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FePO4/SiO2 was employed for the oxidative bromination of methane (OMB) for the first time. A methane
conversion of 50% and total selectivity of 96% for CH3Br plus CO (CH3Br:CO � 1) were obtained at 570 �C.
Comparison experiments were designed to investigate the roles of O2, HBr and the catalysts. Powder X-
ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), Fourier-transform infrared spectroscopy
(FTIR) and 57Fe Mössbauer spectroscopic studies were conducted on the catalysts. It was confirmed that
the FePO4 components of the fresh catalyst transformed quickly to stable active species during the induc-
tion period, and the active components of the stable catalyst have been found to consist of near-equimo-
lar a-Fe3(P2O7)2 and Fe2P2O7. The reaction over the FePO4/SiO2 catalyst was proposed to follow a redox
route based on the results of comparison experiments and associated characterization.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Due to the diminishing proven reserves and the increasing con-
sumption of crude oil, utilization of methane as an alternative
chemical feedstock is becoming more urgent [1]. However, as an
abundant resource for chemical feedstocks, 30–60% of the natural
gas reserves are classified as stranded due to the lack of infrastruc-
ture. When stranded gases are produced in the course of crude oil
production, they are usually burnt at the oil-wells or vented [2,3].
It has been estimated that approximately 150 billion m3 of natural
gas has been flared or vented annually worldwide, which is equiv-
alent to about 5% of global annual natural gas consumption [4,5].
Thus, the development of practical technologies for methane con-
version at remote locations is critical for the successful utilization
of these natural gas resources.

So far, the main use of methane is limited to energy production
because of its highly symmetrical tetrahedral geometry and strong
C–H bonds (439 kJ/mol), and the selective activation of methane
presents a formidable challenge to catalysis [1]. Current industrial
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technologies for the production of chemicals from methane are
dominated by an indirect route via syngas, i.e., methane is firstly
transformed to syngas before further converting into other useful
products. However, the production of syngas from methane is
known to be an energy- and capital-intensive process [6]. On the
other hand, direct routes for methane conversion, e.g., selective
oxidation of methane to C1-oxygenates [7] and oxidative coupling
of methane to ethene [8], have shown potential advantages, but
these processes remain un-commercialized because of their low
methane conversions and poor product selectivities. Halogenation
of methane to produce higher hydrocarbons is a lower temperature
approach for methane utilization. Among the halogens, bromine
has been found to be the best choice for the activation of methane
[9]. The slightly exothermic reactions between bromine and meth-
ane possess the advantage that the extent of halogenation can be
controlled [9]. Olah [10] has reported that bromination of methane
over different supported solid super-acids could give excellent
selectivity toward methyl bromide at relatively mild temperatures.
Similar results have been reported recently over SBA-15-supported
sulfated zirconia catalysts by Degirmenci et al. [11]. One concern of
these solid super-acid catalytic systems is their long-term stability,
which has not been referred to in the literature so far. It has also
been reported that methane could be transformed to oxygenates
and olefins in a sequential zone-flow reactor with bromine as a
mediator [12–15]. However, the activation of methane in this
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Table 1
Physical properties of the support and the synthesized catalysts.

Catalyst Surface area
(m2/g)

Mesopore
volume (ml/g)

Average pore
size (nm)

SiO2 385 1.09 11.4
10 FePO4/SiO2 363 1.03 11.4
FePO4 6 0.06 0.5

66 R. Lin et al. / Journal of Catalysis 272 (2010) 65–73
approach was dominated by free-radical reactions occurring in the
gas phase. High ratio of CH4/Br2 in the feed was indispensable in
order to get high selectivity for methyl bromide. In a series of re-
cent papers, Wang et al. have proposed the concept of oxidative
bromination of methane (OBM) [16–18]. HBr/H2O (a solution)
and O2 were used instead of bromine for the activation of methane
in a new process. Comparing with the commercialized processes,
this non-syngas route has several advantages: (1) The OBM reac-
tion is a strongly exothermic reaction Eq. (1).

2CH4 þ 2O2 þHBr ! CH3Brþ COþ 3H2O;

DH0
298 K ¼ �685:8 kJ=mol ð1Þ

Thus, it is an energy-saving process; (2) the OBM route is appli-
cable for use in small- and medium-scale natural gas fields. The
products of the reaction, mainly methyl bromide, could be con-
verted immediately to useful chemicals, such as methanol, di-
methyl ether and olefins [16–18], and the HBr in the effluent
could be easily recycled; (3) it can provide a means for the utiliza-
tion of methane that does not require a high selectivity toward a
single product. The production of equimolar CH3Br and CO is also
desirable, with acetic acid as the main value-added chemical Eq.
(2)

CH3Brþ COþH2O ! CH3COOHþHBr;

DH0
298 K ¼ �89:0 kJ=mol ð2Þ

However, it is known that a high reaction temperature and the
application of noble metal components in the catalysts are neces-
sary for the initiation of this reaction. Therefore, in order to make
this reaction a potential technology for natural gas utilization, it
is desirable to develop cheaper but effective catalysts that can cat-
alyze the reaction under milder conditions.

In previous work, we have studied the OBM reaction over vari-
ous non-precious metal oxide catalysts, in which rapid deactiva-
tion occurred due to the leaching of metal oxides under strong
acidic reaction atmospheres [19]. FePO4, well known as a cathode
material for Li-ion cells [20], shows good catalytic performance
in a variety of oxidation reactions, such as ammoxidation of 2-
methyl pyrazine [21], oxidative dehydrogenation of isobutyric acid
[22–25] and particularly partial oxidation of methane [26–31].
However, to our knowledge, no attempts have been done so far
in utilizing FePO4 as a catalyst for the OBM reaction. Here, we re-
port for the first time that FePO4/SiO2 is a highly efficient and sta-
ble catalyst for the OBM reaction. In addition, possible reaction
route is also described.
2. Experimental

2.1. Catalyst preparation

Bulk phase and silica-supported FePO4 were prepared by co-
precipitation and impregnation method, respectively, according
to the literature [26]. For the bulk FePO4, aqueous solutions of
Fe(NO3)3 and NH4H2PO4 (P/Fe = 1.0) were mixed thoroughly and
dried at 90 �C overnight to yield a whitish-yellow paste. The pre-
cursor obtained was calcined at 600 �C for 10 h to generate the cat-
alyst. The silica-supported FePO4 catalysts were prepared by
impregnating silica-gel overnight with the mixed solution men-
tioned above. The slurry was then dried and activated as described
above for the bulk phase FePO4. Powder X-ray diffraction (XRD)
measurements have confirmed the successful synthesis of crystal-
line FePO4 for the bulk phase catalyst. For the silica-supported
FePO4 catalysts, no diffraction patterns were detected when the
loading of FePO4 was less than 40 wt.%. Hereafter, the catalyst with
10 wt.% loading of FePO4 was denoted as 10 FePO4/SiO2. The phys-
ical properties of the support and the as-prepared catalysts were
analyzed by the N2-adsorption–desorption method, and the results
are listed in Table 1.
2.2. OBM reaction evaluation

The activity measurements were performed in a specifically de-
signed 12-mm id quartz-tube micoreactor. For rapid venting of
gaseous products, the diameter was decreased to 6 mm from the
middle to the bottom. The liquid feeds were introduced by a syr-
inge. Typically, 2.0 g of catalyst was loaded in the central part of
the reactor between two plugs of quartz wool. Then, quartz beads
(20–40 mesh) were loaded above the catalyst bed to provide a pre-
heated zone as well as for uniform gas distribution. In a blank test,
only quartz sand was loaded. The sampling and analysis methods
have been described elsewhere [19]. For most of the tests, carbon
mol balances were within 100 ± 1%. Additionally, the gas hourly
space velocity (GHSV) is defined as the volumetric flow rate of total
inlet gas per gram of catalyst.
2.3. Characterization of catalysts

The structural properties of the samples were determined by
the N2-adsorption–desorption method, using a physical adsorption
instrument (Quantachrome, USA). Specific surface area and pore
volumes were determined by N2 adsorption at 77 K after samples
were pre-treated at 623 K under vacuum for 3 h. Inductively cou-
pled plasma (ICP) experiments were performed over a Plasma-
Spec-II spectrum apparatus (LEEMAN, USA). Fourier-transform
infrared spectra (FTIR) were recorded with a BRUKER EQUINOX
55 Spectrometer, having a resolution of 4 cm�1 and using the KBr
disk method.

XRD measurements of the samples were performed on a Philips
X’pert MPD X-ray diffraction spectrometer equipped with a graph-
ite monochromator and Cu Ka (40 kV, 40 mA) irradiation, covering
2h angles between 10� and 60�.

X-ray photoelectron spectroscopy (XPS) measurements were
conducted with a VG ESCALAB MK2 system, using Al Ka radiation.
Binding energies were corrected using C 1s photoelectron peak at
284.6 eV as a reference. The surface composition was determined
from the peak areas and sensitive factors presented by Physical
Electronics [32].

57Fe Mössbauer spectra of the catalysts were recorded using a
Topologic 500A spectrometer and a proportional counter at room
temperature. 57Co(Rh) moving in a constant acceleration mode
was used as radioactive source. All of the spectral analyses were
conducted assuming a Lorentzian lineshape for computer folding
and fitting. Accordingly, 57Fe Mössbauer spectral parameters such
as the isomer shift (d), the electric quadrupole splitting (D), the full
linewidth at half maximum (2U) and the relative spectral area (F) of
different components on the absorption patterns were obtained.
The d values were quoted relative to a-Fe at room temperature.

It should be mentioned that the samples after each catalytic test
were cooled down rapidly to room temperature under flowing
nitrogen and then transferred to a desiccator. No special care was
taken during the following characterization processes.
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3. Results

3.1. Catalytic performance of the FePO4/SiO2 catalyst for the OBM
reaction

Fig. 1 shows the time-on-stream performance of the OBM reac-
tion over the FePO4/SiO2. It was found that the performance grad-
ually became stable and did not show any loss of activity in the
following 70 h after an induction period of approximately 30 h.
CH4 conversion of about 50% and total selectivity of 96% for CH3Br
plus CO could be obtained on a single pass, with CH3Br/CO ratio
close to 1.0. O2 was completely consumed during the reaction
course. No CO2 has been detected, and CH2Br2 was the only ‘‘by-
product” (less than 5%) which could be fed back to the reactor
and cycled for re-proportionation with methane. This unique prod-
uct distribution rendered it a promising feedstock for the produc-
tion of acetic acid, as CH3Br has been shown to be as effective as
CH3OH for carbonylation [16]. For comparison with previous re-
sults in the literature, Br atom utilization efficiency (EffBr) in a sin-
gle pass is defined as Eq. (3) (based on Eq. (1) and calculated as
moles of Br).

EffBr ¼
CH3Brout

HBrin
� 100% ð3Þ

It was noted that EffBr of about 29% was obtained in our process.
This parameter was almost doubled compared with the highest EffBr

in the previous reports [19,33]. Since the OBM route requires re-
cycle of HBr, the higher EffBr in our catalytic system makes this pro-
cess even more competitive. A detailed comparison was made and
summarized in Table 2.
Fig. 1. Time-on-stream performance of the OBM reaction. Reaction conditions:
catalyst 10 FePO4/SiO2 2.0 g, T 570 �C, 40 wt.% HBr/H2O 3.0 ml/h, gas flow 15 sccm
(CH4/O2 = 2.0).

Table 2
Comparison of performances of the OBM reaction over different catalysts.

Catalyst T (�C) GHSV (ml/(gcat h)) CH4/O2 Liquid

RuNiBaLab 660 300 1.0 4.0
BaO/SiO2

c 620 840 2.5 4.0
FePO4/SiO2 570 300 2.0 1.5

a 40 wt.% HBr/H2O.
b Ref. [33].
c Ref. [19].
Leaching of the active components is the cause of deactivation
for the catalysts during the OBM reaction [19]. The ICP analysis
of the used catalysts for various reaction time has confirmed that
the elemental weights of Fe and P dropped from 3.71% and 2.04%
to 3.04% and 1.69%, respectively, in the first 10 h of time-on-
stream. Then, they slightly decreased to 3.00% and 1.41% in the
subsequent 90 h. These results demonstrated that the FePO4/SiO2

was a relatively stable and HBr-tolerant catalyst, and its reactivity
increased noticeably after the reaction has run for 10 h. It was
speculated that the FePO4 components might transform to other
phases which were more tolerant to HBr.
3.2. XPS and FTIR characterization of the fresh and used catalysts

In order to monitor the chemical states of the surface elements,
XPS measurements were performed for the FePO4/SiO2 catalysts
that have been operated for different reaction time, and the
results are presented in Table 3. It is clear that the binding energies
(B. E.) of Fe 2p3/2 shifted gradually to a lower B. E. region with reac-
tion time, indicating a partial reduction of the FePO4. Besides, cal-
culations for the peak areas have revealed that the surface P/Fe
ratio decreased slightly, but remained at above 1.09 during the
reaction.

Then, the transmission IR spectra were recorded for the fresh
and used catalysts, and no changes were observed between them
(Fig. 2 and Table 4). It is well known that the peaks at the region
between 500 and 1200 cm�1 correspond to the symmetric and
asymmetric vibrations of the phosphate groups. It was interesting
to find that a distinct band at 809 cm�1, which could be attributed
to asymmetrical vibrations of P–O–P groups [22,34], was detected
in the fresh catalyst. This is different from the results reported by
Alptekin et al. who had found that this distinct peak existed only
when the fresh catalyst was employed for partial oxidation of
methane [30]. This controversy could result from the differences
in silica carriers, e.g., the specific surface area of the carrier used
in our work is 100 m2/g higher than that used by Alptekin. It was
likely that the P–O–P groups were formed by the dehydration of
feedsa (ml/(gcat h)) Conv. of CH4% EffBr% Lifetime

70.0 7 Unpublished
44.2 18 �30 h
49.5 29 >100 h

Table 3
XPS results for the fresh and used 10 FePO4/SiO2 catalysts.a

Reaction time (h) B. E. (eV)b P/Fec (mol/mol)

Fe 2p3/2 P 2p Si 2p

0 710.7 133.7 103.3 1.34
10 710.6 134.5 103.3 1.26
20 710.5 134.5 103.4 1.11
50 710.2 134.7 103.1 1.19

100 710.0 134.7 103.1 1.09

a Reaction conditions: catalyst 10 FePO4/SiO2 2.0 g, T 570 �C, 40 wt.% HBr/H2O
3.0 ml/h, gas flow 15 sccm (CH4/O2 = 2.0).

b Binding energies are reliable within ±0.3 eV.
c P/Fe ratios were calculated from peak areas of Fe 2p3/2 and P 2p.



Fig. 2. Infrared spectra of the 10 FePO4/SiO2 after different reaction time: (a) fresh;
(b) 10 h; (c) 20 h; (d) 50 h; and (e) 100 h.

Table 4
Assignment of IR bands in the spectra of the catalysts.

10 FePO4/SiO2 FePO4

Band (cm�1) Assignment Band (cm�1) Assignment

1638 OH H2O 1086 vas(PO3)
1104 v(PO3) 1026 v (PO3)

980 v(PO3) 971 vas(POP)
809 vas(POP) 736 vas(POP)
467 d(PO3) 636 d(PO3)

594 d(PO3)
577 das(PO3)
528 das(PO3)
432 d(PO3)

Fig. 3. XRD patterns of the catalysts treated in different reaction atmospheres for
10 h. Reaction conditions: catalyst FePO4 2.0 g, T 570 �C, 40 wt.% HBr/H2O 3.0 ml/h,
gas flow 15 sccm (a) CH4/N2 = 2.0; and (b) CH4/O2 = 2.0.

68 R. Lin et al. / Journal of Catalysis 272 (2010) 65–73
well-dispersed PO3 groups on the surfaces of the silica during dry-
ing and calcining processes.

3.3. Comparison experiments on the OBM reaction

3.3.1. Comparison experiment I: effects of catalysts and reactants
One of the key considerations of present work was to under-

stand the roles of the FePO4. For such a goal, a series of comparison
experiments were designed, and the results of the first comparison
experiment are summarized in Table 5. It is clear that the highest
methane conversion was achieved on the FePO4/SiO2 (Table 5, En-
try 5), yielding CH3Br and CO as the main products. On the other
hand, the bulk phase FePO4 yielded 4.5% CH4 conversion and a low-
er CO selectivity. It should be mentioned that only a trace amount
of methane was converted at temperatures above 600 �C in the
blank test. The large contrast implied that the gaseous free-radical
Table 5
Comparison experiments on the OBM reaction.a

Entry Catalyst Conversion CH4 (%) Selectivity (C%)

2.0 g CH3Br CO CH2Br2

1 Blank 0 0 0 0
2b 10 FePO4/SiO2 1.3 79.2 5.7 15.1
3c 10 FePO4/SiO2 2.8 0 100 0
4 FePO4 4.5 71.6 13.3 15.1
5 10 FePO4/SiO2 17.1 51.2 41.3 7.5

a Reaction conditions: T 450 �C, 40 wt.% HBr/H2O 2.0 ml/h, gas flow 10 sccm (CH4/
O2 = 1.0).

b O2 was replaced by N2.
c No HBr/H2O.
reactions hardly occur in the absence of a catalyst. Accordingly, we
have investigated the roles of O2 and HBr in the reaction (Table 5,
Entries 2, 3 and 5). The results showed that both of them were
indispensable for high methane conversion.
3.3.2. Comparison experiment II: bulk phase FePO4 as a model catalyst
To gain further information about the phase evolution of the

supported catalyst, the bulk phase FePO4 was used as a model cat-
alyst for the OBM reaction. XRD patterns in Fig. 3 revealed that
FePO4 was reduced completely to Fe2P2O7 when treated in HBr
alone, while phases containing mixed valences for iron, such as
a-Fe3(P2O7)2 and an unknown Z phase (2h = 30.0� and 30.4�), were
detected in the catalyst after treated in the reaction atmosphere. IR
spectra of the catalysts after subjected to different treatments were
also presented (Fig. 4 and Table 4). Absorptions of the HBr-reduced
bulk catalyst at the range of 400–1200 cm�1 is a typical spectrum
of Fe2P2O7 [22], and this is consistent with the XRD results. On the
other hand, no distinct absorption peaks were observed in the
spectrum of the bulk phase FePO4 after exposure to the reaction
stream. Muneyama et al. [22] have observed similar phenomena
when FePO4 was reduced in a stream of isobutyric acid. They have
speculated that the component of this unknown phase (referred to
Fig. 4. Infrared spectra of the bulk phase FePO4 after treated in different reaction
streams at 570 �C for 10 h: (a) fresh; (b) CH4/O2 (2:1) 15 sccm, 40 wt.% HBr/H2O
3.0 ml/h; (c) N2 15 sccm, 40 wt.% HBr/H2O 3.0 ml/h.



Fig. 5. Performances of the 10 FePO4/SiO2 in the OBM reaction as a function of time-
on-stream. Reaction conditions: T 570 �C, CH4 10 sccm, O2 5 sccm, 40 wt.% HBr/H2O
3.0 ml/h, catalyst 2.0 g. Filled symbols: fresh catalyst; unfilled symbols: 10 FePO4/
SiO2 pre-treated in HBr/H2O (3.0 ml/h) overnight at 570 �C.

Fig. 6. Room temperature 57Fe Mössbauer spetra of (a) fresh and (b) HBr-reduced
FePO4 catalysts.

Table 6
57Fe Mössbauer parameters of the FePO4 and 10 FePO4/SiO2 catalysts at room
temperature.

Entry Component da

(mm s�1)
Db

(mm s�1)
2Cc

(mm s�1)
Fd(%)

1 – Fig. 6a Fe3+ 0.27 0.63 0.28 100
2 – Fig. 6b Fe3+ 0.34 0.95 0.39 14.0

Fe2+ 1.24 2.43 0.41 86.0
3 – Fig. 7a Fe3+ 0.26 1.22 0.57 45.2

Fe3+ 0.27 0.69 0.48 54.8
4 – Fig. 7b Fe3+ 0.27 0.69 0.54 74.7

Fe2+ 1.20 2.24 0.46 25.3
5 – Fig. 7c Fe3+ 0.47 0.59 0.50 38.6

Fe2+ 1.22 2.49 0.45 61.4
6 – Fig. 7d Fe3+ 0.47 0.58 0.43 40.4

Fe2+ 1.20 2.50. 0.42 59.6
7 – Fig. 7e Fe3+ 0.47 0.58 0.44 40.3

Fe2+ 1.20 2.51 0.44 59.7
8 – Fig. 7f Fe3+ 0.46 0.59 0.39 41.0

Fe2+ 1.20 2.53 0.41 59.0
9 – Fig. 8a Fe3+ 0.48 0.53 0.44 34.4

Fe2+ 1.21 2.47 0.44 65.6
10 – Fig. 8b Fe3+ 0.45 0.61 0.48 54.1

Fe2+ 1.18 2.57 0.44 45.9

a Isomer shift, relative to a-Fe.
b Electric quadrupole splitting.
c Full linewidth at half maximum.
d Relative resonance areas of the different components of the absorption

patterns.
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as the Y phase) could be Fe3(P2O7)2 and/or Fe2P2O7, because the IR
spectral shape of this phase resembled somewhat that of the stan-
dard Fe3(P2O7)2. Their speculation was consistence with our find-
ings in XRD results. Obviously, FePO4 could not be totally
reduced to Fe2P2O7 in the reaction stream.

3.3.3. Comparison experiment III: effect of HBr pre-reduction
Fig. 5 shows the performances of the initial 10 h over FePO4/

SiO2 catalysts pre-reduced by HBr and un-pre-reduced by HBr in
the OBM reaction. It is obvious that the performances of HBr pre-
treated catalyst showed the same trends as that of the un-pre-re-
duced counterpart. A similar induction period could be clearly ob-
served, which signified a slight increase in methane conversion and
a rapid increase in the ratio of CH3Br/CO, although the increasing
rate was a little slower over the pre-reduced catalyst.

3.4. 57Fe Mössbauer spectroscopic studies on the OBM catalysts

3.4.1. 57Fe Mössbauer spectroscopic studies on the HBr-reduced and
the un-reduced FePO4 catalysts

In order to determine the chemical state and coordination of the
iron species in the catalyst sample, Mössbauer spectroscopy was
employed to study the HBr-reduced and the un-reduced FePO4 cat-
alysts and the results are shown in Fig. 6, with the hyperfine inter-
action parameters summarized in Table 6. The spectrum of the un-
reduced FePO4 catalyst (Fig. 6a) could be fitted into a Fe3+ doublet.
The obtained 57Fe Mössbauer parameters of d and D were charac-
teristic of ferric cations in symmetrical tetrahedral environment
[30,35]. After the treatment with HBr, the spectral shape of the
FePO4 catalyst changed remarkably. The spectrum (Fig. 6b) could
be fitted into a ferric and a ferrous doublet, indicating that the iron
cations were existing in two very different chemical environments.
The hyperfine interaction parameters of the main component hav-
ing a relatively larger d and D values are in good agreement with
that of Fe2P2O7 [25], indicating that the FePO4 was reduced by
HBr, which was confirmed by the XRD results. Besides Fe2P2O7, an-
other component in relatively small quantities (about 14.0%) was
present, and the hyperfine interaction parameters were similar to
that of ferric cations in a trigonal bipyramid environment [36].

3.4.2. 57Fe Mössbauer spectroscopic studies on the 10 FePO4/SiO2
catalysts after different time-on-stream

Although the comparison experiments on the bulk phase cata-
lyst have demonstrated phase transformation occurred under dif-
ferent treatments, the real transformation processes of the silica-
supported FePO4 catalyst under reaction atmosphere were largely
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unknown, especially when an induction period was involved.
Hence, detailed studies on the phase transformations of the FePO4

precursor of the FePO4/SiO2 catalyst were carried out by employing
the 57Fe Mössbauer spectroscopy technique. Representative
Mössbauer spectra of FePO4/SiO2 catalysts after different time-
on-stream are presented in Fig. 7, and the hyperfine interaction
parameters are listed in Table 6.

Fig. 7a shows the Mössbauer spectrum of the fresh FePO4/SiO2

catalyst. The spectrum could be fitted into two Fe3+ doublets of
relatively the same quantity. The quadrupole doublet with
d = 0.27 mm s�1 and D = 0.69 mm s�1 is quite similar to that of
the bulk phase FePO4, such that the ferric cations should be tetra-
hedrally coordinated with oxygen. Another doublet has a similar d
value, while the D value is much higher. This iron species could be
ascribed to the highly dispersed ferric cations having strong inter-
actions with the silica. On the other hand, all of the Mössbauer spe-
tra for the used FePO4/SiO2 catalysts exhibit three absorption peaks
that could be fitted into a ferric and a ferrous doublet, which im-
plied that ferric cations were partially reduced to ferrous cations
during the reaction. Obviously, the Mössbauer spectra from
Fig. 7a–c changed remarkably while those from Fig. 7c–f were very
similar, as can also be seen from the parameters of hyperfine inter-
action. Therefore, the catalyst should remain very stable after
reacting for 1 h. The hyperfine interaction parameters of the ferric
doublet (d = 0.47 mm s�1 and D = 0.59 mm s�1) in the stable
Fig. 7. Room temperature 57Fe Mössbauer spetra of (a) fresh and used 10 FePO4/SiO2 c
catalysts are very close to the reported data of ferric cations
in bulk a-Fe3(P2O7)2 [25], and those of the ferrous doublet
(d = 1.22 mm s�1 and D = 2.49 mm s�1) are quite similar to the
Fe2P2O7 phase in the HBr-reduced catalyst. Since the hyperfine
interaction parameters of the ferrous doublet between a-
Fe3(P2O7)2 and Fe2P2O7 are very close, the relative molar ratio of
these two components in the sample could be estimated according
to Eq. (4) without further fitting of the original patterns.

a-Fe3ðP2O7Þ2 : Fe2P2O7 ¼
FFe3þ

ðFFe2þ � 0:5FFe3þ Þ ð4Þ

Here, F is the relative intensity of iron cations listed in Table 6, and
the ratio of Fe3+/Fe2+ is 2 for a-Fe3(P2O7)2. It was also revealed that
the ratio of a-Fe3(P2O7)2/Fe2P2O7 changed only slightly, i.e., be-
tween 0.91 and 1.06 after 1 h’s exposure in the reaction ambiance.

3.4.3. 57Fe Mössbauer spectroscopic studies on the HBr-reduced 10
FePO4/SiO2 catalysts

In Section 3.3.3, the effect of HBr-reduction on the FePO4/SiO2

catalyst for the OBM reaction has been examined. A similar induc-
tion period as in the case of the fresh catalyst was observed. For a
better understanding of the phase transformation process, 57Fe
Mössbauer spectra of the HBr-reduced FePO4/SiO2 catalysts were
recorded before and after the reaction (Fig. 8 and Table 6). The
Mössbauer spectrum of the HBr pre-treated FePO4/SiO2 catalyst
atalysts for different reaction time: (b) 0.5 h, (c) 1 h, (d) 10 h, (e) 20 h and (f) 50 h.



Fig. 8. Room temperature 57Fe Mössbauer spetra of the HBr-reduced 10 FePO4/SiO2

catalyst (a) before and (b) after the OBM reaction.
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before the reaction is shown in Fig. 8a. The spectrum could be fit-
ted into a ferric and a ferrous doublet. The hyperfine interaction
parameters of the doublets are close to those of the stable catalyst,
which suggested that the initial components of the reduced sample
were comprised mainly of a mixture of a-Fe3(P2O7)2 and Fe2P2O7.
However, the ratio of a-Fe3(P2O7)2/Fe2P2O7 was calculated to be
0.71, that is, far less than that of the stable catalyst. It is obvious
that more ferric cations could be reduced in the absence of O2.
The Mössbauer spectrum of the reduced catalyst after the OBM
reaction is presented in Fig. 8b. The hyperfine interaction
parameters of the two fitted doublets for this spectrum showed a
slight difference to those of the reduced catalyst. The ratio of
a-Fe3(P2O7)2/Fe2P2O7 in this sample was estimated to be 2.87.
4. Discussion

4.1. Evidence for a redox route

The OBM reaction mediated by metal oxide catalysts has been
studied only for a few years, and fundamental mechanistic investi-
gations are rarely investigated owing to the presence of HBr/Br2 as
well as the complexity of the system. It was observed that the
effluents leaving the quartz reactor were red–brown in color at rel-
atively low reaction temperatures (T < 500 �C), suggesting the pres-
ence of bromine in the products. On the basis of established
chemistry, the formation of bromine should involve the generation
of bromine radicals (Br�), which, we suppose, are the active species
for methane activation in this reaction. It is speculated that the
OBM reaction proceeds in a strong reductive atmospheres basing
on the following two facts: (1) Rh0 was found in a used Rh2O3/
SiO2 catalyst [37]; (2) crystalline BaSi2 was detected in a BaO/
SiO2 catalyst after the reaction [19]. Therefore, any catalyst with
strong redox ability might be a good candidate for this reaction,
as is the case of the iron phosphate catalyst.

Compared with the reported OBM systems, the initial tempera-
ture of this system was much lower. Strikingly, we have observed
appreciable methane conversion over the FePO4/SiO2 even at a
temperature as low as 430 �C. On the other hand, other researchers
have reported on the use of FePO4 for partial oxidation of methane
at a temperature range of 400–600 �C, but in these cases, methane
conversion rarely exceeded 10%, and the selectivity toward COx

(x = 1, 2) was significant [26,29–31]. These facts undoubtedly sug-
gested the chemical involvement of our catalytic system was quite
different from that of the partial oxidation of methane.

The first comparison experiment on the role of the different
reactants revealed that maximum methane conversion could only
be obtained in the presence of both HBr and O2 over the FePO4/SiO2

catalyst. Based on these observations, we have speculated that the
participation of the FePO4/SiO2 opened up a new reaction avenue
in the presence of O2 and HBr. Thus, the OBM reaction could pro-
ceed at much lower temperatures. The second comparison experi-
ment on the FePO4 model catalyst further confirmed that the FePO4

could be completely reduced to Fe2P2O7 by HBr alone, whereas it
could only be partially reduced in the OBM reaction atmosphere.
This distinction is strong evidence showing that the OBM reaction
proceeds via a redox route. It is well known that oxy-chlorination
reactions over copper-based catalysts are driven by the Cu+/Cu2+

redox couple [38,39]. Considering the similarities of the reaction
systems between the OBM and oxy-chlorination reactions, one
might speculate that the functions of FePO4 in the present system,
to some extent, are the same as those of CuCl in the oxy-chlorina-
tion reaction systems.

4.2. Insight into the active phases

In Section 3.4.2, 57Fe Mössbauer spectroscopic studies on the
used catalysts have demonstrated that typical stable components
of the FePO4/SiO2 were comprised of near-equimolar a-Fe3(P2O7)2

and Fe2P2O7. It should be noted that the ratios of P/Fe calculated
from the stable catalysts were around 1.24, which is very close
to the surface elemental ratio of P/Fe (about 1.20) derived from
the XPS determination but much higher than those determined
in the ICP analyses (P/Fe = 0.85–1.00).

Although the phase transformation processes from the FePO4

precursor to the final stable components (a-Fe3(P2O7)2/
Fe2P2O7 � 1) were almost completed in the initial 1 h, as can be
clearly seen in Table 6, it was worthy to emphasize that the evolu-
tion was not a single simple process. The transformation from the
fresh catalyst to the stable one is not due to the transformation of
one well-defined crystalline material into another, rather, it in-
volves two topotactic transformations that took place very quickly
after heating in the reaction stream. The coordination environment
of ferrous cations in Fig. 7b with d = 1.20 mm s�1 and D =
2.24 mm s�1 cannot be well defined yet. Apparently, the species
have a similar d value when compared to the stable catalyst, but
the D value is much smaller. Thus, we can hypothesize that the
evolutions might involve certain intermediate species. By compar-
ing with Figs. 7a and 7b, it was found that the bulk FePO4-like com-
ponent still existed, while that of the counterpart disappeared after
running for half an hour in the reaction stream. When the reaction
time was prolonged to 1 h, even the bulk FePO4-like component
vanished. It is evident that crystalline-like FePO4 was a more stable
phase in the fresh catalyst. By carefully analyzing the hyperfine
interaction parameters of Figs. 7a–c, it was not difficult to find that
the transformation processes of a-Fe3(P2O7)2 and Fe2P2O7 might



Scheme 1. A tentative redox route for the OBM reaction over the FePO4/SiO2

catalyst. Note: [O] could be gaseous or lattice oxygen. x = 1, 2 or 3.
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proceed in two different ways. It seemed that the a-Fe3(P2O7)2 was
most likely derived from the crystalline-like FePO4, while the
Fe2P2O7 was most likely transformed from the FePO4 that was
interacting strongly with the SiO2 support. Besides, the evolution
of the Fe2P2O7 was prior to the transformation of the a-Fe3(P2O7)2.
It should be noted that the relative intensity of the iron species in
different coordination environments in the fresh catalyst is close to
1, as can be seen in Table 6. This is in accord with the ratio of a-
Fe3(P2O7)2/Fe2P2O7 in the stable catalyst, regardless of iron leach-
ing during the reactions.

The third comparison experiment revealed that the OBM reac-
tion over both the un-pre-reduced and the HBr-pre-treated
FePO4/SiO2 catalysts went through similar induction periods.
Therefore, it is very likely that both the un-pre-reduced and the
HBr-pre-treated FePO4/SiO2 catalysts could transform to more ac-
tive phases after a contact with the reaction atmosphere. 57Fe
Mössbauer spectroscopic studies on the used catalysts have dem-
onstrated that the FePO4 could completely transform to the a-
Fe3(P2O7)2 and Fe2P2O7 in the reaction stream. It is also evident
that the Fe2P2O7 could be converted to a-Fe3(P2O7)2 after re-trea-
ted by the OBM reaction, as the ratio of a-Fe3(P2O7)2/Fe2P2O7 in-
creased from 0.71 to 2.87 when the HBr-pre-treated FePO4/SiO2

catalyst was reacted for 10 h. It is noteworthy that the ratio of a-
Fe3(P2O7)2/Fe2P2O7 in this used catalyst is much higher than that
of the stable catalyst, which implies that the catalyst might be in
a transient state. If this speculation is true, then it makes sense
for the existence of a reverse evolution from a-Fe3(P2O7)2 to
Fe2P2O7. Although the experimental results of the 57Fe Mössbauer
spectroscopic studies for the HBr-reduced FePO4/SiO2 catalysts are
not compelling to demonstrate that the reverse evolution has oc-
curred indeed, it is very probable that dynamic transformations be-
tween a-Fe3(P2O7)2 and Fe2P2O7 have proceeded in the stable
catalyst, as the reaction consisted of two entirely different ambi-
ances (i.e., oxidative and reductive) with regard to the involve-
ments of O2 and HBr in the system.

The most active phase of the stable catalyst could be a-
Fe3(P2O7)2, which is composed of three face-sharing FeO6 octahe-
dra clusters. It has been reported that such a configuration can
facilitate the generating of intervalency for the Fe3+/Fe2+ redox cou-
ple during catalytic reactions, thus imposing a limitation to elec-
tron hopping between the iron cations [40,41]. For the formation
of a-Fe3(P2O7)2, excess phosphorus with respect to the stoichiom-
etry of FePO4 (P/Fe = 1.0) was deemed necessary [22]. The XPS re-
sults in Table 4 implied a phosphorus enrichment on the surface of
the supported catalyst, rendering it possible for the formation of
the a-Fe3(P2O7)2.

4.3. Reaction route

From the observations of comparison experiments I and II, it is
apparent that the OBM reaction over FePO4/SiO2 proceeds via a re-
dox path. The results of these experiments also implied the impor-
tance of reaction ambiances for methane conversion and phase
evolutions, as confirmed by combined spectroscopic studies. It
should be noted that the ratios of CH3Br/CO kept increasing during
the induction periods for both the untreated and the HBr pre-trea-
ted FePO4/SiO2 catalysts, which suggested that both Fe3+ and Fe2+

might be the active sites for the oxidation of bromomethanes. This
speculation is in accord with our previous point of view that the
presence of a solid catalyst would be favorable for the deep oxida-
tion of bromomethanes during the OBM reaction [19].

In light of the above-mentioned evidence, a tentative redox
route was proposed for the OBM reaction catalyzed by silica-sup-
ported iron phosphate catalyst, as described in Scheme 1. First,
HBr can be oxidized by Fe3+ to highly active radicals-Br�, with
the reduction of the Fe3+ to Fe2+. The active Br� radicals can then
attack methane to produce bromomethanes, which are further oxi-
dized to CO in the presence of solid catalysts and O2. Finally, the
consumed Fe3+ can be replenished by the re-oxidation of Fe2+ to
complete the redox cycle.
5. Conclusions

We have demonstrated that an inexpensive, effective and stable
silica-supported iron phosphate catalyst can be used for the OBM
reaction. High methane conversion and excellent product distribu-
tion were achieved at 570 �C and under 1 atm. It was demonstrated
that FePO4/SiO2, which is functioning in a completely different
chemistry when compared with metal oxides catalysts, could initi-
ate the reaction at much lower temperatures. 57Fe Mössbauer spec-
troscopic studies have confirmed that the active species in the
stable catalyst was comprised of near-equimolar a-Fe3(P2O7)2

and Fe2P2O7. It was speculated that dynamic transformations be-
tween a-Fe3(P2O7)2 and Fe2P2O7 might proceed in the stable cata-
lyst during the OBM reaction, and a-Fe3(P2O7)2 was supposed to be
the most active phase. Besides, we have proposed that the OBM
reaction over the FePO4/SiO2 catalyst was dominant by a redox
route, as confirmed by a series of comparison experiments and cat-
alyst characterizations using XRD, XPS and 57Fe Mössbauer
spectroscopy.
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