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Abstract

Iron phosphate supported on MCM-41 has been studied for partial oxidation of methane with both oxygen and nitrous oxide. C
izations with XRD, Raman spectroscopy, XPS, and H2-TPR suggest that the supported iron phosphate species with loading amounts
than 40 wt% are located and dispersed in the mesopores of MCM-41. Such iron phosphate species can be reduced more read
unsupported iron phosphate at lower temperatures. Methane is selectively converted to methanol, formaldehyde, and dimethyl
the supported and the unsupported iron phosphate with nitrous oxide at milder temperatures (300–500◦C), while formaldehyde is mainly
produced along with carbon oxides with oxygen at relatively higher temperatures (400–600◦C). The supporting of iron phosphate on
MCM-41 with loading amounts of ca. 20–40 wt% increases both methane conversion and overall selectivity to useful oxygenates w
oxygen or nitrous oxide. Kinetic studies indicate that the activation of oxygen occurs rapidly, while the activation of nitrous oxide p
at a comparable rate with the conversion of methane by the active oxygen species over both the supported and the unsupported c
supported catalyst, however, enhances the activation of nitrous oxide and thus remarkably inhibits the carbon deposition occurrin
unsupported iron phosphate.
 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Partial oxidation of methane directly to useful oxygena
such as methanol and formaldehyde remains as a great
lenge in the new century. Although a large number of c
alysts and several novel processes have been reported
of them has satisfied the requirements for commercializa
[1–7].

One of the present authors has found that an iron p
phate (FePO4) catalyst shows high selectivity to useful ox
genates including CH3OH and HCHO during the partia
oxidation of CH4 with H2–O2 gas mixtures or N2O under
milder reaction temperatures (< 500◦C) [8–11]. FePO4 was
also a good catalyst for the formation of HCHO with O2
alone, although the oxidation of CH4 proceeded at relativel
higher temperatures [8]. It has been clarified that the tetr
drally coordinated iron site surrounded by phosphate gro
plays important roles in the selective oxidation of CH4 [12].

* Corresponding author.
E-mail address: yewang@jingxian.xmu.edu.cn (Y. Wang).
0021-9517/03/$ – see front matter 2003 Elsevier Science (USA). All rights r
doi:10.1016/S0021-9517(03)00077-0
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e

The reports by other two groups [13,14] also confirmed
importance of the coordination environments of iron in F
containing silica catalysts for partial oxidation of CH4.

Although FePO4 showed high selectivity to useful oxy
genates in partial oxidation of CH4 particularly with N2O,
the conversion of CH4 was still to be increased. Recent
McCormick and co-workers [15,16] found that the suppo
ing of FePO4 onto silica enhanced the conversion of C4
to HCHO with O2. Since MCM-41, one of the mesoporo
molecular sieves, possesses well-ordered mesoporous
nels with controllable pore sizes from 2 to 10 nm and la
surface areas, the active component may thus be tail
in the nano-order space of MCM-41. Many metal ion
metal oxide-containing MCM-41 materials have been u
as selective oxidation catalysts [17–21]. Vanadium ox
supported on MCM-41 prepared by an impregnation met
was reported to exhibit high activity for the partial oxidati
of CH4 to HCHO with O2 [18]. In the present paper, w
report the structural and catalytic properties of the FeP4

supported on MCM-41 for partial oxidation of CH4 with
both O2 and N2O. The catalytic properties and kinetic fe
eserved.

http://www.elsevier.com/locate/jcat
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tures of the supported catalysts are compared with tho
the unsupported FePO4 to elucidate the supporting effec
and gain insight into the reaction mechanism.

2. Experimental

2.1. Catalyst

FePO4 was prepared using the procedure descri
previously [8]. The aqueous solutions of Fe(NO3)3 and
NH4H2PO4 were mixed followed by evaporation at 70◦C
with continuous stirring. The resultant was calcined
550◦C for 6 h.

MCM-41 was prepared by hydrothermal synthesis
120◦C for 96 h using sodium silicate, and hexadecyltrime
ylammonium bromide as the sources of silicon and temp
respectively. The details of the procedures were describ
our previous papers [19,21]. After hydrothermal synthe
the resultant solid was washed with deionized water, d
at 40◦C in vacuum, and finally calcined at 550◦C for 6 h.

MCM-41 supported FePO4 catalysts were prepared by
impregnation method. A certain amount of MCM-41 w
immersed into the mixed aqueous solution of Fe(NO3)3 and
NH4H2PO4 (Fe/P= 1) and was allowed to stir for ca. 12 h
room temperature. The slurry was then dried at 70◦C with
continuous stirring. The dried powder was finally calcin
at 550◦C for 6 h.

2.2. Characterization

X-ray diffraction (XRD) measurements were perform
with a Rigaku D/Max-C X-ray diffractometer with Cu-Kα
radiation (40 kV, 40 mA). For determining the mesoporo
regularity of MCM-41, small divergent and scattering s
(0.05 mm) were selected to avoid a high background at
diffraction angles (2θ = 1–8◦).

N2 adsorption at 77 K was carried out with a TriStar 30
surface area and porosimetry analyzer (Micromeritics) to
amine the porous property and the surface area of each
ple. All the samples were pretreated at 300◦C for 3 h before
N2 adsorption. The pore diameter distribution was evalu
from the adsorption isotherm by the BJH method.

Raman spectroscopic measurements were carried
with a Renishaw UV–Vis Raman System 1000R. The
line at 325 nm from a Kimmon IK3201R-F He-Cd laser w
used as the exciting source to avoid the influence of s
ous fluorescence. A laser output of 30 mW was used an
maximum incident power at the sample was approxima
6 mW in each measurement.

X-ray photoelectron spectroscopy (XPS) was meas
with a Quantum 2000 Scanning ESCA Microprob equ
ment (Physical Electronics) using Al-Kα radiation. The
binding energy was calibrated using a C1s photoelec
peak at 284.6 eV as a reference. The surface compos
f

-

t

was determined from the peak areas and the sensitive fa
presented by Physical Electronics.

H2-temperature-programmed reduction (H2-TPR) was
performed using a flow system equipped with a ther
conductivity detector. Typically, 100 mg of sample was fi
pretreated in a quartz reactor with a gas flow containing2
and N2 at 550◦C for 1 h followed by purge with pure N2.
After cooling to 30◦C, a H2–Ar (5% H2) mixture was in-
troduced into the reactor and the temperature was rais
800◦C at a rate of 10◦C min−1.

2.3. Catalytic reaction

The catalytic reactions were carried out using a fix
bed reactor operated at atmospheric pressure. The ca
was pretreated in the quartz reactor (U-type, inner di
eter 4 mm) with a gas flow containing He (50 ml min−1)

and O2 (10 ml min−1) at 550◦C for 1 h followed by purge
with He (60 ml min−1) at the same temperature for 1 h b
fore reaction. The reaction was started by introducing the
flow of mixed He, CH4, and O2 or N2O to the reactor. The
products were analyzed by two on-line gas chromatogra
All the lines and valves between the exit of the reactor
the gas chromatographs were heated to 120◦C to prevent
the condensation of the products. A TSR-1 (10%/Flusin
column was used for the separation of CH3OH, HCHO,
and H2O in our previous studies [8–11], but recently,
found that CH3OCH3 could not be separated with HCH
on the same column. Thus, CH3OCH3 was not appropri
ately quantified in our previous work. The separation
CH3OH, HCHO, CH3OCH3, and H2O was easily achieve
with a Porapak T column in this work, and the format
of CH3OCH3 was confirmed by GC-MS. The separations
other components such as O2, CH4, CO, and CO2 were car-
ried out on two other columns, Porapak Q and Molecu
Sieve 5 A. The results after 1 h of reaction were typica
shown and used for discussion, unless otherwise stated

The conversion of CH4 and the selectivities to partial ox
idation products were evaluated on the basis of the am
(mol) of all the carbon-containing products formed and t
of the CH4 remaining in the effluent. In other words, CH4
conversion and product selectivity were calculated using
following equations,

CH4 conversion

= [([CH3OH] + [HCHO] + 2[CH3OCH3]
+ [CO] + [CO2]

)/([CH4] + [CH3OH] + [HCHO]
+ 2[CH3OCH3] + [CO] + [CO2]

)] × 100%

product selectivity

= [
n[product]/([CH3OH] + [HCHO] + 2[CH3OCH3]
+ [CO] + [CO2]

)] × 100%,

wheren = 1 for CH3OH, HCHO, CO, and CO2 andn = 2
for CH3OCH3.
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The relative error estimated for CH4 conversion and prod
uct selectivity was within±5%. Carbon balance was als
checked in some cases, and the values were better than

3. Results and discussion

3.1. Structural properties of supported iron phosphate

Table 1 shows the porous properties of MCM-41-s
ported FePO4 catalysts determined from N2-adsorption mea
surements at 77 K. The BET surface area and pore vol
were decreased with increasing loading amount of Fe4
up to ca. 40 wt%. Further increase in the loading amo
from 40 to 60 wt% did not significantly affect either th
surface area or the pore volume. The pore diameter d
bution evaluated by the BJH method is shown in Fig. 1. T

Table 1
Porous properties of MCM-41-supported FePO4 with different loading
amount

Sample Surface area Pore volume Pore diam
(m2 g−1) (cm3 g−1) (nm)

MCM-41 905 0.82 3.2
9 wt% FePO4/MCM-41 689 0.56 3.0
20 wt% FePO4/MCM-41 556 0.46 2.9
40 wt% FePO4/MCM-41 310 0.19 2.7
60 wt% FePO4/MCM-41 304 0.25 2.8
FePO4 3.0 – –

Fig. 1. Pore diameter distributions. (a) MCM-41, (b) 9 wt% FePO4/

MCM-41, (c) 20 wt% FePO4/MCM-41, (d) 40 wt% FePO4/MCM-41,
(e) 60 wt% FePO4/MCM-41.
.

Fig. 2. XRD patterns at low diffraction angles. (a) MCM-41, (b) 9 w
FePO4/MCM-41, (c) 20 wt% FePO4/MCM-41, (d) 40 wt% FePO4/

MCM-41, (e) 60 wt% FePO4/MCM-41.

pore diameter changed in a manner similar to that for
face area and pore volume, decreasing as the loading am
of FePO4 increased up to ca. 40 wt% and keeping alm
unchanged with a further increase in the loading amo
Such a tendency probably suggests that the FePO4 with a
maximum loading amount of ca. 40 wt% may be incorp
rated into the mesopores of MCM-41. It should be noted
FePO4 itself exhibited a very low surface area of 3.0 m2/g.

XRD results at low diffraction angles (2θ = 1–8◦) in
Fig. 2 show that MCM-41 exhibits four diffraction line
indexed to its typical hexagonal regularity of mesopor
channel. The supporting of FePO4 onto MCM-41 decrease
the intensity of these lines. The decrease became muc
table when the loading amount reached 40 wt%, but
hexagonal regularity was still observable even for the sam
with 40 wt% of FePO4. The decrease in peak intensity ind
cated the deorganization at long range of the mesopo
structure. Although the collapse of mesopores could b
reason, we think that the incorporation of FePO4 species
into the mesopores may also result in the irregularity at l
range and thus cause the drop in the intensity of XRD pe
No definite tendency in the shift of peak position was
served with changing the loading amount of FePO4 as shown
in Fig. 2. We speculate that this may arise from the fact
the wall of MCM-41 is amorphous and not very rigid, a
thus the wall thickness may be slightly varied during the
pregnation process.
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Fig. 3. XRD patterns at high diffraction angles. (a) MCM-41, (b) 9 w
FePO4/MCM-41, (c) 20 wt% FePO4/MCM-41, (d) 40 wt% FePO4/

MCM-41, (e) 60 wt% FePO4/MCM-41, (f) FePO4.

XRD patterns at high diffraction angles (2θ = 10–80◦)
are shown in Fig. 3. The unsupported FePO4 (curve f) was
composed of mainly a quartz-like phase as well as a s
amount of a tridymite-like phase (three lines at 2θ = 20.2,
21.1, and 22.7◦ are assigned to the tridymite-like pha
but that at 2θ = 20.2◦ can also be from the (100) index
the quartz-like phase). Recently, using in situ XRD/EXAF
Beale and Sankar [22] revealed that the tridymite-like ph
was firstly formed from ca. 100◦C during the heating o
the precursor of FePO4 prepared by a hydrothermal synth
sis method, and the tridymite-like phase was transform
to the quartz-like phase above ca. 500◦C. We have also
checked the change of XRD pattern of FePO4 with the calci-
nation temperature in our case. After calcination at 450◦C,
the strongest line of the quartz-like phase (2θ = 25.8◦) did
not appear and only weak diffraction lines at 2θ = 20.5 and
22.5◦ assignable to the tridymite-like phase (the former
can also be assigned to the (100) index of the quartz
phase) were observed. Most peaks of the quartz-like p
became observable after the calcination at 550◦C, and the
intensity of these peaks increased remarkably with the c
nation temperature.

As shown in Fig. 3, for the MCM-41-supported FeP4
samples, any crystalline phase of FePO4 did not appea
when the loading amount was lower than 40 wt%. T
weak lines at 20.5 and 22.0◦ assignable to the tridymite
like phase (the former one can also be assigned to the (
index of the quartz-like phase) became observable for
sample with a loading amount of 40 wt% (curve d). The
)

tensity of diffraction lines increased largely and three pe
at 20.2, 21.2, and 22.5◦ appeared as the loading amou
rose to 60 wt% (curve e). However, the strongest line of
quartz-like phase at 25.8◦ was still not observed, although a
these supported samples were calcined at 550◦C. It is inter-
esting to note that McCormick and co-workers [15] fou
the easy formation of the quartz-like phase of FePO4 on
a silica support even with only 5 wt% loading. These
sults allow us to consider that most of the FePO4 species
with loading amounts of lower than 40 wt% are probably
cated inside the mesopores, dispersing on the wall su
of MCM-41 or forming small clusters which are hard to
detected by XRD. As the loading amount arrived at or
ceeded 40 wt%, the clusters began to aggregate outsid
mesopores to form a small crystalline tridymite-like FeP4
phase or a mixed phase containing both the tridymite-
FePO4 and the quartz-like one with its (100) face predom
nantly exposed.

Fig. 4 shows the Raman spectra of the supported an
unsupported FePO4. FePO4 exhibited two intense Rama
bands at 1017 and 1075 cm−1 along with weak bands a
400–700 and 1182 cm−1. It is generally accepted that th
stretching and bending vibrations of phosphate groups o
at 1000–1200 and 400–700 cm−1, respectively [23]. How-
ever, we recently found that the tetrahedrally coordina
iron in the framework of ferrisilicate with an MFI structu
and MCM-41 also exhibited Raman bands at 1000–1200
400–700 cm−1 if the UV laser of 325 nm was used as t
exciting source. With a visible laser of 514 nm as the

Fig. 4. Laser Raman spectra. (a) MCM-41, (b) 9 wt% FePO4/MCM-41,
(c) 20 wt% FePO4/MCM-41, (d) 40 wt% FePO4/MCM-41, (e) 60 wt%
FePO4/MCM-41, (f) FePO4.
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citing source, almost no Raman band was observed fo
ferrisilicate or Fe-MCM-41, but a band at 1014 cm−1 ap-
peared distinctly for FePO4. Thus, we tentatively sugge
that the intense bands at 1017 and 1075 cm−1 observed for
FePO4 with the UV laser as the exciting source might ar
from the phosphate groups and the tetrahedrally coordin
iron sites, respectively. The latter one was enhanced by u
UV laser as the exciting source and may thus be the UV
onance Raman band. The two bands were still observ
for the MCM-41-supported FePO4 samples, but they becam
broad and overlapped. It is noticeable that the two bands
came sharp and well separated when the loading amou
FePO4 increased to 60 wt%. These results suggest tha
local structure for the FePO4 species dispersed inside t
mesopores of MCM-41 is probably similar to that for t
bulk FePO4, although the former do not have regularity
long ranges. The broadening of the Raman peaks may b
lated to the high dispersion or the small size of the FeP4
species inside the mesopores.

Fig. 5 shows the Fe 2p, P 2p, and O 1s XPS spectra
the unsupported and supported FePO4 samples. The binding
energies of Fe 2p3/2, P 2p, O 1s, and Si 2p and the atom
ratios of Fe/P and Fe/Si of each sample are summarized
Table 2. The binding energy of P 2p for the samples w
loading amounts of 9 and 40 wt% shifted to higher a po
tion as compared with that for the unsupported FePO4. The
binding energy of Fe 2p3/2 for the sample with a loadin
amount of 9 wt% was relatively lower as shown in Table
However, the ratio of signal to noise in this case was too
to give a precise value of peak position. The reason for
shift in the binding energy of P 2p is not clear at this mome
The binding energy of O 1s for all the supported samp
was remarkably larger than that for the unsupported one
was almost the same as that for MCM-41. It can be s
from Fig. 5 that the O 1s spectra for the samples with lo
ing amounts of 40 and 60 wt% are slightly asymmetric a
can be separated into two components (dashed line), i.e.
smaller component with the maximum similar to that for
unsupported FePO4 and one larger component with the pe
resembling that for the support. The lower Fe/P ratio ob-
served for the unsupported FePO4 indicated the surface en
richment in phosphorus. The Fe/P ratios examined by XP
for the supported samples became higher and closer to
suggesting that the loading of FePO4 to MCM-41 could re-
duce the surface enrichment in phosphorus. The value
the Fe/Si ratio for the supported samples were remarka
lower than those expected from the calculation based on
loading amount, e.g., 0.029 observed from XPS versus
as expected for the 40 wt% FePO4/MCM-41. Such a large
discrepancy and the similarity of O 1s binding energy of
supported samples to that of MCM-41 may further supp
that most of the FePO4 species are incorporated inside t
mesopores of MCM-41.

Fig. 6 shows H2-TPR profiles for the MCM-41 supporte
and the unsupported FePO4. The unsupported FePO4 ex-
hibited one asymmetric reduction peak with the maxim
f

-

e

,

f

Fig. 5. XPS spectra of Fe 2p, P 2p, and O 1s. (a) 9 wt% FePO4/MCM-41,
(b) 40 wt% FePO4/MCM-41, (c) 60 wt% FePO4/MCM-41, (d) FePO4.
The dashed lines represent the peak separation results.

at 672◦C. It should be noted that almost the same p
position was observed when a smaller amount (20 mg
the unsupported FePO4 sample was used in the same e
periment. This suggests that the peak position canno
shifted significantly only by varying the amount of reducib
species in our case. The quantification indicated that
peak corresponded to almost the complete reduction o
bulk FePO4 to Fe2P2O7. Since the FePO4 used here con
sists of a small proportion of a tridymite-like phase in a
dition to the main quartz-like phase as indicated in Fig
we speculate that the asymmetric peak may result from
reduction of the tridymite-like phase at the first stage
then the reduction of the quartz-like phase at the sec
stage. Actually, the shift of peak temperature from 645
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Table 2
XPS results obtained for the MCM-41-supported iron phosphate catalysts

Sample Binding energy (eV) Fe/P atomic ratio Fe/Si atomic ratio

Fe 2p 3/2 P 2p O 1s Si 2p

MCM-41 – – 532.5 103.5 – –
9 wt% FePO4/MCM-41 710.5 133.9 532.5 103.3 1.16 0.016
40 wt% FePO4/MCM-41 711.4 133.8 532.6 103.5 0.80 0.029
60 wt% FePO4/MCM-41 711.3 133.1 532.5 103.3 0.81 0.050
FePO4 711.4 133.1 530.9 – 0.59 –
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Fig. 6. H2-TPR profiles. (a) 9 wt% FePO4/MCM-41, (b) 20 wt% FePO4/

MCM-41, (c) 40 wt% FePO4/MCM-41, (d) 60 wt% FePO4/MCM-41,
(e) FePO4.

706◦C was observed when the calcination temperature
FePO4 was increased from 450 to 700◦C. This is consis-
tent with our speculation because the tridymite-like ph
was formed at relatively low temperatures and was g
ually transformed to the quartz-like phase at> 500◦C as
described above. It can be seen from Fig. 6 that the re
tion of the FePO4 species supported on MCM-41 occurs
remarkably lower temperatures as compared with the
FePO4. The main reduction peak for the samples with lo
ing amounts of 9–40 wt% located at 523–540◦C, and the
area of this peak increased with increased loading amo
of FePO4. Two shoulder peaks at 594 and 630◦C were ob-
served for the sample with a loading amount of 40 wt%. T
peaks at 611 and 664◦C were mainly observed for the sam
ple with a loading amount of 60 wt%. Therefore, FeP4
species with different structures or locations exhibited
ferent redox properties. Combining with the XRD patte
shown in Fig. 3, the results obtained here strongly sug
-

that the highly dispersed FePO4 species, which cannot b
detected by XRD and are possibly located inside the m
pores of MCM-41, are reduced at the lowest temperat
The reduction of such species could start from temperat
of ca. 400◦C and arrive at a maximum at 520–540◦C. On
the other hand, the reduction with maxima at ca. 600◦C and
temperatures higher than 650◦C may arise from the reduc
tion of the crystalline FePO4 phases, i.e., the tridymite-lik
and the quartz-like phases, respectively.

3.2. Catalytic properties of supported iron phosphates
in the partial oxidation of methane with oxygen

To make good comparisons between the unsupported
the supported catalysts, we fixed catalyst weight (W = 0.5 g
for FePO4 and 0.2 g for the supported samples), total fl
rate (F = 60 ml min−1), and partial pressures of reacta
(P(CH4) = 33.8 kPa, P(O2) = 16.9 kPa, orP(N2O) =
33.8 kPa) in most of our experiments. The temperature
gions investigated were 400–600 and 300–500◦C in the
cases of using O2 and N2O, respectively. These condition
could give reasonably good selectivities to partial oxida
products, and no reaction occurred without catalyst un
these conditions.

Table 3 compares the catalytic properties of the suppo
FePO4 samples with the unsupported sample in the pa
oxidation of CH4 with O2 at 500 and 550◦C. HCHO was
the only partial oxidation product in this case. MCM-41
self also exhibited some activity for the oxidation of C4
with O2, although CH4 conversion was low. The suppo
ing of FePO4 to MCM-41 increased CH4 conversion, and
all the supported catalysts except for the one with the l
est loading amount (9 wt%) showed higher CH4 conversion
than the unsupported FePO4; the conversion of CH4 over the
40 wt% FePO4/MCM-41 increased to ca. 1.7 times high
than the unsupported FePO4 at 550◦C, although a lesse
amount (0.2 g) of the supported catalyst was used in the r
tion. More interestingly, not only the conversion of CH4 but
the selectivity to HCHO was also improved over the s
ported catalysts. The samples with loading amounts o
and 40 wt% showed remarkably higher HCHO selectiv
than either the unsupported FePO4 or MCM-41 at both tem-
peratures. The space time yield of HCHO over the 40 w
FePO4/MCM-41 was 2.0 mol h−1 kg−1

cat under the condi
tions shown in Table 3 (550◦C) and could be raised t
8.9 mol h−1 kg−1

cat when the following conditions were use
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Table 3
MCM-41-supported iron phosphate catalysts for partial oxidation
methane using oxygen

Catalyst T (◦C) CH4 HCHO HCHO yield
conversion selectivity (%)

(%) (%)

MCM-41 500 0.21 42.4 0.09
550 0.60 41.9 0.25

9 wt% FePO4/ 500 0.30 58.2 0.17
MCM-41

550 0.88 37.7 0.33
20 wt% FePO4/ 500 0.41 79.2 0.33

MCM-41
550 0.99 58.1 0.58

40 wt% FePO4/ 500 0.40 79.3 0.32
MCM-41

550 1.53 48.0 0.73
60 wt% FePO4/ 500 0.69 66.2 0.46

MCM-41
550 1.96 39.9 0.78

FePO4 500 0.32 46.2 0.15
550 0.91 39.7 0.36

Reaction conditions:P (CH4) = 33.8 kPa; P (O2) = 16.9 kPa; catalyst,
0.20 g for supported catalysts and 0.5 g for FePO4; total flow rate,
60 ml min−1.

Fig. 7. HCHO selectivity versus CH4 conversion with O2. (P) MCM-41,
(1) 9 wt% FePO4/MCM-41, (") 20 wt% FePO4/MCM-41, (Q) 40 wt%
FePO4/MCM-41, (!) 60 wt% FePO4/MCM-41, (2) FePO4. Con-
ditions: W = 0.20 g (for supported catalysts) and 0.50 g (
FePO4), F = 60 ml/min, P (CH4) = 33.8 kPa, P (O2) = 16.9 kPa,
T = 400–600◦C.

W = 0.1 g, T = 600◦C, P(CH4) = P(O2) = 50.5 kPa,
F = 120 ml min−1.

The selectivity to HCHO versus CH4 conversion for the
results at different temperatures (400–600◦C) is plotted in
Fig. 7. All the supported catalysts exhibited higher HCH
selectivity than the unsupported FePO4 and MCM-41 at the
same CH4 conversion level except for the sample with loa
ing amounts of 9 wt%, over which HCHO selectivity d
creased sharply at CH4 conversions higher than 1%. The
results suggest that the FePO4 species dispersed in the mes
pores of MCM-41 possess noticeable advantages ove
bulk FePO4 for the selective oxidation of CH4 to HCHO
with O2.

3.3. Catalytic properties of supported iron phosphates
in the partial oxidation of methane with nitrous oxide

The oxidation of CH4 with N2O proceeded at remark
ably lower temperatures than that with O2. Table 4 shows
the catalytic results of the MCM-41-supported FePO4 sam-
ples along with MCM-41 and FePO4 at 400 and 450◦C.
HCHO was still the only partial oxidation product ov
MCM-41 with N2O. Consistent with the previous repor
[9,10], CH3OH and HCHO were produced with high sele
tivities over the unsupported FePO4, but CH3OCH3 had not
been appropriately quantified in those papers. As show
Table 4, CH3OCH3 was formed with a selectivity of 34.5%
at 400◦C over FePO4. By taking into account the CH3OCH3
formed, the selectivity to oxygenates including CH3OH,
HCHO, and CH3OCH3 (selectivity to oxygenates means t
sum of the selectivities to CH3OH, HCHO, and CH3OCH3
hereafter) reaches 93.4% with CH4 conversion of 0.87%
at 400◦C. The selectivity to CH3OH and CH3OCH3 de-
creased but that to HCHO increased after the suppo
of FePO4 to MCM-41. As compared with the unsupport
FePO4, the supported sample with loading amounts
40 wt% exhibited both higher CH4 conversion and highe
selectivity to oxygenates. Since the activity of MCM-41 w
very low and negligible under the conditions in Table
the catalytic performance of the supported catalysts
mainly due to the contribution of FePO4 species. We thu
also provided the rate of oxygenate formation, i.e., the s
of CH3OH, HCHO, and CH3OCH3 formation rates, base
on the amount of FePO4 species (per gram of FePO4) ex-
isting in each catalyst in Table 4. The comparison in suc
way showed that the rates of oxygenate formation over
catalysts with loading amounts of 9 and 20 wt% were sim
at both temperatures and were better than those over th
alysts with higher loading amounts. The unsupported Fe4
showed the poorest rate of oxygenate formation based o
amount (per gram) of FePO4. We speculate that the larg
rate of oxygenate formation over the sample with low
loading amount results from the higher dispersion of FeP4
species inside the mesopores of MCM-41.

Fig. 8 shows the selectivity to oxygenates as a functio
CH4 conversion at 300–500◦C with N2O. It can be seen tha
as compared with the unsupported FePO4, the supported cat
alysts with loading amounts of 20 and 40 wt% could exh
higher selectivity to oxygenates at the same CH4 conversion
level and such a tendency could be sustained in the w
range of CH4 conversion investigated over the catalyst w
a loading amount of 40 wt%. Selectivity to oxygenates
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n

Table 4
MCM-41-supported iron phosphate catalysts for partial oxidation of methane using nitrous oxide

Catalyst T N2O conversion CH4 conversion Selectivity (%) Oxyg. yield Rate of oxyg. formatio
(◦C) (%) (%) (%) (mmol h−1 g-FePO4

−1)CH3OH HCHO CH3OCH3 Sum of oxyg.a

MCM-41 400 0.70 0.05 0 78.2 0 78.2 0.04 −
450 1.30 0.11 0 66.1 0 66.1 0.07 −

9 wt% FePO4/ 400 0.80 0.30 15.0 60.9 13.3 89.2 0.27 8.0
MCM-41 450 3.20 1.15 15.1 57.5 11.4 83.9 0.97 28.9

20 wt% FePO4/ 400 1.43 0.84 23.6 46.7 25.2 95.4 0.80 10.7
MCM-41 450 6.10 2.38 20.5 47.5 13.4 81.4 1.94 26.0

40 wt% FePO4/ 400 1.80 0.98 23.7 48.2 24.7 96.6 0.95 6.4
MCM-41 450 7.10 3.01 17.3 50.7 14.1 82.1 2.47 16.5

60 wt% FePO4/ 400 2.50 0.88 20.2 47.4 20.3 87.8 0.77 3.4
MCM-41 450 10.9 3.38 15.8 34.4 7.6 57.7 1.95 8.7

FePO4 400 2.40 0.87 35.3 23.5 34.5 93.4 0.81 0.9
450 8.10 2.01 32.9 24.9 19.3 77.1 1.55 1.7

Reaction conditions:P (CH4) = P (N2O) = 33.8 kPa; catalyst, 0.2 g for supported catalysts and 0.5 g for FePO4; total flow rate, 60 ml min−1.
a Oxyg. denotes oxygenates.
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Fig. 8. Overall selectivity to oxygenates versus CH4 conversion with N2O.
(P) MCM-41, (") 9 wt% FePO4/MCM-41, (!) 20 wt% FePO4/MCM-41,
(Q) 40 wt% FePO4/MCM-41, (1) 60 wt% FePO4/MCM-41, (2) FePO4.
Conditions: W = 0.20 g (for supported catalysts) and 0.50 g (
FePO4), F = 60 ml/min, P (CH4) = 33.8 kPa, P (N2O) = 33.8 kPa,
T = 300–500◦C.

ca. 50% remained at a CH4 conversion of ca. 7% over th
catalyst at 500◦C, and the space time yield of the oxygena
was 9.5 mol h−1 kg−1

cat under the same conditions.

3.4. Stability of catalytic performances

Both the supported and the unsupported catalysts
stable during the partial oxidation of CH4 with O2. No sig-
Fig. 9. CH4 conversion and overall selectivity to oxygenates versus tim
stream with N2O over FePO4 and the 40 wt% FePO4/MCM-41. A 40 wt%
FePO4/MCM-41: (2) CH4 conversion, (") overall selectivity to oxy-
genates. FePO4: (1) CH4 conversion, (!) overall selectivity to oxygenates
Conditions:W = 0.20 g (40 wt% FePO4/MCM-41) and 0.25 g (FePO4),
F = 60 ml/min, T = 400◦C, P (CH4) = 33.8 kPa,P (N2O) = 33.8 kPa.

nificant changes in CH4 conversion and HCHO selectivit
were observed under the reaction conditions used in Ta
or Fig. 7. However, when N2O was used as the oxidan
the catalytic performance dropped with increasing time
stream. Fig. 9 shows that, over FePO4, CH4 conversion de
creases gradually from 0.78 to 0.20%, and the selectivit
oxygenates decreases from 92 to 66% after 7.5 h of r
tion under the conditions shown in the figure. The colo
the catalyst was changed from yellowish white to black
ter the reaction, strongly indicating the occurrence of car
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deposition. On the other hand, the catalytic performan
were not significantly decreased with increasing time
stream over the FePO4/MCM-41; CH4 conversion change
from 0.92 to 0.81% and the selectivity to oxygenates v
ied from 96 to 94% after 17 h of reaction over the 40 w
FePO4/MCM-41 under similar reaction conditions. No ca
bon deposition was observed over this supported cat
after reaction.

3.5. Kinetic features over the supported iron phosphate
catalyst

3.5.1. Partial oxidation of CH4 with O2

In the previous paper [8], it has been clarified that HCH
was the primary product and the consecutive oxidation
HCHO gave carbon oxides (COx ) during the oxidation of
CH4 with O2 over FePO4. Investigations of the effect of th
contact time on the product distributions for the oxidat
of CH4 with O2 over the 40 wt% FePO4/MCM-41 provided
the same conclusion.

Further kinetic studies with this supported catalyst
vealed that the rate of CH4 conversion was almost un
changed with changing O2 partial pressure from 5 to 70 kP
at a constant CH4 partial pressure (33.8 kPa), but increas
proportionally to CH4 partial pressure (0–84 kPa) at a co
stant O2 partial pressure (16.9 kPa). Therefore, the rate
CH4 conversion could be expressed with Eq. (1) in the p
sure ranges investigated in this study, wherek is the rate
constant,

(1)r(CH4) = kP (CH4).

The results described here are similar to those obta
for FePO4 reported previously [8]. Such a kinetic equati
strongly suggests a redox mechanism, i.e., CH4 is activated
and converted by the lattice oxygen of the surface, and
partially reduced surface is recovered by O2 in the next step
The replenishment of the surface oxygen by O2 proceeds
very rapidly, and thus the rate is controlled by the activa
and the conversion of CH4 with the oxygen species.

3.5.2. Partial oxidation of CH4 with N2O
Fig. 10 shows the product distribution as a function

the contact time for the oxidation of CH4 with N2O over
the 40 wt% FePO4/MCM-41 at 375◦C. The decrease in th
contact time from 0.4 to 0.1 s g ml−1 did not significantly
change the selectivities to CH3OH, HCHO, and CH3OCH3.
A further decrease in the contact time to 0.05 s g ml−1 only
slightly increased the selectivity to CH3OH and decrease
that to HCHO, and the change for CH3OCH3 was unno-
ticeable. It is generally regarded that HCHO and CH3OCH3
could be formed from the oxidation and the dehydration
CH3OH, respectively. However, the result shown in Fig.
tends to suggest that these oxygenates may be formed in
allel from the intermediates such as CH3 and CH3O species
adsorbed on the surface.
r-

Fig. 10. CH4 conversion and product selectivities for CH4 oxidation with
N2O as a function ofW/F over the 40 wt% FePO4/MCM-41 cata-
lyst. (2) CH4 conversion, (e) CH3OH selectivity, (P) HCHO selectiv-
ity, (E) CH3OCH3 selectivity, (1) total oxygenates selectivity, (!) COx

selectivity. Conditions:W = 0.20 g, T = 375◦C, P (CH4) = 33.8 kPa,
P (N2O) = 33.8 kPa.

Fig. 11. Effect of the partial pressure of N2O on CH4 conversion rate
and product selectivities over the 40 wt% FePO4/MCM-41 catalyst.
(") CH4 conversion rate, (e) CH3OH selectivity, (P) HCHO selectiv-
ity, (E) CH3OCH3 selectivity, (1) total oxygenates selectivity, (!) COx

selectivity. Conditions:W = 0.20 g, T = 375◦C, F = 60 ml/min,
P (CH4) = 33.8 kPa.

Figs. 11 and 12 show the effects of N2O and CH4 partial
pressures on CH4 conversion rate and product selectiviti
over the 40 wt% FePO4/MCM-41 at 375◦C. Different from
the results observed in the case of using O2, the rate of CH4
conversion depended on the partial pressures of both4
and N2O with reaction orders between 0 and 1.
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Fig. 12. Effect of the partial pressure of CH4 on CH4 conversion rate
and product selectivities over the 40 wt% FePO4/MCM-41 catalyst.
(") CH4 conversion rate, (e) CH3OH selectivity, (P) HCHO selectiv-
ity, (E) CH3OCH3 selectivity, (1) total oxygenates selectivity, (!) COx

selectivity. Conditions:W = 0.20 g, T = 375◦C, F = 60 ml/min,
P (N2O) = 33.8 kPa.

From Fig. 12, it is seen that the selectivity to HCH
is increased and those to CH3OH and CH3OCH3 are de-
creased with decreasing the partial pressure of CH4 at a con-
stant N2O pressure. In other words, higherP(N2O)/P (CH4)
leads to higher HCHO selectivity and lower CH3OH and
CH3OCH3 selectivities. Slight decreases in the selectivi
to CH3OH and CH3OCH3 were also observed as the part
pressure of N2O was increased at a constant CH4 pressure
in Fig. 11. Simultaneously, the selectivity to HCHO w
slightly increased, but such an increase was not noticea

These kinetic features allow us to assume that Eqs
and (3) may proceed with comparable rates. In other wo
neither the activation of N2O nor the conversion of CH4
would proceed overwhelmingly faster than the other:

(2)N2O+ Fe∗ → N2 + Fe–O∗(a),
(3)CH4 + Fe–O∗(a) → CH3(a) + OH(a) + Fe∗.

The Fe∗ and Fe–O∗(a) in these equations represent the ac
site and the active oxygen species. By steady-state ap
imation for the surface concentration of the Fe–O∗(a), the
rate of CH4 conversion can be deduced as follows:

(4)r(CH4) = k2P(CH4)
Nk1P(N2O)

k1P(N2O) + k2P(CH4)
,

whereN denotes the total concentration of the active si
andk1 andk2 are the rate constants of Eqs. (2) and (3),
spectively.

Eq. (4) has been fitted by plotting 1/r(CH4) versus 1/
P (N2O) at a constant pressure of CH4 and versus 1/P (CH4)
at a constant pressure of N2O, respectively. Good straigh
lines have been obtained in both plots over either the 40
-

FePO4/MCM-41 or FePO4, supporting that the assumptio
described above is reasonable. Further calculations prov
us the ratio ofk1/k2; the values at 375◦C for the 40 wt%
FePO4/MCM-41 and FePO4 were 2.0 and 1.0, respective
This result suggests that the activation of N2O over the
supported catalyst proceeds relatively faster than that
FePO4 if we assume that the same oxygen species acco
for CH4 conversion in both cases. This probably explains
result that the selectivity to HCHO is remarkably higher o
the supported catalysts than that over FePO4 under similar
reaction conditions. Moreover, this may also be the rea
why carbon deposition occurs over FePO4 but does not take
place over the supported catalyst.

3.6. Supporting effects and structure-property relationships

As described above, the characterizations with N2 ad-
sorption, XRD, and XPS studies tend to suggest that
FePO4 species over the supported catalysts with load
amounts lower than 40 wt% are probably located ins
the mesopores of MCM-41, dispersing on the wall surf
or forming possibly nano-order small clusters. As load
amount reaches or exceeds 40 wt%, the clusters beg
aggregate outside the mesopores to form small crysta
particles which are mainly composed of the tridymite-l
phase of FePO4. On the other hand, the unsupported FeP4
mainly contains a quartz-like phase. It is known that
local structure is the same for the tridymite-like and
quartz-like phases; i.e., iron in both cases is in tetrahe
coordination and the tetrahedrally coordinated iron sites
isolated from each other by phosphate groups [22]. Ra
spectroscopic studies suggest that the local structure of
in the FePO4 species inside the mesopores of MCM-41 a
resembles that in the unsupported FePO4.

However, the redox properties of the FePO4 species in-
side the mesopores are different from those of the tridym
like and the quartz-like crystalline phases. The suppo
FePO4 species could be reduced at remarkably lower t
peratures as compared with the crystalline phases.
arises probably from the high dispersion of the suppo
species on the wall surface of MCM-41 or from their sm
sizes because of the limit of the mesopores. The higher F/P
ratio (0.80–1.16, approaching the stoichiometric ratio)
the “surface” of the supported FePO4 species as compare
with that (0.59) on the surface of the bulk FePO4 may also
contribute to changes in their redox properties.

The results from the catalytic reactions show that, with
ther O2 or N2O, the supported samples with loading amou
of 20–40 wt% exhibit both higher activity and higher sel
tivity to oxygenates than the unsupported FePO4. Further-
more, if the comparison is made on the basis of the am
of FePO4 species (per gram of FePO4), the catalyst with
lower loading amount, viz. 9 or 20 wt%, exhibits higher ra
of oxygenate formation during the oxidation of CH4 with
N2O as shown in Table 4. These results strongly sugges
the highly dispersed FePO4 species inside the mesopores
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MCM-41 are more effective in the conversion of CH4 to use-
ful oxygenates than the bulk FePO4.

The kinetic studies indicate that the conversion of C4
to HCHO with O2 proceeds through a redox mechani
over the supported FePO4, which is similar to that propose
for the unsupported FePO4. The easy reduction at relative
lower temperatures for the supported FePO4 species may en
hance the redox process during the conversion of CH4 to
HCHO with O2, and thus increases the conversion of C4
to HCHO.

As for the conversion of CH4 with N2O, the analyses o
the kinetic data suggest that the activation of N2O proceeds
at a comparable rate with the conversion of CH4 over the
supported FePO4 catalyst. This was also the case for the
actions with N2O over the unsupported FePO4. However, the
activation of N2O to active oxygen species becomes re
tively faster over the supported catalyst. This increases
proportion of HCHO among oxygenates produced over
supported catalyst. More importantly, the carbon deposi
is effectively suppressed over the supported catalyst. The
hancing effect for the activation of N2O due to supporting
may also be caused by the ready reduction of the Fe4
species over the supported catalyst because N2O must be re-
ductively activated by accepting an electron to forming2
and active oxygen species such as O− on Fe2+ sites as pro-
posed in the previous study [11].

4. Conclusions

The iron phosphate species are probably located in
the mesopores of MCM-41, forming small clusters or hig
dispersing on the wall surface if the loading amount is low
than 40 wt%. Higher loading amount leads to the appear
of crystalline phases containing mainly tridymite-like pha
while the unsupported iron phosphate comprises main
quartz-like phase. The iron phosphate species dispers
the mesopores of MCM-41 could be reduced at rem
ably lower temperature as compared with the crystal
iron phosphates. The conversion of methane with nitrous
ide occurs at relatively lower temperatures, and metha
formaldehyde, and dimethyl ether are formed over both
supported and the unsupported catalysts, while forma
hyde is the only partial oxidation product with oxygen.
compared with the unsupported iron phosphate, the
ported catalysts with loading amounts of ca. 20–40 w
exhibit higher activity and selectivity to oxygenates with
ther oxidant. The partial oxidation of methane with oxyg
proceeds with a redox mechanism, and the replenishme
the surface oxygen by gaseous oxygen takes place rap
On the other hand, the activation of nitrous oxide proceed
-

f
.

a comparable rate with the conversion of methane. The
of supported catalysts instead of iron phosphate notice
enhances the activation of nitrous oxide, and thus inhi
the carbon deposition and leads to higher stability. The s
porting effects for the improvement of iron phosphate in
partial oxidation of methane are proposed to relate with
improved redox properties.
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