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The benzene conversion and phenol selectivity from C6 H6 /O2 /H2 O over [Ca24 Al28 O64 ]4+ ·4O− (C12A7O− ) catalyst were investigated using a flow reactor. The benzene conversion increases with the increase of
temperature, and the phenol selectivity mainly depends on both reaction temperature and the composition
of the mixtures. The changes of the catalyst structure before and after the reactions and the intermediates
on the catalyst surface and in the bulk were investigated by XRD, EPR and FT-IR. The catalytic reactions
do not cause any damage to the structure of the positively charged lattice framework C12A7-O− , but part
of the O− and O2 − species in the bulk of C12A7-O− translate to OH− after the reactions. The neutral
species and anion intermediate were investigated by Q-MS and TOF-MS respectively. It is suggested that
the active O− and OH− species played a key role in the process of phenol formation.
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inside the pore system of ZSM-5 zeolites [9,10]. Benzene
reacts directly with the active oxygen forming phenol.
The drawback of this catalytic system is that the production capacity of phenol depends on a source of waste
nitrous oxide like the adipic acid plant.
Also, some interesting results have been obtained in
the hydroxylation of benzene with hydrogen peroxide
or with an oxygen/hydrogen mixture, using zeolites
modified with metals or noble metals as catalysts [1113], e.g., titanium-silicate (TS-1) zeolites [14] and Pd
membrane [15]. Kunai et al. reported that phenol
was obtained by hydroxylation of benzene with oxygen and hydrogen with almost 100% selectivity on CuPd/SiO2 catalyst at 60 o C and under atmospheric pressure [16]. But using an oxygen-hydrogen mixture in a
large-scale synthesis is not preferred. Using oxygen as
oxide, preferably air, is the most attractive catalytic
system for direct synthesis of phenol because it is the
cheapest one and involves no environmental pollution.
The compound 12CaO·7Al2 O3 (C12A7), one of the
crystalline phases in the system of CaCO3 and Al2 O3 ,
is a major constituent in aluminous cements, and in recent years, a number of studies have been reported on
it [17-19]. Recently, it has been found that C12A7 can
be transformed into C12A7-O− ([Ca24 Al28 O64 ]4+ ·4O− )
under certain conditions [17,19]. For microporous
C12A7-O− , the O− anions can be stored in the cages of
C12A7-O− and can also be emitted into the gas phase
by applying an extraction field under suitable temperature [18,19]. Furthermore, in many reports O− plays an
important role in catalytic oxidation reactions [20-28].
Because of the unique O− storage and emission behavior
of C12A7-O− , this material can be used as a good catalyst to oxygenate or decompose some chemicals (e.g.
hydrocarbons). For example, C12A7 has been used as a
catalyst in partial oxidation of methane to syngas [29].

I. INTRODUCTION

Phenol, one of the most important chemical products, is an important intermediate chemical for the production of antioxidants, agrochemicals, dyes, medicines,
and polymers. Currently, phenol is mainly produced
by the so-called cumene process and toluene oxidation
process [1]. The cumene process consists of three reactions: alkylation of benzene, oxidation of cumene and
decomposition of cumene hydroperoxide. The toluene
oxidation process also consists of two reactions: oxidation of toluene and oxidative decomposition of benzoic acid. Some problems exist for both processes.
The drawbacks of the cumene process, for example,
are the co-production of acetone and the formation of
small amounts of byproducts (e.g. n-propylbenzene and
di-isopropylbenzene) which interfere in the separation
steps. In the toluene oxidation process, the low yields
of the two reactions should be improved. Therefore,
direct synthesis of phenol from benzene has attracted
considerable attention and remains one of the important challenges in the industrial chemistry.
The most promising results in direct hydroxylation
of benzene have been explored with N2 O as oxidant
with various metal oxides by Iwamoto et al. in 1983
[2], and, so far, with ZSM-5 zeolites or different ZSM5 modifications as catalysts [3-5]. When benzene was
oxygenated with nitrous oxide over Fe-ZSM-5 catalyst
[6-8], at 330 o C and 25% conversion of benzene, the selectivity to phenol formation was more than 99%. Nitrous oxide decomposes leaving so-called active oxygen
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More recently, we found the C12A7-O− catalyst was active in steam reforming of bio-oil, and give a hydrogen
yield close to thermodynamic equilibrium [30,31].
In our previous communication [32], a direct synthesis of phenol from benzene with oxygen and water over
the microporous material C12A7-O− as a stable catalyst was reported, and the effects of temperature, oxygen concentration and water on the benzene conversion,
and selectivity of phenol were investigated [32]. In this
work, to make clear the synthesis mechanism of phenol
and further increase the phenol yield, the surface reactions on C12A7-O− were investigated in a low-pressure
reactor (∼133 µPa). The formed intermediates, the
structure changes before and after the phenol synthesis, and the active species both in the body and on the
surface of the catalyst were investigated by a series of
characterization methods.

II. EXPERIMENTS
A. C12A7-O− preparation

The C12A7-O− catalyst was prepared by a solid-state
reaction at a high temperature. Powders of CaCO3
and γ-Al2 O3 were mixed and ground at a molar ratio of CaCO3 :γ-Al2 O3 =12:7. The powder mixture was
pressed to a pellet with a diameter of 15 mm and a
thickness of 1.5 mm. Then it was sintered at 1573 K for
18 h and cooled to the room temperature under flowing
dry oxygen atmosphere. Afterwards the sintered pellets
were ground into powder (250-350 µm), which was used
as a catalyst for benzene conversion.
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quadrupole mass spectrometer (Balzers, GSD 300 OmniStar).

C. Characterization of the catalyst

XRD measurements were employed to investigate the
structure difference between the initial C12A7-O− catalysts and the used C12A7-O− catalysts after the phenol synthesis. The catalysts were generally crushed into
powder with the average diameter of 20-30 µ m. Powder
X-ray diffraction patterns were recorded on an X’pert
Pro Philips diffractometer with a Cu-Kα source. The
measurement conditions were in the 2θ range of 10o -80o ,
step counting time of 5 s, and step size of 0.017o at at
298 K.
EPR measurements (electron paramagnetic resonance) were performed to investigate the oxygen species
in the bulk C12A7-O− . The EPR measurements
were conducted at ∼9.1 GHz (X-band) using a Bruker
ER-200D spectrometer at 77 K. The concentrations
of the oxygen species in the C12A7-O− were determined from the second integral of the spectrum using
CuSO4 ·5H2 O as a standard with an error of about 20%.
Fourier transform infrared (FT-IR) spectra were used
to study the active species on the catalyst surface, and
measured at 298 K by a Bruker EQUINOX55 FT-IR
spectrometer with KBr pellet method. The catalysts
for FT-IR measurements were mixed at a weight ratio
of catalyst:KBr=100:3, then ground and pressed by a
pressure of 40.4 MPa to a pellet with a diameter of at
1 cm and a thickness of 0.3 mm. The infrared absorption spectra were recorded and analyzed.

D. Analysis of surface reactions and intermediates
B. Phenol synthesis

Phenol synthesis from benzene/oxygen/water was
performed in a flow type reactor at 101 kPa. Typically, the reactor, containing 3 g of the C12A7-O− catalyst on the surface of an inner quartz tube (16 mm
o.d.) was connected to an ice-cooling condenser. Benzene bubbled by argon gas or other mixed gas was fed
to the catalyst between the inner and outer tubes (the
gap: 2.5 mm). The temperature was measured by a
thermocouple placed near the heater around the outer
tube. The temperature had been calibrated by another thermocouple placed in the catalyst. The reactants and products were analyzed by two on-line gas
chromatographs (GC1 and GC2). Benzene (before and
after reaction) and the products besides CO and CO2
were detected by GC1. Products of CO and CO2 were
detected by GC2. Ar/O2 and Ar/O2 /H2 O together
with electrons (supplied by a negative dc power with
a current of 0.3-0.4 mA) were fed to the catalyst. The
neutral species desorbed from C12A7-O− surface in the
formation process of phenol were also measured with a
DOI:10.1088/1674-0068/20/03/297-304

The experimental apparatus for studying the surface
reactions and the emission has been described previously [32,33]. Briefly, it is made up of two major parts:
a reaction chamber and a detection chamber with a time
of flight mass spectrometer (TOF-MS) for anion measurements, which is individually pumped by two turbo
molecular pumps. The C12A7-O− catalyst was supported by a ship-like quartz tube, which was mounted
in the center of the reaction chamber. The heater was
quartz-sealed in order to avoid the possible influence of
electrons emitted from it beyond our observation. The
reaction temperature was measured by a Ni/Cr thermocouple. The anionic products desorbed from the catalyst surface were extracted by an extraction electrode,
and detected by TOF-MS. The background vacuum of
the catalyst chamber was pumped to <0.1 mPa. The reactants (e.g. benzene or other mixtures) were fed onto
the front-side surface (the side facing the TOF spectrometer) of the C12A7-O− by a nozzle with a variable pressure range of 0.1-100 mPa. In addition, the
neutral species desorbed from the C12A7-O− surface in
c
°2007
Chinese Physical Society

C12A7-O− in Hydroxylation reaction of Benzene

Chin. J. Chem. Phys., Vol. 20, No. 3

299

TABLE I The effect of temperature on the benzene conversion, product selectivity, and phenol yield over the C12A7-O−
catalyst
T /o C
200
250
278
350
421
492
528
565
600
635
671
707

Conversion/%
<0.5
1.1
2.7
10.1
26.2
15.3
24.5
33.3
40.1
44.0
39.9
46.0

S /%
C6 H5 OH
100.0
94.6
69.1
83.0
81.6
83.1
88.0
89.3
78.2
83.2
80.6
78.2

Yield/(mmol/gcat ·h)
CO+CO2
0
5.4
30.9
17.0
18.4
16.7
11.7
10.5
21.3
15.7
17.6
20.3

<0.020
0.045
0.098
0.346
0.883
0.525
0.891
1.230
1.295
1.512
1.329
1.486

Reaction conditions: C6 H6 :O2 :H2 O:Ar=0.08:0.04:0.19:0.69, implantation current: 0.35 mA, flow rate: 63 mL/min,
pressure: 101 kPa, C12A7-O− : 3g. Benzene conversion was based on the amount of benzene introduced into the reactor.
The product selectivity was based on the benzene reacted.

the formation process of phenol were measured with a
quadrupole mass spectrometer (Balzers, GSD 300 OmniStar).

III. RESULTS AND DISCUSSION
A. Performance of phenol synthesis on C12A7-O−
catalyst

The benzene conversion over the C12A7-O− catalyst mainly depends on the reaction temperature. The
phenol selectivity and yield are mainly affected by
the reaction temperature and the composition of the
feeding mixture (i.e., the ratio of C6 H6 :O2 :H2 O). Table I shows the temperature effect on benzene conversion and phenol selectivity with the optimum mixtures (C6 H6 :O2 :H2 O=2:1:4.8, C6 H6 =10.1 kPa) over
the C12A7-O− catalyst. It was found that phenol was
the dominant product, and the major by-products were
CO and CO2 , which were produced by the decomposition and oxidation of benzene over the C12A7-O− catalyst. No benzene conversion was observed at temperatures lower than 200 o C. With increasing temperature,
the benzene conversion significantly increases, but the
phenol selectivity shows a maximum value at around
550 o C. The conversion of benzene and the phenol selectivity were c lose to 34% and 90% respectively with
a gas mixture of C6 H6 :O2 :H2 O:Ar=0.08:0.04:0.19:0.69
over the catalyst at 565 o C. The phenol yield was about
1.26±0.16 mmol/gcat ·h, and remained nearly constant
within the tested interval of 1000 min. It was found
that carbon deposition was negligible after 1000 min’s
reaction. This can be attributed to the presence of O2
DOI:10.1088/1674-0068/20/03/297-304

and H2 O, which restrained the coke formation.
According to our previous work, it has been identified that the amount of the desorbed active O− radicals
increased with increasing reaction temperature. When
the temperature rises from 500 o C to 800 o C, the emitted O− current density increases more than three orders
of magnitude (from nA/cm2 level to µA/cm2 level) [19].
Accordingly, the concentration of O− anions on the
C12A7 surface should increase with the increasing temperature, which may lead to the increase of the catalytic
activities for benzene conversion. On the other hand,
when water was fed, some OH− anions was generated
from the reaction: O− (s)+H2 O(s) → OH− (s)+OH(s)
[33]. Moreover, the role of water in the reaction system
may enhance hydroxylation of benzene by increasing
OH− concentration, and so inhibit the consecutive oxidation of phenol. For example, the phenol selectivity
increased from 75% to near 90% on increasing the concentration of water from 0 to 12% at a given O2 concentration of 4.5% at 565 o C. As shown below, the active
species of O− (s) and OH− (s) should play an important
role in the phenol formation over the C12A7-O− catalyst.
B. Structure characteristics of C12A7-O−

XRD measurement was employed to investigate the
structure difference between the initial C12A7-O− catalyst and the reacted C12A7-O− catalyst for phenol
synthesis. The peaks in Fig.1 that are marked by “*”
are assigned to the lattice framework of C12A7 by comparing the peak positions and intensities of the XRD
pattern with the data in the JCPDS cards. There
c
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not be directly detected by the EPR method, the reformed species in the cages of the reacted C12A7-O−
catalysts should be attributed to OH− due to OH− existing on the surface (by FT-IR measurements, see below).

FIG. 1 XRD patterns of (a) the initial C12A7-O− catalyst
and (b) the catalyst after the reactions of O− with benzene
for 17 h in the C6 H6 /O2 /Ar/C12A7-O− system. By comparing the peak positions and intensities with the data in
JCPDS cards, the peaks marked with “*” can be assigned
to the structure of C12A7.

are nearly no differences between the diffraction spectra of the initial C12A7-O− catalyst and the reacted
C12A7-O− catalyst, which demonstrates that the used
C12A7-O− catalyst after the reaction has the same
structure of the positively charged lattice framework
with the initial catalyst and the reaction does not destroy this structure. The C12A7-O− catalyst had a long
lifetime about 17 h for the benzene conversion, and the
stable activity of the C12A7-O− catalyst would be attributed to its structure stability.

C. Anions species in C12A7-O−

FIG. 2 EPR spectra of the used C12A7-O− catalyst after the reactions of O with benzene for 17 h in the
C6 H6 /O2 /Ar/C12A7-O− system. The symbols * 230 in the
figure stand for the amplified time of the EPR signal.

TABLE II The anionic concentration in the C12A7-O− catalysts measured under the reaction conditions.
Species
O− + O 2 −
OH−
Others

Concentration/cm−3
Before reaction
After reactiona for 17 h
20
7.0×10
4.2×1018
0
>7.0×1020 b
20 c
8.0×10
<8.0×1020

a

EPR (Electron Paramagnetic Resonance) measurements were performed to investigate the oxygen species
in the bulk of C12A7-O− catalyst. As shown in Fig.2,
for the used C12A7-O− catalyst, the spectra can be decomposed into two components, and attributed to the
oxygen species: O− (gxx =gyy =2.043 and gzz =1.997)
and O2 (gxx =2.001, gyy =2.010 and gzz =2.070) [17,3436]. Table II summarizes the concentrations of the anions in the C12A7-O− cages for the initial C12A7-O−
catalyst and the reacted one under the reaction conditions. The concentrations of the oxygen species in
the C12A7-O− bodies were obtained from the second
integral of the EPR spectra using CuSO4 ·5H2 O as a
standard with an error of about 20%. As Table II
shows, for initial catalyst, the total concentration of
O− and O2− was about 7.0×1020 cm−3 , while after reaction for 17 h, the total concentration was decreased
to 4.2×1018 cm−3 . The EPR results show that in the
C12A7-O− catalyst after reaction, part of the O− and
O2− species translate, and the reformed species in the
cages of the reacted C12A7-O− catalysts should be attributed to other species. Even though OH species canDOI:10.1088/1674-0068/20/03/297-304

Reaction conditions:
C6 H6 :O2 :H2 O:Ar=0.08:0.04:0.19:0.69, implantation
current: 0.35 mA, flow rate: 63 mL/min, pressure:
101 kPa, C12A7-O− : 3g.
b
According to the estimation of the decreased
concentration of detected oxygen anions by EPR.
c
According to the estimation of the theoretical maximum
monovalent anion concentration in the lattice framework.

D. Active species on the C12A7-O− surface

Active species on the C12A7-O− surface after the
reactions in the C6 H6 /O2 /Ar/C12A7-O− system were
investigated by the Fourier transform infrared (FTIR) spectra. Fig.3 displays two typical FT-IR spectra obtained by the initial C12A7-O− catalyst and
the catalyst after the reactions for 17 h in the
C6 H6 /O2 /Ar/C12A7-O− system. The absorption envelopes in the 450-850 cm−1 region are attributed to
the C12A7 characteristic absorption structures, corresponding to the Al−O stretching and bending modes
c
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FIG. 3 FT-IR spectra obtained by (a) the initial C12A7-O−
catalyst and (b) the catalyst after the reactions of O− with
benzene for 17 h in the C6 H6 /O2 /Ar/C12A7-O− system.

in AlO4 tetrahedral [37-38]. Even overlapping with a
strong 3444 cm−1 profile (the water absorption band
of the KBr transparent disk), there is a distinguishable and repeatable peak near 3600 cm−1 . Because the
3600 cm−1 band is close to the νOH (OH− ) [24,39-40],
it was assigned to the stretching vibration of O−H−
on the catalyst surface. We found that the 3600 cm−1
band only appeared for the reacted C12A7-O− catalysts in the systems of C6 H6 /O2 /Ar/C12A7-O− and
C6 H6 /O2 /H2 O/Ar/C12A7-O− . This indicates that the
OH− species adsorbed on the surface were produced
during the reactions of the adsorbed benzene with the
active O− by the surface reaction: O− (s)+C6 H6 (s) →
C6 H5 (s)+OH− (s), which would play an important role
in the benzene conversion and the phenol formation.
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FIG. 4 Typical Q-MS spectrum shows the neutral
species for the C6 H6 /O2 /Ar/C12A7-O− system (565 o C,
C6 H6 :O2 :Ar=0.08:0.05:0.87, 0.35 mA, 63 mL/min, 101 kPa,
C12A7-O− : 3g)

tions were investigated under low-pressure conditions
(26.7-40.0 mPa). The anionic species desorbed from
the surface of the C12A7-O− catalyst were detected by
TOF-MS (time of flight mass spectrometer). Figure 5
shows the anionic species desorbed from the surface of
the fresh C12A7-O− catalyst. There are two peaks with
the respective mass numbers of 16 and 0, which correspond to O− and electrons, respectively. This indicates
that the active O− appeared on the C12A7-O− surface,
as pointed out by our previous work [18-19,33]. When
water was fed onto the C12A7-O− surface by a nozzle (∼0.04 Pa), the anionic species desorbed from the
C12A7-O− catalyst were different from the initial

E. Neutral species desorbed from C12A7-O− surface

The neutral products and intermediates in the
formation process of phenol were investigated
by Q-MS (quadrupole mass spectrometer).
The
neutral species including H, H2 , O, O2 , OH,
CO, CO2 , OH, H2 O, C6 H5 , and C6 H6 , were observed in the C6 H6 /O2 /Ar/C12A7-O− system
(C6 H6 :O2 :Ar=0.08:0.05:0.87), as shown in Fig.4.
Although some intermediates such as OH and C6 H5
were detected by Q-MS, it seems difficult to determine
if these intermediates result from the dissociation of the
parents in the Q-MS system, or formed by the reactions
in the process of the phenol synthesis. To study these
neutral radicals, we consider using a laser-induced
fluorescence method, which will be performed in our
future work.
F. Anionic intermediates desorbed from C12A7-O−
surface

To further clarify the formation mechanism of phenol
formation from benzene, the benzene conversion reacDOI:10.1088/1674-0068/20/03/297-304

FIG. 5 Typical TOF spectrum shows the O− anions desorbed from C12A7-O− (implantation condition:
O2 :Ar=0.05:0.95, 266.64 Pa, 0.38 mA, 650 o C).

C12A7-O− catalyst, as shown in Fig.6. Besides the
peaks of O− and electrons, two new peaks appear
around the respective mass numbers of 1 and 17, which
are attributed to the anions of H− and OH− respecc
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FIG. 6 Typical TOF spectrum shows the O− and OH−
species desorbed from C12A7-O− (implantation condition:
O2 :H2 O:Ar=0.05:0.20:0.75, 266.64 Pa, 0.38 mA, 650 o C).

FIG. 7 TOF spectrum for the C6 H6 :Ar:C12A7-O− reaction
system. C6 H6 : 0.04 Pa, 0.38 mA, 650 o C

tively. The formation of OH− is suggested by the following surface reaction:
O− (s) + H2 O(s) −→ OH(s) + OH− (s)

(1)

where “s” stands for the catalyst surface.
Fig.7 shows a TOF spectrum, as benzene (∼0.04 Pa)
was injected onto the C12A7-O− surface. The spectrum
became complex, and a series of new peaks appeared.
The reproducible peaks with the respective mass numbers of 1, 12, 13, 14, 16, 17, 18, 24, 25, 28, 44, 76, 77,
93, and 94, are attributed to the desorbed anions of
H− , C− , CH− , CH2− , O− , OH− , H2 O− , C2− , C2 H− ,
CO− , CO2− , C6 H4− , C6 H5− , C6 H5 O− , and C6 H5 OH− ,
respectively. The anionic hydrocarbons are believed to
be generated by the decomposition of benzene followed
by the charge-transfer reactions with O− . The anionic
oxides are expected to form by the reactions of O− with
the dissociation fragments. It is noted that there are
two stronger peaks of OH− and C6 H5 OH− , which are
suggested by following reactions:
O− (s) + C6 H6 (s) −→ C6 H5 (s) + OH− (s)
C6 H6 (s) −→ C6 H5 (s) + H(s)
C6 H5 (s) + OH− (s) −→ C6 H5 OH− (s)

(2)
(3)
(4)

When the benzene/oxygen/water mixture was supplied onto the C12A7-O− , it was found that both OH−
and C6 H5 OH− intensity increased (Fig.8). The OH−
was generated from reaction (1) as water was fed. The
increase of the C6 H5 OH− intensity could be caused by
the increase of OH− concentration on the catalyst’s surface. The role of water in the reaction system may be
to enhance hydroxylation of benzene by increasing OH
and OH− concentration, and inhibit the consequent oxidation of phenol.
DOI:10.1088/1674-0068/20/03/297-304

FIG. 8 TOF spectra for three reaction systems:
C6 H6 /O2 /H2 O/Ar/C12A7-O− . C6 H6 : 0.04 Pa, 0.38 mA,
650 o C, O2 /H2 O/Ar=0.05:0.20:0.75 were supplied onto the
backside of C12A7-O− .
G. Mechanism of phenol formation on C12A7-O−

To facilitate the discussion of the results and the
mechanism of phenol formation from C6 H6 /O2 /H2 O on
C12A7-O− , we first summarize the main observations:
(i) The benzene conversion over C12A7-O− catalyst
mainly depends on the reaction temperature. The phenol selectivity and the yield are mainly affected by the
reaction temperature and the composition of the feeding mixture (i.e. the ratio of C6 H6 :H2 O:O2 ). Addition
of water significantly increases the phenol selectivity.
The optimum synthesis conditions are at about 565 o C
and C6 H6 :O2 :H2 O=2:1:4.8, where the benzene conversion is 34% with a high phenol selectivity of about 90%.
Additionally, it was found that carbon deposition was
negligible after 1000 min’s reaction.
(ii) The synthesis reactions do not destroy the positively charged framework of C12A7-O− (i.e. cage structure). The stable activity of the C12A7-O− catalyst can
be attributed to its structure stability.
c
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(iii) After the synthesis reactions, a part of the oxygen
species (O− (cage) and O2 − (cage)) in the C12A7-O−
bodies were replaced by the species of OH− (cage).
(iv) The surface species of OH− (s) were formed in the
synthesis reactions, generated by the reactions of O− (s)
with water and benzene.
(v) The OH− (gas-phase) and C6 H5 OH− (gas-phase)
anionic species observed were formed by the surface reactions of O− (s) with the adsorbed benzene, and then
desorbed into the gas phase.
It is well known that the structure of C12A7, containing two molecules per unit cell, is characterized by
a positively charged lattice framework [Ca24 Al28 O64 ]4+
having 12 crystallographic cages per unit cell with a
free space of ∼0.4 nm in diameter. The remaining
two oxide ions (O2− ), referred to as “free oxygen”, are
clathrated in the cages to maintain charge neutrality
[17]. With this special structure of C12A7, we have
confirmed that the mono-charge anions of X− (X− =O− ,
OH− , and H− etc.) can be substituted for free oxygen,
and form a series of new C12A7-X materials [18,19]. A
sustainable and stable O− emission current can be obtained from this C12A7-O− material by continuously
supplying O2 and electrons onto the C12A7-O− catalyst. On the other hand, while continuously supplying H2 O and electrons onto the C12A7-O− catalyst, a
sustainable OH− emission of several µA/cm2 was also
observed with the prolongation of operating time. As
the mixed-gas O2 /H2 O/Ar and electrons was implanted
onto the C12A7-O− , a simultaneous emission of O− together with OH− from the C12A7-O− catalyst was observed [33].
According to the structure characteristics of
C12A7-O− and the most important features of
encaging and desorbing O− and OH− , the active
oxygen species of O− and OH− must play a key role
in the phenol formation from C6 H6 /O2 /H2 O. The
present results also confirmed that the OH− species
appeared both on the catalyst surface and in the
cages of C12A7-O− after the reactions of benzene
with O− (s) by Eqs.(1) and (2). Thus, the formation
of phenol can be correlated with the active species of
O− (s) and OH− (s). O− (s) is suggested as an active
species in initiating the benzene conversion process via
hydrogen abstraction reaction through Eq.(2) because
OH− , both on the surface and in the gas phase, was
observed as benzene was fed into C12A7-O− . Then the
intermediate species C6 H5 OH− (s) was formed from
the phenyl radical C6 H5 (s) and OH − (s), leading to
the formation of phenol by an electron detachment
process. The above mechanism was mainly based on
the following observations: (i) O− (s)and OH− (s) were
found on the C12A7-O− surface, (ii) C6 H5 OH− was
observed in the reaction system of C6 H6 /C12A7-O− ,
(iii) with increasing amounts of OH− , the intensity of
C6 H5 OH− increased; (iv) the phenol selectivity and
yield was enhanced by addition of water. Thus, we
suggest the phenol formation occurs by the following
DOI:10.1088/1674-0068/20/03/297-304
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main surface reaction processes:
C6 H6 (s) + O− (s)
H2 O(s) + O− (s)
C6 H6 (s)
C6 H5 (s) + OH− (s)
C6 H5 OH− (s)

−→
−→
−→
−→
−→

C6 H5 (s) + OH− (s)
OH(s) + OH− (s)
C6 H5 (s) + H(s)
C6 H5 OH− (s)
C6 H5 OH(g) ↑ +e− (s)

(5)
(6)
(7)
(8)
(9)

where “s” stands for the catalyst surface.
Moreover, by separating the emission zone
(C12A7-O− source) from the reaction zone (the
feeding area of benzene), no C6 H5 OH− and phenol can
be detected. This indicates that the phenol produced
by the gas-phase reactions between O− and benzene
seems negligible, and the benzene conversion and
phenol formation are caused by the surface reactions
over the C12A7-O− catalyst.

IV. CONCLUSION

Direct conversion of benzene to phenol by
O2 /H2 O over the synthesized [Ca24 Al28 O64 ]4+ ·4(O− )
(C12A7-O− ) catalyst was obtained. A benzene conversion rate of 34% with phenol selectivity about
90% was obtained at 565 o C and the mixture ratio of
C6 H6 :O2 :H2 O=2:1:4.8. Carbon formation was found
to be negligible after 1000 min’s reaction. The synthesis reactions do not destroy the positively charged
framework of the C12A7-O− . After the synthesis
reactions, part of the oxygen species (O− (cage) and
O2− (cage)) in the C12A7-O− bulk was replaced by
the species OH− (cage). The surface species OH− (s)
is formed in the synthesis reactions, generated by
the reactions of O− (s) with water and benzene. The
OH− (gas-phase) and C6 H5 OH− (gas-phase) anionic
species observed are formed by the surface reactions of
O− (s) with the adsorbed benzene and then desorbed
into the gas phase. O− (s) is suggested as an active
species in initiating the benzene conversion process via
hydrogen abstraction reaction. Then, the intermediate
species C6 H5 OH− (s) was formed from the phenyl
radical C6 H5 (s) and OH− (s), leading to the formation
of phenol by an electron detachment process.
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