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a b s t r a c t

Different FePO4/SiO2 catalysts have been synthesized and employed for the oxy-bromination of methane
reaction. The long-term stability experiments and the influences of FePO4 loading and reaction temper-
eywords:
oke deposition
ePO4/SiO2

ethane
xy-bromination
reparation method

ature have been investigated. It was demonstrated that the FePO4/SiO2 catalysts were very stable during
200 h time-on-stream. High total selectivity for CH3Br plus CO with equimolar ratio could be achieved
by manipulating the reaction variables. However, coke deposition was found on the used catalysts after
a long running period. Characterization techniques such as N2-adsorption, Fourier-transform infrared
spectroscopy and temperature-programmed oxidation were employed to investigate the fresh and used
samples. The characterization results implied that the accumulation of CH2Br2 during the reaction could

e dep
tability be the direct cause of cok

. Introduction

Direct conversions of light alkanes in natural gas to liquids as
lternative chemical feedstocks have attracted considerable atten-
ions in this decade due to the diminishing proven reserves [1].
he current commercial technologies for natural gas utilization
re dominated by an indirect route via syngas which involves
he reforming of methane. However, the reforming process is
ighly energy-intensive, and the large investment required makes

t unsuitable for use in small- and medium-scale natural gas fields
2]. It is estimated that 30–60% of natural gas reserves are classified
s stranded due to the lack of infrastructure [3,4]. The develop-
ent of practical technologies for the successful utilization of these

esources presents a great challenge to the chemist and engineer.
Methane can be transformed into useful chemicals by two

teps with the mediation of halogens. For the first step, methane
alogenation reactions are thermodynamically advantageous and
ractical without considering the corrosion nature of halogens [5].

t has been reported that CH3Cl could be synthesized via oxy-

hlorination reaction over LaCl3-based catalysts, and then it was
ubsequently converted into olefins over ZSM-5 [6,7]. CH3Cl or
H3Br can also be produced with high selectivity by monohalo-
enation of methane over supported solid super-acids catalysts
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el.: +86 411 84379143; fax: +86 411 84379143.
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[8,9]. By a second process, the methyl halides can be converted to
methanol, dimethyl ether or other chemicals over secondary cata-
lysts [8,10,11]. An integrated multi-step process from methane to
oxygenates and olefins has also been described by Lorkovic et al.
[11–14]. However, the first step of this process involves the radical
reactions between methane and bromine, limiting high selectivity
to CH3Br. As an improvement, Wang et al. [15–17] proposed a new
process: oxy-bromination of methane (OBM), in which molecular
O2 and a solution of HBr/H2O were employed instead of bromine for
the activation of methane. High selectivities to CH3Br were reported
over Ru- and Rh-based catalysts, even though the reactions were
claimed as radical reactions.

Due to the introduction of molecular O2 to the OBM system,
the reaction can provide versatile choices of intermediate prod-
ucts, such as equimolar CH3Br and CO. Previous reports proved that
carbonylation of methyl halides to acetic acid were practical, espe-
cially for CH3Br [15,16,18]. It has also been revealed that CH3Br
is the primary product while CH2Br2 and CO are the secondary
in the OBM system [15]. While the selective mono-bromination
of methane depends greatly upon electrophilic catalysts [8,9], the
parallel reactions between bromo-substitution (Eq. (1)) and CH3Br
oxidation (Eq. (2)) offer the advantage that simultaneous produc-
tion of CH3Br and CO can be achieved easily by suppressing Eq. (1).
Thus, it is feasible to provide equimolar CH3Br and CO as a potential

feedstock for the production of acetic acid (Eq. (3)), as the carbony-
lation reaction between CH3Br and CO produced acetic acid in very
high yield [16].

CH3Br + Br2 → CH2Br2 + HBr (1)

dx.doi.org/10.1016/j.cattod.2010.09.023
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:dyj@dicp.ac.cn
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Table 1
Physical properties of the synthesized catalysts and P1 for different reaction times.

Catalyst SBET (m2/g) Vtotal (ml/g) Average pore
size (nm)

P1 363 1.03 11.4
P1-100 290 0.99 13.6
P1-300 36 0.07 7.6
P2 303 0.83 11.0
R. Lin et al. / Catalysi

H3Br + O2 → HBr + CO + H2O (2)

H3Br + CO + H2O → CH3COOH + HBr (3)

Considering the high cost and limited resources of noble met-
ls, we have studied the OBM reaction over various silica-supported
on-noble metal oxide catalysts [19,20]. It was found that BaO/SiO2
howed high initial activity for the OBM reaction, but it deactivated
uickly due to serious leaching of active components under strong
cidic atmosphere [19]. Recently, we reported a highly efficient and
table silica-supported iron phosphate catalyst for the OBM reac-
ion [20]. The phase evolution processes of iron phosphates and
ossible active sites have been illustrated by combined spectro-
copic techniques, but the process conditions are not surveyed in
etails. Therefore, we report a thorough investigation on the effects
f preparation methods and reaction variables in this work. Besides,
he long-term stability experiments were carried out. Slight deac-
ivation occurred over the catalysts due to carbon deposition. The
ause of coke formation was attributed to the accumulation of
H2Br2 during the reaction.

. Experimental

.1. Catalyst preparation

Three different types of silica-supported FePO4 samples were
repared according to the methods described below. For the first
eries of samples, aqueous solutions of Fe(NO3)3 and NH4H2PO4
P/Fe = 1.0) were mixed thoroughly at room temperature. Then,
ilica-gels with different weights were subject to impregnating
ith the mixed solution, with the nominal FePO4 loading of 5, 10,

0, 30 wt.%. The derived slurries were then dried at 90 ◦C to evap-
rate the liquids, and finally calcined at 600 ◦C for 10 h to generate
he catalysts. Specifically, the derived sample with FePO4 loading
f 10 wt.% was denoted as P1.

For the second sample (denoted as P2), H3PO4 was used as the
recursor instead of NH4H2PO4, and the other procedures were the
ame as those of P1.

The preparation of the third sample is similar to the synthe-
is of bulk FePO4 by precipitation. Firstly, an aqueous solution of
.5 M Fe(NO3)3 was added to an ammonia solution at constant
tirring to generate FeOOH. The fresh slurry was heated slowly
o 90 ◦C in a water bath, and then an aqueous solution of 0.5 M
3PO4 was added. After the slurry was stirred for another 1 h, silica-
el was subject to impregnating with the slurry overnight. Finally,
he slurry was dried and activated as described above for P1. The
erived sample was denoted as P3 (P/Fe = 1.0, 10 wt.% loading).

For comparison, a sample of 10 wt.% Fe2O3/SiO2 was synthesized
y impregnation method. To be brief, an aqueous solution of 0.5 M
e(NO3)3 was impregnated with the silica-gel overnight. Then, it
as dried at 120 ◦C and finally calcined at 600 ◦C for 10 h.

.2. OBM reaction evaluation

The detailed evaluation methods of the OBM reaction have been
eported in previous publications. Briefly, a catalyst of 2.0 g was
oaded in the central part of a quartz-tube microreactor, with quartz
eads above the catalyst bed to provide a pre-heated zone for uni-
orm gas distribution. For each of the tests, the HBr/H2O solution
as introduced to the reactor by a syringe after the temperature
as above 500 ◦C. The sampling and analysis methods have been
escribed in an earlier report [19].
.3. Characterization of catalysts

The structural properties of the samples were determined by
2-adsorption–desorption method, using a physical adsorption
P3 309 0.58 11.0

Note: P1 treated in the OBM reaction after 100 h was denoted as P1-100, and the used
catalyst after regeneration and reaction for another 100 h was denoted as P1-300.

instrument (Quantachrome, USA). Specific surface area and pore
volume were determined by N2 adsorption at 77 K after samples
were pretreated at 350 ◦C under vacuum for 3 h.

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.
Hydrogen temperature-programmed reduction (H2-TPR) mea-

surements were carried out on a Micromeritics Autochem 2910
system equipped with a TCD detector. Ahead of each test, 100 mg of
each sample was loaded in a U-type tube. Then, it was heated from
room temperature to 800 ◦C in a flow of 10 vol.% H2/Ar (50 sccm)
at a ramp of 10 ◦C/min. Water produced during the reduction was
removed by a cooling trap.

Temperature-programmed oxidation (TPO) measurement was
carried out on a Micromeritics Autochem 2910 system equipped
with a mass detector. Ahead of the test, 100 mg of the coked sample
was loaded in a U-type tube. It was heated to 350 ◦C in a flow of He
at a ramp of 10 ◦C/min and then stabilized for another 2 h. After the
temperature of the sample returned to room temperature, it was
heated to 900 ◦C in a flow of 2 vol.% O2/He (30 sccm) at a ramp of
10 ◦C/min.

3. Results and discussion

3.1. Physicochemical properties of FePO4/SiO2 catalysts

3.1.1. Structural properties of FePO4/SiO2 catalysts
The structural properties of the fresh samples were investigated

by N2-adsorption and FTIR techniques. The physical properties of
corresponding samples are listed in Table 1. Obviously, P1 has
higher surface area and larger total mesopore volume than the
other two samples, and the average pore size is also a little larger for
P1. P2 and P3 show similar surface areas and average pore sizes, but
the mesopore volume of the latter is much smaller. The transmis-
sion IR spectra of the samples were also recorded, as presented in
Fig. 1. All the samples displayed the same absorptions at the broad
region between 400 and 1200 cm−1 that are the distinctive vibra-
tions of phosphate groups. The peak at 1638 cm−1 corresponds to
the vibrations of surface hydroxide [21]. The peaks at 1104 and
980 cm−1 could be assigned to the symmetric stretching vibra-
tions of PO3 groups [21]. The peaks at 809 and 467 cm−1 could be
attributed to the asymmetric stretching vibrations of P–O–P groups
and the bending vibrations of PO3 groups, respectively [21,22]. The
results from N2-adsorption and FTIR demonstrated that all the syn-
thesized samples had similar structural properties.

3.1.2. Redox abilities of FePO4/SiO2 catalysts
The redox abilities of the fresh samples were studied by H2-TPR

technique, and the results are shown in Fig. 2. For comparison, the

H2-TPR profile of Fe2O3/SiO2 was also presented in Fig. 2. P1 and
P2 showed similar reduction peaks around 482 ◦C which could be
assigned to the reduction from FePO4 to Fe2P2O7 [23]. The reduc-
tion profile of P3 is much more complicated, which showed two
relatively larger reduction peaks around 452 and 790 ◦C and a
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ig. 1. Infrared spectra of the synthesized catalysts and P1 for different reaction
imes.

maller reduction peak around 584 ◦C. Comparing the reduction
rofiles between P3 and Fe2O3/SiO2, one might speculate that the
erric components in P3 existed as a mixture of Fe2O3 and FePO4.
herefore, the first reduction peak in P3 could be a reflection of the
oreduction of Fe2O3 and FePO4.

.2. Catalytic performances of FePO4/SiO2 catalysts

Fig. 3 shows the time-on-stream performances of the OBM reac-
ion over different FePO4/SiO2 catalysts. In the initial stage, the
eactions over all the catalysts went through apparent induction
eriods. During the periods, the ratio of CH3Br:CO increased dra-
atically while the conversion of methane also showed a slight

ncrease, especially for the first 10 h. The conversions of methane
ver P1 and P2 are roughly the same (about 50%), but a little lower
ver P3. Besides, the ratios of CH3Br:CO over P1 and P2 are also very
lose (about 1.0), which are almost doubled as compared with the
alue over P3 after the reactions gradually became stable.
It should be noticed that no CO2 was produced over P1 and P2
n the initial stage of the reaction, whereas it was detected imme-
iately over P3. When the reaction time was prolonged, the CO2
electivity decreased gradually and finally dropped to zero. The H2-

Fig. 2. H2-TPR profiles of the synthesized catalysts and Fe2O3/SiO2.
Fig. 3. Performances of the OBM reaction over different synthesized catalysts. Reac-
tion conditions: T 570 ◦C, CH4 10 sccm, O2 5 sccm, 40 wt.% HBr/H2O 3.0 ml/h, catalyst
2.0 g. (�) CH4; (�) CH3Br + CO; (�) CH2Br2; (©) CO2.

TPR profile of P3 in Fig. 2 has suggested that Fe2O3 might be formed
in this sample. Actually, CO2 was also produced immediately in our
test when Fe2O3/SiO2 was used as the catalyst at similar OBM reac-
tion conditions. Thus, it is deduced that the production of CO2 over
P3 was resulted from the Fe2O3 species. Obviously, the Fe2O3 in P3
could be removed largely by HBr during the reaction, leading to the
decline of CO2 selectivity.

Generally, P1 and P2 showed similar OBM performances, but
there are some small differences between them. Firstly, the reac-
tivity of P1 showed a slight decline after 50 h while the reactivity of

P2 was relatively stable, as reflected on the conversions of methane.
Secondly, the total selectivity for CH3Br plus CO stayed above 95%
and the ratio of CH3Br:CO was close to 1.0 in the stable catalyst of
P1. However, the total selectivity for CH3Br plus CO and the ratio
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indicating the decline in redox abilities. The impacts of FePO4 load-
ing on the OBM performance might be attributed simply to two
aspects: the amount of active sites and redox abilities. The increase
in FePO4 loading would increase the amount of active sites on one
ig. 4. Effect of FePO4 loading on the OBM performance: (a) 5%, (b) 10%, (c) 20%, (d
atalyst 2.0 g. (�) CH4; (�) CH3Br + CO; (�) CH2Br2; (©) CO2.

f CH3Br:CO dropped gradually after 140 h for P2. Lastly, CO2 was
etected after about 100 h over P1, with the decline of CH2Br2 selec-
ivity. Similar trends occurred over P2 at approximately 150 h. Coke
eposition might be the cause of these changes in product distribu-
ion, as discussed later in Section 3.3. Obviously, the total selectivity
or CH3Br plus CO and the ratio of CH3Br:CO are relatively stable
ver P1. Since our aim products are equimolar CH3Br and CO, P1
as chosen for further investigation in the next part.

.3. Effects of FePO4 loading and reaction temperature

.3.1. Effect of FePO4 loading
Fig. 4 presents the 50 h time-on-stream performances of the

BM reaction over the FePO4/SiO2 catalysts with different FePO4
oadings. All the catalysts showed similar induction periods in the
rst 10 h. The induction period was even apparent when the load-

ng was below 20%. Obviously, the induction periods were much
horter for the catalysts with high loading. It is interesting to notice
hat both the conversion of methane and the ratio of CH3Br:CO
eached maxima over the catalyst with 10 wt.% FePO4 loading.

hen the loading was increased from 10% to 30%, the activity only
eclined slightly but the ratio of CH3Br:CO dropped rapidly from
.0 to 0.3. It has been revealed that CH3Br is the primary prod-
ct, while CH2Br2 and CO are the secondary in the OBM system
15]. Since both CH3Br and CO are the main products of all these
ests, the declined ratio of CH3Br:CO with increasing FePO4 load-

ng demonstrated that more CH3Br was oxidized to CO in relatively
igher loading.

Our previous report has revealed that the OBM reaction over
ron phosphates followed a redox path [20]. Thus, it is speculated
hat the catalytic performances of different catalysts might be influ-
. Reaction conditions: T 570 ◦C, CH4 10 sccm, O2 5 sccm, 40 wt.% HBr/H2O 3.0 ml/h,

enced by their redox abilities. Fig. 5 presents the H2-TPR profiles of
the FePO4/SiO2 catalysts with different FePO4 loadings. Each sam-
ple showed a reduction peak at 380–550 ◦C that could be assigned
to the reduction from FePO4 to Fe2P2O7 [23]. Besides, the summit
temperature of each reduction peak shifted gradually from 462 to
502 ◦C when the loading of FePO4 was increased from 5% to 30%,
Fig. 5. H2-TPR profiles of the synthesized catalysts with different loadings of FePO4.
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ig. 6. Effect of reaction temperature on the OBM performance over P1: (a) 530 ◦C;
b) 550 ◦C; (c) 570 ◦C. Reaction conditions: CH4 10 sccm, O2 5 sccm, 40 wt.% HBr/H2O
.0 ml/h, catalyst 2.0 g. (�) CH4; (�) CH3Br + CO; (�) CH2Br2; (�) CHBr3; (©) CO2.

and and weakened the redox abilities on the other hand, leading
o the maxima of methane conversion and the ratio of CH3Br:CO.

.3.2. Effect of reaction temperature
Fig. 6 shows the influence of reaction temperature on the OBM

erformances over P1. It is observed that the total selectivity for
H3Br plus CO and the ratio between them kept increasing when
he reaction temperature was increased from 530 to 570 ◦C. But the

ffect of reaction temperature on methane conversion was almost
egligible in the surveyed temperature range. Besides, the induc-
ion periods were not apparent at lower reaction temperatures. It
s worthy to notice that small quantity of CHBr3 was detected at
30 ◦C and the selectivity to CH2Br2 kept decreasing at elevated
y 164 (2011) 34–39

reaction temperatures. We have also investigated the reaction at
higher temperatures (T > 590 ◦C). In these cases, the selectivity to
CH2Br2 was even lower but the ratio of CH3Br:CO began to decline
and CO2 was produced immediately.

It is generally recognized that the OBM reaction was initiated by
the formation of bromine radicals [15]. Thermodynamic analysis on
the radical reactions between methane and bromine has revealed
that CH2Br2 formation become non-spontaneous above 450 ◦C [5].
Thus, the selectivity to CH2Br2 could be restricted by conducting the
OBM reaction at relatively higher reaction temperatures, as con-
firmed by our experiments. On the other hand, the poor product
distributions in lower reaction temperatures suggested that the
catalysts employed in the present system are not as selective as
electrophilic super-acid catalysts. However, equimolar CH3Br and
CO are attainable in the present catalytic system by manipulating
the reaction temperature.

3.4. Coke deposition

3.4.1. Regeneration of the used catalysts
In Section 3.2, the long-term stability experiment of P1 cata-

lyst was studied. The conversion of methane declined slightly after
50 h and the selectivity to CO2 increased gradually after 100 h.
These facts indicated that coke deposition might occur. To eluci-
date this point, the used catalyst was regenerated in situ in a flow
of 33.3 vol.% O2/N2 (15 sccm) at 570 ◦C overnight. The OBM reaction
was then re-conducted over this regenerated sample for another
100 h at the same reaction conditions. As we have expected, the
conversion of methane increased gradually in the first 20 h, indi-
cating the partial recovery of activity. Besides, a similar induction
period was observed, with the increase of both methane conver-
sion and the ratio of CH3Br:CO. Unfortunately, the conversion of
methane still showed a slight decline after a short induction period,
together with the increase of CO2 selectivity.

3.4.2. Structural analysis
In order to ascertain the structural properties of P1 during the

OBM reaction, the samples after different reaction times were also
investigated by N2-adsorption and FTIR techniques. The corre-
sponding physical properties of P1 for different reaction times are
presented in Table 1. It is obvious that the pore structure properties
between P1-100 and the fresh sample showed little differences. The
surface area was a little higher for the fresh sample. Surprisingly,
the surface area of P1-300 was only 36 m2/g, which reduced by one
magnitude as compared with that of the fresh sample. Serious coke
deposition might occur on the silica carrier, leading to the block of
mesopores and drastic reduction in surface areas. The transmission
IR spectra of P1 for different reaction times are also presented in
Fig. 1. It is observed that the spectra between P1-100 and the fresh
sample are very close, thus the functional groups in the fresh sam-
ple might be well-reserved after reacted for 100 h. However, the
spectrum of P1-300 is very different from that of the fresh sample.
The peaks at 1638 and 809 cm−1, corresponding to the vibrations
of surface OH and P–O–P groups, disappeared in this sample. It has
been reported that the P–O–P bridges may transform easily and
reversibly to surface hydroxyl groups through Eq. (4) [22]. By far,
the active sites for coke deposition could not be well assigned yet. It
is speculated that surface dehydration process would be facilitated
by serious coke deposition, resulting in the broken of the P–O–P
bridges.
P–O–P + H2O ↔ 2P–OH (4)

3.4.3. TPO
Fig. 7 shows the TPO profiles of P1-300. There was a huge O2 con-

sumption peak in the temperature range between 500 and 800 ◦C.
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Fig. 7. TPO-MS profiles of P1-300. Inset is the fitting of CO2 signal.

esides, CO and CO2 were detected simultaneously with the con-
umption of O2. The experiment confirmed further that the catalyst
uffered serious coke deposition. The CO2 signal could be fitted into
hree peaks and the summit temperatures of each peak were 576,
65 and 730 ◦C, respectively (inset in Fig. 7). Therefore, there should
e at least three different types of carbonaceous species deposit-

ng on P1-300. It was noticed that a weak signal of H2O was also
etected. The huge contrast in the mass signal intensity between
O2 and H2O indicated that the deposited carbonaceous species
ad a high ratio of C/H. In Section 3.3.1, CO2 was produced rapidly
n the regenerated catalyst. Since the regeneration temperature
f the used catalyst was only 570 ◦C, which was far lower than the
urning temperatures of the deposited cokes. Hence, the rapid pro-
uction of CO2 on the regenerated catalyst might be resulted from
artial removal of the depositing cokes.

.4.4. Insight into coke deposition
The textural analysis of P1 after different reaction times by N2-

dsorption has indicated that serious coke formation might block
p the mesopores in the silica carrier, leading to drastic decline in
urface areas. Hence, it is likely that cokes deposited on the pores
f silica during the reaction. It has been demonstrated that the sta-
le active components of iron phosphate catalysts comprised of
ear-equimolar �-Fe3(P2O7)2 and Fe2P2O7 [20]. The slight deacti-
ation of the iron phosphate catalysts during the reaction might be
elated to the broken of the P–O–P bridges in P2O7

2− groups. It was
bserved that the selectivity to CO2 increased simultaneously with
he decrease of CH2Br2 selectivity both on the fresh sample and
n the regenerated one, but the total selectivity for CH3Br plus CO
tayed relatively stable. Therefore, the formation of CO2 could be

eemed as an indication of coke deposition. The changes in product
istribution suggested that the deposited cokes might be resulted
rom the accumulation of CH2Br2. In an earlier literature, Lorkovic
t al. [11] found that adsorbed carbon and aromatics were signifi-
antly lower with pure CH3Br than a feed of mixed bromomethanes

[
[
[

[

y 164 (2011) 34–39 39

when condensed over CaO/zeolite composites. TPO experiments on
P1-300 have indicated that the depositing cokes had a high ratio of
C/H, which is in accord with the report by Lorkovic et al. [11].

4. Conclusions

Three different kinds of FePO4/SiO2 catalysts have been synthe-
sized and used for the oxy-bromination of methane reaction. All
these samples showed very stable performances. The influences of
FePO4 loading and reaction temperature on the catalytic perfor-
mance have been investigated. A maximum methane conversion
of about 50% and near-equimolar CH3Br and CO were achieved
over the FePO4/SiO2 catalyst with 10% loading at 570 ◦C. The low
temperature performance of the sample revealed that the catalytic
system was not selective, but the ratio between CH3Br and CO
could be adjusted easily by manipulating the reaction parameters.
Coke deposition occurred over the catalyst after a long running
period, with a slight decline in activity. Characterization results
from N2-adsorption, FTIR and TPO suggested that the accumula-
tion of CH2Br2 during the reaction could be the direct cause of
coke formation. These findings would be beneficial for the design
of iron phosphate catalysts with superior catalytic performance for
the OBM reaction.
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