c), while 0.2 g of KsPMo;qV,040/PAN could give
96.4% removal of phenol.

Based on the above results, it can be concluded that the removal of phenol by
KsPMooV,04/PAN and oxygen underwent the two steps: initially, the reactants (phenol and
dioxygen) reached the surface of nanofibers and were adsorbed on the surface by hydrogen
bonding interactions between the hydroxyl groups from phenol and the oxygen atoms from the
POMs. Secondly, phenol molecules was oxidized by some free radicals, which had been already

studied by our group”’. This process was influenced by the adsorption of phenol on the nanofibers,
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the generation of free radicals, the usage of the catalyst or oxygen, and temperature.
2.3 The degradation of phenol using continuous mode
The degradation of phenol under continuous mode is more convenient for coupling and
separation. Therefore, the degradation efficiency of phenol at different flow rates had been
summarized in Fig. 3 using a continuous mode. The results indicated that with decreasing flow
rate from 14.4 to 4.8 mL/min, removal efficiency increased from 70.7% to 100% for nine cycles.
The cycling times of total degradation of phenol were different when using different flow rates
14.4, 9.6, and 4.8 mL/min with 9, 12 and 14, respectively. Using a slow flow rate, the residence
time of the reactant in the reactor increased, which resulted in high degradation efficiency.
Compared to the result of placing all of the catalyst in one tube (the final decolorization effect was
about 87.8%), the tandem of nine glass tubes might provide better performance. It might be
attributed to the residence time of phenol molecules on the surface of catalyst. In our experimental
conditions, the usage of the catalyst was small, so all of catalyst was put in one tube, the time of
the dye molecules flowing across the catalyst fibers was relative shorter than in nine tandem tubes.
Therefore, the continuous mode might be more available for treating phenol waste water.
Fig. 3
The initial concentration of phenol also influenced the degradation effect, while experiments
were carried out with different concentrations of phenol from 0.72 mM to 3.6 mM (Fig. 4) at
flowing rate of 4.8 mL/min. It is found that with increase in concentration of phenol from 0.72 to
2.88 mM, the degradation efficiency decreased.
Fig. 4
Mineralization of phenol in a continuous mode was studied by COD (chemical oxygen demand),
and TOC (total organic carbon) assay. COD values have been related to the total concentration of
organics in the solution and the decrease of COD reflects the degree of mineralization™.
Significant decrease of COD was observed as 95.8%. The TOC reduction of phenol reached
94.5% after ninth glass. Total mineralization could be achieved by KsPMogV,04¢/PAN and air,
which showed that it was catalytically active and suitable for mineralization of phenol in a
continuous mode.
The IR spectrum of KsPMo;oV,040/PAN after the reaction showed no changes, showing that its
stability during the reaction. Meanwhile, no peaks corresponding to phenol indicated that no

6
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phenol adsorbed on the surface of catalyst. The phenol was totally degraded into CO, and water.
The leaching of KsPMo;oV,049 was 1.8 ppm in the continuous mode, showing little leaching of
catalytic sites from the polymer supports.

Reusability of the catalysts is very important for heterogeneous POM nanofibers. After first
catalytic run, the hybrid nanofibers were washed with distilled water in reactor and dried under air
for reuse. Two catalytic cycles were accomplished successfully with almost same activity with no
observable loss in its performance.

3. Experimental

3.1. Materials

Polyacrylonitrile (PAN, Mw = 150,000) was purchased from Aldrich. And other reagents were of
AR grade and used without further purification. For oxidation degradation, 0.1 M stock solution of
phenol was prepared and aqueous solution of needed concentration was prepared from the stock
solution. Molybdovanadophosphoric salts (KsPMo;gV,04 and K4PMo;;VOy4) were prepared
according to the refs 29, and were characterized by IR spectroscopy.

3.2. Apparatus

Elemental analysis was carried out using a Leeman Plasma Spec (I) ICP-ES (Leeman LABs.
Inc.). IR spectra (4000-500 cm™) were recorded in KBr discs on a Nicolet Magna 560 IR
spectrometer. SEM was operated using XL30 ESEM FEG at 25kV (Philips XL-30). The high
resolution TEM image was measured on JOEL JEM-2100F microscope. XRD patterns of the
sample were collected on a Rigaku D,,.x 2000 X-ray diffractometer with Cu K, radiation (A =
0.154178 nm) (Rigaku Corporation). The *'P MAS NMR measurements were obtained using a
Bruker AMS500 spectrometer at 202.5 MHz. Nitrogen porosimetry was performed on a
Micromeritics ASAP 2010 instrument. Surface areas were calculated using the BET equation.
Analysis of phenol and intermediates during the reaction was performed by High Performance
Liquid Chromatography (HPLC, Shimadzu LC-20A) with a UV detector using a Shim-pack
VP-ODS (4.6 mmx250 mm, 5 um) column. A DX-300 ion chromatography (IC) equipped with a
conductivity detector and an ICE-ASI anion column was also used to determine the changes of the
concentrations of the intermediates and final products. Total organic carbon (TOC) was monitored
using a Shimadzu TOC-VCPH total organic carbon analysis system. Chemical oxygen demand
(COD) was determined by a closed reflux colorimetric method using 756 CRT UV-vis

7
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spectrophotometer at a wavelength of 600 nm. The leaching concentrations of KsPMo;oV,04
during the reaction were also measured through analyzing the dissolved concentration of Mo in
aqueous solution using a Leeman Plasma Spec (I) ICP-ES. The cyclic voltammograms were
recorded with an RDK-RW-117 X-Y recorder (Japan).

3.3. Preparation of KsPMo;yV>04y/PAN nanofibers

Nanofibers of KsPMo;,V,040/PAN were prepared by a method of electrospinning technique. A
10 wt. % polymer solution was prepared by adding 1.85 g PAN into 16.65 g of
(N,N-Dimethylformamide) DMF with stirring for 5 h at 60°C. 0.27 g of KsPMo,,V,040 was added
into the above solution with gentle stirring for 12 h to obtain a homogeneous hybrid sol for further
electrospinning.

The preparation of K4PMo;;VO4o/PAN was used the same method except K4PMo;; VO, instead
of KsPMoqV,04.

3.4. Catalytic Activity

For slurry-type reactors, a certain amount of catalysts was suspended in a fresh aqueous phenol
solution (Cy = 0.72 mM, 100 mL, pH = 1.7) in three-neck glass flask at ambient temperature
(25°C). The air was inputted into the bottom of the suspension with the flowing rate 0.04 m’/h.
This process uses oxygen dissolved in the aqueous solution as an oxidant directly. Oxygen
concentration depends on the oxygen solubility at room temperature and atmospheric pressure.
Samples were withdrawn periodically to be measured. After finishing, the catalyst was separated
by filtration and washed with water for three times to be reused.

The continuous experiments were carried out in a continuous-flow reactor, which was shown in
Scheme 1. The reactor comprised five glass tubes (inner diameter 25 mm, outer diameter 26.6
mm), which were serially connected by means of transparent polyethylene tubes from the top to
the bottom. Each glass tube was equipped with a permeable plug at the base of a glass tube. The
KsPMo;oV,04o/PAN (0.2 g) fibers were fixed on top of the plug. The oxygen-saturated solution
was obtained by bubbling with air for at least 20 min. 100 mL of phenol solution (0.72 mM) was
then forced through the membrane with different rate at room temperature (25 °C). A sample was
collected from the outlet of each glass column.

Scheme 1

3.5. Adsorption experiments
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For the adsorption measurements, 100 mL, 0.72 mL of freshly prepared phenol solution passed
through KsPMo;oV,040/PAN fibers (0.2 g) at flowing rate of 4.8 mL/min by bubbling with N, to
drive out dissolved O,. Until all the solution passed through the membrane, a sample was taken to
determine phenol’ concentration.

4. Conclusion

The present study reported the fabrication of POMSs/PAN nanofibers by electrospinning
technique, and they were employed as catalysts for degradation of phenol in a continuous mode at
room temperature. KsPMooV,0,4/PAN nanofibers exhibited excellent catalytic activity due to its
unique property such as high disperse of POM, high surface area, and enhanced adsorption of
phenol. Phenol molecules were completely mineralized into small inorganic species CO, and
water at nine tandem glass tubes. This catalytic process showed to be a commercial and green
chemical pathway with potential industrial application in phenol degradation.
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Figure captions

Fig. 1. (a) The IR spectrum of KsPMo;oV,040/PAN nanofibers; (b) 3P MAS NMR of
KsPMoyoV,040/PAN nanofibers; (¢) SEM image of KsPMogV,04/PAN nanofibers; (d) EDS of
KsPMoyoV,040/PAN nanofibers; (e) The high resolution TEM of KsPMo;,V,040/PAN nanofibe; (f)
SEM image of K4PMo;;VO,4/PAN nanofibers.

Fig. 2. Degradation efficiency of phenol by different catalysts (POMs 28 mg and POM nanofiber
0.2 g) at room temperature, 100 mL of 0.72 mM phenol solution, with the air flowing rate 0.04
m’/h under slurry type.

Fig. 3. Effect of the flow rate of phenol solution on degradation under continuous mode (room
temperature, 100 mL of 0.72 mM phenol solution).

Fig. 4. Effect of the phenol’ concentrations on degradation efficiency with flowing rate 4.8

mL/min.

Scheme 1. Schematic diagram of tubular continuous flow reactor.
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