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Abstract The composite nanofibers from Au nanoparticles/carbon nanofibers (Au/
CNFs) were fabricated through electrospinning, chemical reduction and high-tem-
perature calcination methods. The polyacrylonitrile acted as the carbon precursor
polymer. A series of characterization methods, which include UV-Vis diffuses
reflectance spectra, UV—Vis spectra, Fourier transform infrared spectroscopy,
scanning electron microscopy, transmission electron microscopy, and X-ray
diffraction respectively, were used to investigate the morphology and properties of
catalysts. The result showed that the gold nanoparticles were well-distributed in/on
the CNFs. In the end, the composite material was applied to epoxidation of styrene
to investigate its catalytic activity.

Keywords Au nanoparticles - Carbon nanofibers - Electrospinning -
Nanocomposite material - Styrene epoxidation

Introduction

Gold nanoparticles (Au NPs) are a kind of stable noble metal nanoparticles. In view
of its electronic, magnetic and optical properties [1-3], as well as the applications in
biology and catalysis, the Au NPs have attracted considerable attention [4]. In recent
years, many reachers are studying the composite material that contains gold
nanoparticles and many kinds of supporters, such as Au/SiO,, Au/ZrO,, Au/CeQ,,
Au/CNTs and Auw/TiO, [5-9], etc. In the preparation of this material, the high-
quality nanomaterials with various compositions and dimensions have been
fabricated successfully through different physical and chemical ways [10], which
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commonly include homogeneous deposition precipitation [11, 12], deposition
precipitation [13, 14] and impregnation. The activity of the catalyst mainly
dependents on the size, morphology and crystalline phase of nanoparticles, in
addition, there are other factors, such as the content of metal, the kinds of carrier,
etc., are also very crucial [15].

Olefin epoxidation is significant to the valuable materials for the synthesis of a
wide variety of chemical products [16]. For example, styrene is a subject of great
interest from both academic and industrial points of view [17]. The oxirane group is
an essential group of organic intermedium in the reaction which makes epoxides [8].
On the other hand, the benzaldehyde which is a product of styrene epoxidation is an
important fine chemical product and it can be widely used in many fields, such as
medicine, dyes, flavors and resin additives [18].

So, there are more and more researchers to pay more attention to styrene
epoxidation and study it. Traditionally, during this reaction, there are many kinds of
oxidants, such as tert-butyl hydroperoxide (TBHP), O,, KMnO,4, H,0,, NaClO, etc.
[19]. The solvent of the reaction contains acetonitrile, isopropanol and other organic
solvent. In addition, the molar ratio of the styrene and oxidants, reaction
temperature, and many others are the investigated factors.

In this work, combined the electrospinning technique and high temperature
calcination technology, the compound catalyst which contained gold nanoparticles
and carbon nanofibers named Au/CNFs was manufactured and it was applied to
styrene epoxidation in order to explore the property of the catalyst.

Experimental
Materials

Polyacrylonitrile (PAN, average Mw = 80000, AR) was bought from Kun Shan
Hongyu Plastic Co., Ltd. Nitrogen—nitrogen dimethylformamide (DMF, 99.5 %,
AR) was purchased from the Tianjin Guangfu Technology Development Co. The
chloroauric acid tetrahydrate (AuCl;-HCI1-4H,0, Au > 47.8 %, AR), Absolute ethyl
alcohol (C,HsOH, >99.7 %, AR) and Acetonitrile (CH3;CN, >99.0 %, AR) were
purchased from Sinopharm Chemical Reagent Co. Ltd. Styrene (CgHg, >99.0 %,
AR) was bought from Beijing InnoChem Science &Technology Co., Ltd. tert-butyl
hydroperoxide [(CH3);COOH, 70 %, AR] was purchased from Tianjin Alfa Aesar
Chemical Co., Ltd. The isopropanol, dichloromethane, and ethyl acetate were
purchased from the Tianjin Fuyu Fine Chemical Co. All the chemicals were used as
received without further purification.

Catalyst Preparation
The PAN powders were dissolved in DMF, which the concentration of PAN was
kept in 8 wt%. After continuous powerfully magnetic stirring 12 h at room

temperature, the solution became homogeneous and transparent, then the AuCl;.
HCI-4H,0 was added into the above system, in which the mole ratio of AN (which
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is monomer of PAN) and AuCl;-HCI-4H,O is 50, and the mixture was continued
stirring 12 h. During the process, the solution was treated by supersonic wave for
several times to ensure it was fully dissolved. After that, the above solution was
used as the precursor of electrospinning (the installation is composed of three
sections: The high voltage power supplied as a source of electric field with an
applied voltage of 15 kV; The fixed aluminum foil served concurrently as counter
electrode and the collector; The glass tube wrapped with copper wire that connects
with high voltage power supply as a container of precursor. In this work, the
distance between collector and the thin nozzle of glass tube was 16 cm [20]). By
this way, the nanofibers containing cation Au®" was got, which was named Au**/
PAN.

Afterwards the Au**/PAN nanofibers membrane was put into the high pressure
reaction vessel, in which it was full of H,. With a stationary temperature, pressure
and a period of time, the Au/PAN nanofibers were obtained.

Next, the Au/PAN was put into a porcelain boat (the nanofibers membrane were
tiled in the central of the boat), then it was placed the middle of high temperature
vacuum tube furnace in the nitrogen atmosphere, at 600 °C kept for 2 h, the carbon
nanofibers load nano-gold was obtained and named Au/CNFs.

Characterization

UV-Vis diffuse reflectance spectra (DRS) (UV-3600, Shimadzu Corporation) with a
variable range from 190 to 800 nm of wavelength, which was used to investigate if
the trivalent Au was reduced to zerovalent Au completely or not, in which the
barium sulfate was a standard type reference material for background corrections.
However, the UV-Vis spectrophotometer (UV-1800, Mapada) provided an
evidence for the characteristic absorption of gold ion. Fourier transform infrared
spectroscopy (FT-IR, 670, Thermo Nicolet Corporation) confirmed the character-
istic functional groups of PAN, Au’T/PAN, Au/PAN and Au/CNFs. After the
samples were pasted on the conducting resin, scanning electron microscopy (SEM,
Hitachi S-3400N, Japan) was used to observe the morphology of nanofibers of Au/
PAN and Au/CNFs. The feature of gold nanoparticles was examined by
Transmission electron microscopy (TEM) (TEM, F20 S-TWIN, Tecnai). The
crystal form of gold nanoparticles was tested by X-ray diffraction (XRD, Rigaku
Ultima IV, Japan) in the range of 20 angles from 10° to 90°. In this process, the
nanofibers films were made to the tablet which size was 20 mm x 20 mm x 1 mm,
and the carbon nanofibers were grinded to a powder.

Catalytic Styrene Epoxidation Reaction

In order to test the catalytic activity of the catalyst, the samples were placed into the
system which contained 1 mL styrene, 5 mL TBHP, 5 mL solvent, which was
applied to the reaction of styrene epoxidation. The reaction was carried out under
conditions of circulating condensate with continuous stirring at the rate of 200 r/min
for 5 h, and the whole process was in the atmosphere of nitrogen.
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When the reaction was finished, the products were analyzed by Gas Chro-
matograph (Shimadzu, GC-2010 Plus) with FID using an Rtx-5 column and N, as
the carrier gas. On the other side, the Agilent (5975C) gas chromatography mass
spectrometer (GC-MS) was also used to ensure the component of the product. The
conversion of substrate and the relative amount of other component in the products
were calculated through an area normalization method. The computational formula
as following [21]:

Styrene conversion (%)=|(areas of reactant converted) x 100]/[areas of reactant used]

Productselectivity (%)=[(areas of productformed) x 100]/[areas of reactant converted]

Results and Discussion

The preparation method of the Au/CNFs nano heterogeneous composite material is
shown in Fig. 1, during which the technology of electrospinning, chemical
reduction and high-temperature calcination were combined. The PAN and
AuCl3-HC1-4H,0 were added into the DMF. By the electrospinning, the Au®*/
PAN were got. After reduced by H,, the Au/PAN was obtained. Finally the Au/PAN
was calcinated to get the Au/CNFs. The Fig. 2 reflects about the result of reaction
styrene epoxidation. In this process, styrene, TBHP and Au/CNFs acted as substrate,
oxygen source and catalyst respectively. In nitrogen atmosphere, the reaction was
finished after 5 h. The major products are not only styrene oxide and benzaldehyde,
but also others, such as phenylacetaldehyde, and so on.

A comparison of the UV-Vis spectra of Au’T/PAN (Fig. 3b), Au/PAN (Fig. 3c)
and PAN (Fig. 3a) nanofibers is displayed in Fig. 3. As shown in Fig. 3, the
characteristic absorption peak of Au’" or AuCly- ions is at 323 nm (Fig. 3b) and

Au*/PAN Au/PAN Au/CNFs

Fig. 1 The schematic of the preparation of Au/CNFs nanometer composite catalyst

C“Z . AWPAN ”
TBHP Sh,N, + Others

Fig. 2 The reaction formula of the epoxidation of styrene
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Fig. 3 UV-Vis diffuses reflectance spectra of (A) PAN, (B) Au>*/PAN and (C) Au/APN nanofibers films

disappears after reducing by the hydrogen in the reaction progress (Fig. 3c), which
reveal that trivalent Au was reduced to zerovalent Au completely in/on nanofibers.
On the other hand, an absorption band at 535 nm is the characteristic SPR
absorption by Au NPs [22, 23]. The absorption in the visible region is due to the
band structure of metal nanoparticles increasing, which indicates the Au NPs were
formed.

In order to explain the absorption peak at 323 nm in Fig. 3b, AuCl;-HCI-4H,0O
was dissolved in DMF and the characteristic absorption peak of Au>™ or AuCl,- at
326 nm (the DMF act as the reference solution) was got, which coincides with the
Fig. 3b. The result is shown in Fig. 4.

2.0

326

Absorbance (a.u.)

’ 200 300 400 500 600 700 800
Wavelength (nm)

Fig. 4 UV-Vis spectra of AuCl;-HCI-4H,0 in DMF

@ Springer



1152 Y. Gu et al.

The FT-IR spectra of precursor PAN, Au3+/PAN, Au/PAN, and Au/CNFs are
recorded in wavenumber range between 500 and 4000 cm ™' and shown in Fig. 5
respectively. In Fig. 5a, b and c, the stretching vibration of C-N bonds forms peaks
at 1360 cm™ ', and alkyl of PAN nanofibers generates bending vibration appears at
1454 cm™'. The stretching vibration peak of nitrile group (—CN) appears at
2239 cm™' and C-H appears at 2933 cm ™', however these organic functional
groups disappeared after the process of carbonization(in Fig. 5d) [24]. Finally the
vibration peak at 1726 cm™' might derive from the C=O bonds formed in the
hydrolyzed PAN nanofilms [25] or the residuary solvent DMF [26].

The Fig. 6 is the SEM image of Au nanoparticles combines with PAN nanofibers
(A, B) and carbon nanofibers (C, D). They indicate that the smooth surface and
uniform diameter nanofibers were prepared in this experiment successfully [27]. But
there are many bright spots in these pictures, which was the presence of gold
nanoparticles. In the whole picture, that bright spots are bigger than in else regions
may be because the gold nanoparticles are close to each other, which might be
because the nanoparticles agglomerated in the process of reduction by H, and high
temperature sintering.

The TEM images are exhibited in Fig. 7 and the inset in Fig. 7b is the histogram
size distribution of Au nanoparticles loaded on the carbon nanofibers. They suggest
that metal nanoparticles distributed on the fibers uniformly. From the inset of the
Fig. 7b, it shows that the average grain diameter of Au nanoparticles is 6.64 nm.
Furthermore, it shows the spacing of lattice of the Au is 0.248 nm in Fig. 7d, which
demonstrates the main lattice plane is (111) of Au crystals [28].

In Fig. 8, the peaks located at 20 = 38.184°, 44.392°, 64.576°, 77.547° and
81.721° were assigned to the (111), (200), (220), (311) and (222) crystal planes of
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Fig. 5 FT-IR images nanofibers of (A) PAN; (B) Aut/PAN; (C) Au/APN and (d) Au/CNFs
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Fig. 6 The SEM images of the Au/PAN nanofibers (a, b) and Au/CNFs (c, d)

face-centered-cubic (fcc) of Au (JCPDS, Card no. 7440-57-5), respectively [8, 29—
31]. In addition, the value at 26 = 17.13° of absorption peak is the crystal of
polyacrylonitrile monomer.

In this work, TBHP was used as the oxygen source to investigate the activity of
catalyst. The influence of solvent included acetonitrile, ethanol, isopropanol,
dichloroethane and ethylacetate was compared. Moreover, the amount of catalyst in
its optimum solvent which was previous used was investigated, and then the
recycling of catalyst was also inspected.

Table 1 shows the effect of different solvents on styrene conversion and products
distribution. It is clear that isopropanol is more favorable for the conversion of
styrene and the formation of benzaldehyde, so isopropanol was chosen as the
solvent of the system.

The effect of catalyst amount on styrene oxidation was investigated in the range
of 0.01-0.05 g at 82 °C for 5 h in the reaction which solvent is isopropanol. In
Table 2, the result shows that the optimal mount is 0.04 g, in which the conversions
reach 78 %, and the selectivity of benzaldehyde is 52 %.

The time dependence of styrene epoxidation within 24 h is investigated (Fig. 9).
It was found that the conversion of styrene increased gradually to 100 % with
prolongation of reaction time. When the reaction time is 3 h, the selectivity of
styrene oxide is 50 %, instead it decreases constantly as the reaction continues. The
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Fig. 7 TEM image of the Au/CNFs (a—c) and HRTEM of the Au NPs (d)

selectivity of benzaldehyde is creasing, throughout which the rate of increase from 1
to 2 h is the highest, and after the rate of increase reduces gradually. On the other
hand, the other products began to appear after 4 h.

The stability of catalyst is important for its application. Herein, the stability of
Avu/CNFs was investigated. After the reaction, the catalyst was easily separated by
filtration, and then it subjected to the second run under the same conditions. Cyclic
experiment result is shown in Fig. 10. The conversion changed slightly after five
runs, but the selectivity of benzaldehyde and styrene oxidation was reduced
respectively. And the others such as benzyl benzoate and others starts occurrence
and their rate is on the rise. The results show that the catalyst has stability and
recyclable applicability for the oxidation of styrene to a certain degree.
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Fig. 8 XRD patterns for the Au/PAN (a) and Au/CNFs (b) nanofibers

Table 1 Effect of styrene oxidation with different solvents

Entry Solvent Catalyst (g) Conversion (%) Selectivity (%)
SO BZ

1 Acetonitrile 0.01 27 73 27
2 Ethanol 0.01 37 50 50
3 Isopropanol 0.01 63 35 65
4 Dichloroethane 0.01 1 100 0
5 Ethylacetate 0.01 25 74 26
Table 2 Effect of styrene ] . R
oxidation with different catalyst Entry Catalyst (g) Conversion (%) Selectivity (%)
amounts SO BZ  Others

1 0.01 61 50 50 0

2 0.02 68 49 51

3 0.03 69 39 49 12

4 0.04 78 48 52

5 0.05 82 37 38 25
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Fig. 9 The conversion rate and product selectivity line chart
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Fig. 10 Reuse of the catalyst

Conclusions

In this work, the composite nanofibers Au/CNFs were structured and then
characterized by DRS, FT-IR, SEM, TEM and XRD. In order to test the catalyst
property, it was applied in the styrene epoxidation. The result shows that the optimal
solvent is isopropanol in this experiment and its most reasonable amount of catalyst
is 0.04 g in it, in which the conversion reach 78 % at 5 h, and the selectivity of
benzaldehyde and styrene oxide is 52 and 48 % respectively. Then the catalyst was
carried out recycling test, which it was found that the catalyst had got certain
stability and recycling. However, as the increase of cycling times, the content of
other products also increased gradually.
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