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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. Character-
izations with XRD, Raman spectroscopy, XPS, andHPR suggest that the supported iron phosphate species with loading amounts lower
than 40 wt% are located and dispersed in the mesopores of MCM-41. Such iron phosphate species can be reduced more readily than th
unsupported iron phosphate at lower temperatures. Methane is selectively converted to methanol, formaldehyde, and dimethyl ether over
the supported and the unsupported iron phosphate with nitrous oxide at milder temperatures (30)~&00e formaldehyde is mainly
produced along with carbon oxides with oxygen at relatively higher temperatures (400=60the supporting of iron phosphate onto
MCM-41 with loading amounts of ca. 20—40 wt% increases both methane conversion and overall selectivity to useful oxygenates with either
oxygen or nitrous oxide. Kinetic studies indicate that the activation of oxygen occurs rapidly, while the activation of nitrous oxide proceeds
at a comparable rate with the conversion of methane by the active oxygen species over both the supported and the unsupported catalysts. Tt
supported catalyst, however, enhances the activation of nitrous oxide and thus remarkably inhibits the carbon deposition occurring over the
unsupported iron phosphate.

0 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction The reports by other two groups [13,14] also confirmed the
importance of the coordination environments of iron in Fe-
Partial oxidation of methane directly to useful oxygenates containing silica catalysts for partial oxidation of ¢H
such as methanol and formaldehyde remains as a great chal- Although FePQ@ showed high selectivity to useful oxy-
lenge in the new century. Although a large number of cat- genates in partial oxidation of GHparticularly with NO,
alysts and several novel processes have been reported, northe conversion of Clwas still to be increased. Recently,
of them has satisfied the requirements for commercialization McCormick and co-workers [15,16] found that the support-
[1-7]. ing of FePQ onto silica enhanced the conversion of £H
One of the present authors has found that an iron phos-to HCHO with . Since MCM-41, one of the mesoporous
phate (FePg) catalyst shows high selectivity to useful oxy- molecular sieves, possesses well-ordered mesoporous chan-
genates including C0H and HCHO during the partial  nels with controllable pore sizes from 2 to 10 nm and large
oxidation of CH, with H—O, gas mixtures or O under  surface areas, the active component may thus be tailored
milder reaction temperatures 600°C) [8-11]. FePQwas in the nano-order space of MCM-41. Many metal ion or
also a good catalyst for the formation of HCHO with O metal oxide-containing MCM-41 materials have been used
alone, although the oxidation of Ghproceeded at relatively a5 selective oxidation catalysts [17-21]. Vanadium oxide

higher tempgraturgs [8].'It has been clarified that the tetrahe'supported on MCM-41 prepared by an impregnation method
drally coordinated iron site surrounded by phosphate groups,yas reported to exhibit high activity for the partial oxidation

plays important roles in the selective oxidation of £H2]. of CHy to HCHO with O, [18]. In the present paper, we
report the structural and catalytic properties of the FePO
* Corresponding author. supported on MCM-41 for partial oxidation of GHwith
E-mail address: yewang@jingxian.xmu.edu.cn (Y. Wang). both @ and NO. The catalytic properties and kinetic fea-
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tures of the supported catalysts are compared with those ofwas determined from the peak areas and the sensitive factors

the unsupported FeRQo elucidate the supporting effects presented by Physical Electronics.

and gain insight into the reaction mechanism. Ho-temperature-programmed reduction 2{HPR) was
performed using a flow system equipped with a thermal
conductivity detector. Typically, 100 mg of sample was first

2. Experimental pretreated in a quartz reactor with a gas flow containing O
and N at 550°C for 1 h followed by purge with pure N
2.1. Catalyst After cooling to 3C°C, a Hb—Ar (5% Hy) mixture was in-

troduced into the reactor and the temperature was raised to

o 1
FePQ was prepared using the procedure described 800°C ata rate of 16C min~".

previously [8]. The aqueous solutions of Fe(§ and
NH4H2PO, were mixed followed by evaporation at 70

with continuous stirring. The resultant was calcined at ) ) ] } ]
550°C for 6 h. The catalytic reactions were carried out using a fixed-

MCM-41 was prepared by hydrothermal synthesis at Ped reactor operated at atmospheric pressure. The cgtalyst
120°C for 96 h using sodium silicate, and hexadecyltrimeth- Was pretreated in the quartz reactor (U-type, inner diam-
ylammonium bromide as the sources of silicon and template, €t€" 4 mm) with a gas flow containing He (50 mimh
respectively. The details of the procedures were described in2nd @ (10 ml m"?_l) at 550°C for 1 h followed by purge
our previous papers [19,21]. After hydrothermal synthesis, With He (60 ml mirr ) at the same temperature for 1 h be-
the resultant solid was washed with deionized water, dried fore reac'qon. The reaction was started by introducing the gas
at 40°C in vacuum, and finally calcined at 53Q for 6 h. flow of mixed He, CH, and G or N2O to the reactor. The

MCM-41 supported FeP{catalysts were prepared by an productg were analyzed by two on-line gas chromatographs.
impregnation method. A certain amount of MCM-41 was All the lines and valves between the exit of the reactor and

immersed into the mixed aqueous solution of Fegi@and ~ the gas chromatographs were heated to°T2@ prevent
NH4H,POy (Fe/P = 1) and was allowed to stir for ca. 12 hat  th€ condensation of the products. A TSR-1 (10%/Flusin T)

2.3. Catalytic reaction

room temperature. The slurry was then dried at@@with column was used for the separation of 4, HCHO,
continuous stirring. The dried powder was finally calcined and HO in our previous studies [8-11], but repently, we
at 550°C for 6 h. found that CHOCH;z could not be separated with HCHO

on the same column. Thus, @ECHz; was not appropri-
ately quantified in our previous work. The separation of
CH3zOH, HCHO, CHOCHjz, and HO was easily achieved
with a Porapak T column in this work, and the formation
of CH30CHs was confirmed by GC-MS. The separations of

2.2. Characterization

X-ray diffraction (XRD) measurements were performed

with a Rigaku D/Max-C X-ray diffractometer with CuK oy, components such as,@Hy, CO, and CQ were car-
radlathn (40 kV, 40 mA). For (_jetermlmng the MESOPOTOUS iad out on two other columns, Porapak Q and Molecular
regularity of MCM-41, small dyergem and scattering slits Sieve 5 A. The results after 1 h of reaction were typically
(0.05 mm) were selected to avoid a high background at low shown and used for discussion, unless otherwise stated.

diffraction angles (2 = 1-8). The conversion of Ciland the selectivities to partial ox-

N2 adsorption at 77 Kwas carried out W,'th aTn?tar 3000 idation products were evaluated on the basis of the amount
surface area and porosimetry analyzer (Micromeritics) to ex- (mol) of all the carbon-containing products formed and that

amine the porous property and the surface area of each SaMa¢ the CH, remaining in the effluent. In other words, GH

ple. All the ;amples were pretreateq at_SOI)‘or 3 h before conversion and product selectivity were calculated using the
N> adsorption. The pore diameter distribution was evaluated following equations

from the adsorption isotherm by the BJH method.

Raman spectroscopic measurements were carried OU{CH, conversion
with a Renishaw UV-Vis Raman System 1000R. The UV
line at 325 nm from a Kimmon IK3201R-F He-Cd laser was o [([CH3OH] + [HCHOJ + 2[CH;OCHg]
used as the exciting source to avoid the influence of seri- + [COJ] 4 [COz]) / (ICHa] 4 [CH3OH] 4 [HCHO]
ous fluorescence. A laser output of 30 mW was used and the + 2[CH30CHg] + [COJ + [COy]) ] x 100%
maximum incident power at the sample was approximately
6 mW in each measurement.

X-ray photoelectron spectroscopy (XPS) was measured = [n[prOdUC]/([CH3OH] + [HCHO] + 2[CH30CHz]
with a Quantum 2000 Scanning ESCA Microprob equip- 100%
ment (Physical Electronics) using AlzKradiation. The +[CO]+[COZ])] x 100%
binding energy was calibrated using a Cls photoelectronwheren = 1 for CH3OH, HCHO, CO, and C@andn = 2
peak at 284.6 eV as a reference. The surface compositionfor CH3OCHs.

product selectivity
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The relative error estimated for Gldonversion and prod-
uct selectivity was withint5%. Carbon balance was also

checked in some cases, and the values were better than 95%.

3. Resultsand discussion
3.1. Structural properties of supported iron phosphate

Table 1 shows the porous properties of MCM-41-sup-
ported FeP@catalysts determined fromgNadsorption mea-
surements at 77 K. The BET surface area and pore volume
were decreased with increasing loading amount of RePO
up to ca. 40 wt%. Further increase in the loading amount
from 40 to 60 wt% did not significantly affect either the
surface area or the pore volume. The pore diameter distri-
bution evaluated by the BJH method is shown in Fig. 1. The
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Table 1

Porous properties of MCM-41-supported FeP®@ith different loading

amount

Sample

Surface area
(m?g™h

Pore volume

cm*g)

Pore diameter

(hm)

MCM-41

9 Wi% FePQ/MCM-41
20 wit% FePQ/MCM-41
40 wt% FePQ/MCM-41
60 wt% FePQ/MCM-41
FePQ

905
689
556
310
304
3.0

0.82
0.56
0.46
0.19
0.25

3.2
3.0
2.9
2.7
2.8
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Fig. 1. Pore diameter distributions. (a) MCM-41, (b) 9 wt% FgPO
MCM-41, (c) 20 wt% FeP@/MCM-41, (d) 40 wt% FeP@/MCM-41,
(e) 60 Wt% FeP@/MCM-41.
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Fig. 2. XRD patterns at low diffraction angles. (a) MCM-41, (b) 9 wt%
FePQ/MCM-41, (c) 20 wt% FeP@/MCM-41, (d) 40 wt% FePQ/
MCM-41, (e) 60 wt% FeP@Q/MCM-41.

pore diameter changed in a manner similar to that for sur-
face area and pore volume, decreasing as the loading amount
of FePQ increased up to ca. 40 wt% and keeping almost
unchanged with a further increase in the loading amount.
Such a tendency probably suggests that the ReRith a
maximum loading amount of ca. 40 wt% may be incorpo-
rated into the mesopores of MCM-41. It should be noted that
FePQ itself exhibited a very low surface area of 3.6 fy.

XRD results at low diffraction angles §2= 1-8) in
Fig. 2 show that MCM-41 exhibits four diffraction lines
indexed to its typical hexagonal regularity of mesoporous
channel. The supporting of FeROnto MCM-41 decreased
the intensity of these lines. The decrease became much no-
table when the loading amount reached 40 wt%, but the
hexagonal regularity was still observable even for the sample
with 40 wt% of FePQ. The decrease in peak intensity indi-
cated the deorganization at long range of the mesoporous
structure. Although the collapse of mesopores could be a
reason, we think that the incorporation of FePSpecies
into the mesopores may also result in the irregularity at long
range and thus cause the drop in the intensity of XRD peaks.
No definite tendency in the shift of peak position was ob-
served with changing the loading amount of FgR®shown
in Fig. 2. We speculate that this may arise from the fact that
the wall of MCM-41 is amorphous and not very rigid, and
thus the wall thickness may be slightly varied during the im-
pregnation process.
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Fig. 3. XRD patterns at high diffraction angles. (a) MCM-41, (b) 9 wt%
FePQ/MCM-41, (c) 20 wt% FeP@/MCM-41, (d) 40 wt% FePQ/
MCM-41, (e) 60 wt% FeP@Q/MCM-41, (f) FePQ.

XRD patterns at high diffraction anglesq2= 10-80)
are shown in Fig. 3. The unsupported FgR€urve f) was
composed of mainly a quartz-like phase as well as a small
amount of a tridymite-like phase (three lines &t-2 20.2,
21.1, and 22.7 are assigned to the tridymite-like phase,
but that at 2 = 20.2° can also be from the (100) index of
the quartz-like phase). Recently, using in situ XRD/EXAFS,
Beale and Sankar [22] revealed that the tridymite-like phase
was firstly formed from ca. 100C during the heating of
the precursor of FeP{prepared by a hydrothermal synthe-
sis method, and the tridymite-like phase was transformed
to the quartz-like phase above ca. 300 We have also
checked the change of XRD pattern of FeR@Xh the calci-
nation temperature in our case. After calcination at 450
the strongest line of the quartz-like phasé € 25.8°) did
not appear and only weak diffraction lines #@-=2 20.5 and
22.5 assignable to the tridymite-like phase (the former one
can also be assigned to the (100) index of the quartz-like

phase) were observed. Most peaks of the quartz-like phase

became observable after the calcination at ¥50and the
intensity of these peaks increased remarkably with the calci-
nation temperature.

As shown in Fig. 3, for the MCM-41-supported FePO
samples, any crystalline phase of FeP@d not appear
when the loading amount was lower than 40 wt%. Two
weak lines at 20.5 and 22.Gassignable to the tridymite-
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tensity of diffraction lines increased largely and three peaks
at 20.2, 21.2, and 225appeared as the loading amount
rose to 60 wt% (curve e). However, the strongest line of the
quartz-like phase at 25 8vas still not observed, although all
these supported samples were calcined at850t is inter-
esting to note that McCormick and co-workers [15] found
the easy formation of the quartz-like phase of FeR@D

a silica support even with only 5 wt% loading. These re-
sults allow us to consider that most of the FePspecies
with loading amounts of lower than 40 wt% are probably lo-
cated inside the mesopores, dispersing on the wall surface
of MCM-41 or forming small clusters which are hard to be
detected by XRD. As the loading amount arrived at or ex-
ceeded 40 wt%, the clusters began to aggregate outside the
mesopores to form a small crystalline tridymite-like FgPO
phase or a mixed phase containing both the tridymite-like
FePQ and the quartz-like one with its (100) face predomi-
nantly exposed.

Fig. 4 shows the Raman spectra of the supported and the
unsupported FePQ FePQ exhibited two intense Raman
bands at 1017 and 1075 crhalong with weak bands at
400-700 and 1182 cmi. It is generally accepted that the
stretching and bending vibrations of phosphate groups occur
at 1000-1200 and 400—700 ct) respectively [23]. How-
ever, we recently found that the tetrahedrally coordinated
iron in the framework of ferrisilicate with an MFI structure
and MCM-41 also exhibited Raman bands at 1000-1200 and
400-700 crmt if the UV laser of 325 nm was used as the
exciting source. With a visible laser of 514 nm as the ex-
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like phase (the former one can also be assigned to the (100)ig. 4. Laser Raman spectra. (a) MCM-41, (b) 9 W% FgR@CM-41,
index of the quartz-like phase) became observable for the(c) 20 wt% FeP@/MCM-41, (d) 40 wt% FePQ/MCM-41, (e) 60 wit%
sample with a loading amount of 40 wt% (curve d). The in- FePQ/MCM-41, (f) FePQ.
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citing source, almost no Raman band was observed for the
ferrisilicate or Fe-MCM-41, but a band at 1014 thap-
peared distinctly for FeP£ Thus, we tentatively suggest
that the intense bands at 1017 and 1075 tmbserved for
FePQ with the UV laser as the exciting source might arise
from the phosphate groups and the tetrahedrally coordinated
iron sites, respectively. The latter one was enhanced by using
UV laser as the exciting source and may thus be the UV res-
onance Raman band. The two bands were still observable
for the MCM-41-supported FeRBamples, but they became
broad and overlapped. It is noticeable that the two bands be-
came sharp and well separated when the loading amount of
FePQ increased to 60 wt%. These results suggest that the
local structure for the FePQOspecies dispersed inside the
mesopores of MCM-41 is probably similar to that for the
bulk FePQ, although the former do not have regularity at

long ranges. The broadening of the Raman peaks may be re-

lated to the high dispersion or the small size of the FePO
species inside the mesopores.

Fig. 5 shows the Fe 2p, P 2p, and O 1s XPS spectra for
the unsupported and supported FgR@mples. The binding
energies of Fe 2p2, P 2p, O 1s, and Si 2p and the atomic
ratios of F¢P and F¢Si of each sample are summarized in
Table 2. The binding energy of P 2p for the samples with
loading amounts of 9 and 40 wt% shifted to higher a posi-
tion as compared with that for the unsupported FgPibe
binding energy of Fe 2p2 for the sample with a loading
amount of 9 wt% was relatively lower as shown in Table 2.
However, the ratio of signal to noise in this case was too low
to give a precise value of peak position. The reason for the
shiftin the binding energy of P 2p is not clear at this moment.
The binding energy of O 1s for all the supported samples

was remarkably larger than that for the unsupported one, and

was almost the same as that for MCM-41. It can be seen
from Fig. 5 that the O 1s spectra for the samples with load-
ing amounts of 40 and 60 wt% are slightly asymmetric and

can be separated into two components (dashed line), i.e., one

smaller component with the maximum similar to that for the
unsupported FeP£and one larger component with the peak
resembling that for the support. The lower/Peratio ob-
served for the unsupported FepPi@ddicated the surface en-
richment in phosphorus. The A ratios examined by XPS
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Fig. 5. XPS spectra of Fe 2p, P 2p, and O 1s. (a) 9 wt% R¢RICM-41,
(b) 40 wit% FePQ/MCM-41, (c) 60 wt% FeP@/MCM-41, (d) FePQ.
The dashed lines represent the peak separation results.

for the supported samples became higher and closer to 1.0at 672°C. It should be noted that almost the same peak

suggesting that the loading of FeP® MCM-41 could re-

position was observed when a smaller amount (20 mg) of

duce the surface enrichment in phosphorus. The values ofthe unsupported FeRGsample was used in the same ex-

the Fe'Si ratio for the supported samples were remarkably

periment. This suggests that the peak position cannot be

lower than those expected from the calculation based on theshifted significantly only by varying the amount of reducible
loading amount, e.g., 0.029 observed from XPS versus 0.26species in our case. The quantification indicated that this

as expected for the 40 wt% FePMICM-41. Such a large
discrepancy and the similarity of O 1s binding energy of the
supported samples to that of MCM-41 may further support
that most of the FePfspecies are incorporated inside the
mesopores of MCM-41.

Fig. 6 shows H-TPR profiles for the MCM-41 supported
and the unsupported FeROThe unsupported FeRGex-
hibited one asymmetric reduction peak with the maximum

peak corresponded to almost the complete reduction of the
bulk FePQ to FeP,O7. Since the FePPused here con-
sists of a small proportion of a tridymite-like phase in ad-
dition to the main quartz-like phase as indicated in Fig. 3,
we speculate that the asymmetric peak may result from the
reduction of the tridymite-like phase at the first stage and
then the reduction of the quartz-like phase at the second
stage. Actually, the shift of peak temperature from 645 to
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Table 2

XPS results obtained for the MCM-41-supported iron phosphate catalysts

Sample Binding energy (eV) B atomic ratio F£Si atomic ratio
Fe2p 32 P 2p O 1s Si2p

MCM-41 - - 532.5 103.5 - -

9 wt% FePQ/MCM-41 710.5 133.9 532.5 103.3 1.16 0.016

40 wt% FePQ/MCM-41 711.4 133.8 532.6 103.5 0.80 0.029

60 wt% FePQ/MCM-41 711.3 133.1 532.5 103.3 0.81 0.050

FePQ 711.4 133.1 530.9 - 0.59 -

that the highly dispersed FeRQ@pecies, which cannot be
detected by XRD and are possibly located inside the meso-
pores of MCM-41, are reduced at the lowest temperature.
The reduction of such species could start from temperatures
of ca. 400°C and arrive at a maximum at 520-54D. On

the other hand, the reduction with maxima at ca. BD@nd
temperatures higher than 650 may arise from the reduc-
tion of the crystalline FePfphases, i.e., the tridymite-like

g and the quartz-like phases, respectively.
§ (e) 3.2. Catalytic properties of supported iron phosphates
§ @ in the partial oxidation of methane with oxygen
= To make good comparisons between the unsupported and
(© the supported catalysts, we fixed catalyst weidht£ 0.5 g
for FePQ and 0.2 g for the supported samples), total flow
(b) rate (F = 60 mimin~1), and partial pressures of reactants
(P(CHg) = 338 kPa, P(0O;) = 16.9 kPa, or P(N20O) =
(a) 33.8 kPa) in most of our experiments. The temperature re-
T gions investigated were 400-600 and 300-8D0n the
1 L L cases of using ®and NO, respectively. These conditions
0 200 400 600 800 could give reasonably good selectivities to partial oxidation
Temperature /C products, and no reaction occurred without catalyst under
these conditions.
Fig. 6. Hp-TPR profiles. (a) 9 wt% FePQMCM-41, (b) 20 wt% FePQ/ Table 3 compares the catalytic properties of the supported
MCM-41, (c) 40 wt% FePQ/MCM-41, (d) 60 wt% FePQ/MCM-41, FePQ samples with the unsupported sample in the partial
(e) FePQ. oxidation of CH, with O, at 500 and 556C. HCHO was

the only partial oxidation product in this case. MCM-41 it-
706°C was observed when the calcination temperature for self also exhibited some activity for the oxidation of £H
FePQ was increased from 450 to 70Q. This is consis-  with O, although CH conversion was low. The support-
tent with our speculation because the tridymite-like phase ing of FePQ to MCM-41 increased Cidconversion, and
was formed at relatively low temperatures and was grad- all the supported catalysts except for the one with the low-
ually transformed to the quartz-like phase-at00°C as est loading amount (9 wt%) showed higher £¢bnversion
described above. It can be seen from Fig. 6 that the reduc-than the unsupported Fei@he conversion of Cilover the
tion of the FePQ@ species supported on MCM-41 occurs at 40 wt% FePQ/MCM-41 increased to ca. 1.7 times higher
remarkably lower temperatures as compared with the bulk than the unsupported FeR@t 550°C, although a lesser
FePQ. The main reduction peak for the samples with load- amount (0.2 g) of the supported catalyst was used in the reac-
ing amounts of 9—40 wt% located at 523-54) and the tion. More interestingly, not only the conversion of £but
area of this peak increased with increased loading amountsthe selectivity to HCHO was also improved over the sup-
of FePQ. Two shoulder peaks at 594 and 6&Dwere ob- ported catalysts. The samples with loading amounts of 20
served for the sample with a loading amount of 40 wt%. Two and 40 wt% showed remarkably higher HCHO selectivity
peaks at 611 and 66€ were mainly observed for the sam- than either the unsupported FeP@ MCM-41 at both tem-
ple with a loading amount of 60 wt%. Therefore, FePO peratures. The space time yield of HCHO over the 40 wt%
species with different structures or locations exhibited dif- FePQ/MCM-41 was 2.0 molh' kg; under the condi-
ferent redox properties. Combining with the XRD patterns tions shown in Table 3 (550C) and could be raised to

shown in Fig. 3, the results obtained here strongly suggest8.9 mol 1 kgc‘alt when the following conditions were used:
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MCM-41-supported iron phosphate catalysts for partial oxidation of

methane using oxygen
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Catalyst T¢C) CHy HCHO HCHO yield
conversion selectivity (%)
(%) (%)

MCM-41 500 0.21 42.4 0.09

550 0.60 41.9 0.25

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

550 0.88 37.7 0.33

20 wt% FePQ/ 500 0.41 79.2 0.33
MCM-41

550 0.99 58.1 0.58

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

550 1.53 48.0 0.73

60 wt% FePQ/ 500 0.69 66.2 0.46
MCM-41

550 1.96 39.9 0.78

FePQ 500 0.32 46.2 0.15

550 0.91 39.7 0.36

Reaction conditions:P(CH4) = 338 kPa; P(Oy) = 16.9 kPa; catalyst,
0.20 g for supported catalysts and 0.5 g for FgP@tal flow rate,

60 mlmin—1.

100

(o]
o
T

D
(=]
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o
=)
1

HCHO selectivity /%
-

Fig. 7. HCHO selectivity versus CHconversion with Q. (A) MCM-41,
(0) 9 W% FePQ/MCM-41, (@) 20 wt% FePQ/MCM-41, (A) 40 wt%
FePQ/MCM-41, (O) 60 wt% FePQ/MCM-41, (M) FePQ. Con-
ditons: W = 0.20 g (for supported catalysts) and 0.50 g (for
FePQ), F = 60 ml/min, P(CHs) = 338 kPa, P(Oy) = 169 kPa,

T =400-600°C.

W =01 g, T =600°C, P(CHs) = P(Op) = 505 kPa,

F =120 mImirr?.

The selectivity to HCHO versus GHonversion for the
results at different temperatures (400-8Q0 is plotted in
Fig. 7. All the supported catalysts exhibited higher HCHO
selectivity than the unsupported FeP&hd MCM-41 at the

|/

4

CH, conversion /%

same CH conversion level except for the sample with load-
ing amounts of 9 wt%, over which HCHO selectivity de-
creased sharply at GHonversions higher than 1%. These
results suggest that the FelP§pecies dispersed in the meso-
pores of MCM-41 possess noticeable advantages over the
bulk FePQ for the selective oxidation of CHto HCHO

with Oo.

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

The oxidation of CH with N>O proceeded at remark-
ably lower temperatures than that with.Orable 4 shows
the catalytic results of the MCM-41-supported FeP@am-
ples along with MCM-41 and FeRCat 400 and 450C.
HCHO was still the only partial oxidation product over
MCM-41 with NoO. Consistent with the previous reports
[9,10], CHsOH and HCHO were produced with high selec-
tivities over the unsupported FeRut CH;OCHz had not
been appropriately quantified in those papers. As shown in
Table 4, CHOCH;z was formed with a selectivity of 34.5%
at 400°C over FePQ. By taking into account the GGDCH;z
formed, the selectivity to oxygenates including £BH,
HCHO, and CHOCHGs (selectivity to oxygenates means the
sum of the selectivities to G3OH, HCHO, and CHOCHz
hereafter) reaches 93.4% with gHonversion of 0.87%
at 400°C. The selectivity to CHOH and CHOCH;z; de-
creased but that to HCHO increased after the supporting
of FePQ to MCM-41. As compared with the unsupported
FePQ, the supported sample with loading amounts of
40 wt% exhibited both higher CHconversion and higher
selectivity to oxygenates. Since the activity of MCM-41 was
very low and negligible under the conditions in Table 4,
the catalytic performance of the supported catalysts was
mainly due to the contribution of FeRGpecies. We thus
also provided the rate of oxygenate formation, i.e., the sum
of CHzOH, HCHO, and CHOCH; formation rates, based
on the amount of FePOspecies (per gram of FeRDex-
isting in each catalyst in Table 4. The comparison in such a
way showed that the rates of oxygenate formation over the
catalysts with loading amounts of 9 and 20 wt% were similar
at both temperatures and were better than those over the cat-
alysts with higher loading amounts. The unsupported RePO
showed the poorest rate of oxygenate formation based on the
amount (per gram) of FeROWe speculate that the larger
rate of oxygenate formation over the sample with lower
loading amount results from the higher dispersion of FePO
species inside the mesopores of MCM-41.

Fig. 8 shows the selectivity to oxygenates as a function of
CHg conversion at 300-50@ with N2O. It can be seen that,
as compared with the unsupported FgPtbe supported cat-
alysts with loading amounts of 20 and 40 wt% could exhibit
higher selectivity to oxygenates at the samey@€Hnversion
level and such a tendency could be sustained in the whole
range of CH conversion investigated over the catalyst with
a loading amount of 40 wt%. Selectivity to oxygenates of
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Table 4
MCM-41-supported iron phosphate catalysts for partial oxidation of methane using nitrous oxide
Catalyst T  NO conversion Clg conversion Selectivity (%) Oxyg. yield Rate of oxyg. formation
(°C) (%) (%) CH30H HCHO CHOCH3 Sum of oxyg? (%) (mmoltrlg-FePQ—1)
MCM-41 400 0.70 0.05 0 78 0 782 0.04 -
450 1.30 0.11 0 6a 0 661 0.07 -
9wt% FePQ/ 400 0.80 0.30 19 609 133 892 0.27 80
MCM-41 450 3.20 1.15 135 575 114 839 0.97 289
20 wt% FePQ/ 400 1.43 0.84 2% 467 252 954 0.80 107
MCM-41 450 6.10 2.38 26 475 134 814 1.94 260
40 wt% FePQ/ 400 1.80 0.98 23 482 247 96.6 0.95 64
MCM-41 450 7.10 3.01 13 507 141 821 2.47 165
60 wt% FePQ/ 400 2.50 0.88 22 474 203 878 0.77 34
MCM-41 450 10.9 3.38 18 344 7.6 577 1.95 87
FePQ 400 2.40 0.87 3B 235 345 934 0.81 09
450 8.10 2.01 33 249 193 771 1.55 17

Reaction conditionsP (CH,) = P(N»0O) = 33.8 kPa; catalyst, 0.2 g for supported catalysts and 0.5 g for Fe@@l flow rate, 60 mimimn?.
@ Oxyg. denotes oxygenates.
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Fig. 8. Overall selectivity to oxygenates versusJttnversion with NO. FePQ/MCM-41: (M) CH, conversion, @) overall selectivity to oxy-
(4) MCM-41, (@) 9 wt% FePQ/MCM-41, (O) 20 wt% FePQ/MCM-41, genates. FePf () CH,4 conversion, ©) overall selectivity to oxygenates.
(A) 40 wt% FePQ/MCM-41, () 60 wt% FePQ/MCM-41, (W) FePQ,. Conditions: W = 0.20 g (40 wt% FeP@/MCM-41) and 0.25 g (FeP%),

Conditions: W = 0.20 g (for supported catalysts) and 0.50 g (for F =60 ml/min, T =400°C, P(CHya) = 33.8 kPa,P (N,0) = 338 kPa.
FePQ), F = 60 ml/min, P(CHg) = 338 kPa, P(N2O) = 338 kPa,
T =300-500°C.

nificant changes in CHconversion and HCHO selectivity

ca. 50% remained at a GHtonversion of ca. 7% over this  were observed under the reaction conditions used in Table 3
catalyst at 500C, and the space time yield of the oxygenates or Fig. 7. However, when YD was used as the oxidant,
was 9.5 mol ! kgt under the same conditions. the catalytic performance dropped with increasing time on
stream. Fig. 9 shows that, over FeR@H, conversion de-
creases gradually from 0.78 to 0.20%, and the selectivity to
oxygenates decreases from 92 to 66% after 7.5 h of reac-
tion under the conditions shown in the figure. The color of

Both the supported and the unsupported catalysts werethe catalyst was changed from yellowish white to black af-
stable during the partial oxidation of Ghvith O». No sig- ter the reaction, strongly indicating the occurrence of carbon

3.4. Sability of catalytic performances
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deposition. On the other hand, the catalytic performances e — 1.0
were not significantly decreased with increasing time on
stream over the FeR@MCM-41; CHy conversion changed i i
from 0.92 to 0.81% and the selectivity to oxygenates var- 80 08
ied from 96 to 94% after 17 h of reaction over the 40 wt%
FePQ/MCM-41 under similar reaction conditions. No car- o i N ] S
bon deposition was observed over this supported catalyst °} 60 0.6 5
after reaction. jg g
3.5. Kinetic features over the supported iron phosphate & 4r 104 ;q
catalyst O
. L . 20F 402

3.5.1. Partial oxidation of CH4 with O»

In the previous paper [8], it has been clarified that HCHO
was the primary product and the consecutive oxidation of 0 __po—0—0 0

HCHO gave carbon oxides (GQduring the oxidation of

CH4 with Oz over FePQ. Investigations of the effect of the .

contact time on the product distributions for the oxidation WIE /s g ml

of CHy with Oz over the 40 wt% FePE/MCM-41 provided Fig. 10. CH, conversion and product selectivities for gldxidation with

the same conclusion. N,O as a function ofW/F over the 40 wt% FeP§MCM-41 cata-
Further kinetic studies with this supported catalyst re- lyst. (@) CHa conversion, ¥) CH3OH selectivity, (A) HCHO selectiv-

vealed that the rate of CHconversion was almost un-  ity, () CH3OCHs selectivity, (J) total oxygenates selectivity) COy

changed with changing£partial pressure from 5 to 70 kPa ~ Seectvity: Conditions: = 0.20 g, 7" = 375°C, P(CHy) = 338 kPa,

) X P(N0) = 338 kPa.

at a constant Chlpartial pressure (33.8 kPa), but increased

proportionally to CH partial pressure (0-84 kPa) at a con- 2.0 ~ 100

stant Q partial pressure (16.9 kPa). Therefore, the rate of DN

CHg4 conversion could be expressed with Eq. (1) in the pres-

sure ranges investigated in this study, wheris the rate 4 50

constant,

0 0.1 0.2 0.3 04 05

—
W
T

r(CHg) = k P(CHa). (1) 4 60

The results described here are similar to those obtained S
for FePQ reported previously [8]. Such a kinetic equation
strongly suggests a redox mechanism, i.e.,@Hactivated
and converted by the lattice oxygen of the surface, and the >
partially reduced surface is recovered byi®the next step. 05 F
The replenishment of the surface oxygen by @oceeds VvV {20
very rapidly, and thus the rate is controlled by the activation
and the conversion of CHwith the oxygen species. e

>
Selectivity /%

r(CH,) /mmol h'g'

3.5.2. Partial oxidation of CH4 with NyO 0 20 40 60 80
Fig. 10 shows the product distribution as a function of P(N,0) /kPa
the contact time for the oxidation of GHvith N>O over Fio. 11 Effect of th - 8 on Chy _
the 40 wt% FePg/MCM-41 at 375°C. The decrease in the "9 11. Effect of the partial pressure obf on Chy conversion rate

. . L and product selectivities over the 40 wt% FefICM-41 catalyst.
contact time from 0.4 to 0.1 sg mi did not significantly (®) CHy conversion rate, YY) CH3OH selectivity, (\) HCHO selectiv-

change the selectivities to GAH, HCHO, and CHOCHs. ity, (<>) CH3OCHjz selectivity, (J) total oxygenates selectivityX) COy

A further decrease in the contact time to 0.05 s ghinly selectivity. Conditions:W = 0.20 g, T' = 375°C, F = 60 ml/min,
slightly increased the selectivity to GBH and decreased P (CHs) =338 kPa.

that to HCHO, and the change for GACH; was unno-

ticeable. It is generally regarded that HCHO and:COi€Hs Figs. 11 and 12 show the effects of® and CH partial
could be formed from the oxidation and the dehydration of pressures on CHconversion rate and product selectivities
CH3OH, respectively. However, the result shown in Fig. 10 over the 40 wt% FeP£MCM-41 at 375°C. Different from
tends to suggest that these oxygenates may be formed in parthe results observed in the case of using tBe rate of CH
allel from the intermediates such as €ahd CHO species conversion depended on the partial pressures of both CH
adsorbed on the surface. and NO with reaction orders between 0 and 1.



466 X.Wang et al. / Journal of Catalysis 217 (2003) 457467

2.0 D/D"’—D———_D—D 100
4 80
1.5F
—OD
=i o
S 160 &
5 2
é 1.0 F -~ S
er 38
S 140 A
) .
0.5F
N 420
0 20 40 60 80
P(CH4) /kPa

Fig. 12. Effect of the partial pressure of ¢Hbn CH; conversion rate
and product selectivities over the 40 wt% FefMICM-41 catalyst.
(®) CHy4 conversion rate,\{) CH3OH selectivity, ) HCHO selectiv-
ity, (<) CH30OCHg selectivity, (J) total oxygenates selectivity®) CO,
selectivity. Conditions:W = 0.20 g, 7 = 375°C, F = 60 ml/min,
P(N50) = 33.8 kPa.

From Fig. 12, it is seen that the selectivity to HCHO
is increased and those to @BIH and CHOCH;z are de-
creased with decreasing the partial pressure of &4 con-
stant NO pressure. In other words, highR(N20O)/ P(CHa)
leads to higher HCHO selectivity and lower @BH and
CH3OCH; selectivities. Slight decreases in the selectivities
to CHzOH and CHOCH; were also observed as the partial
pressure of MO was increased at a constant £ptessure
in Fig. 11. Simultaneously, the selectivity to HCHO was

slightly increased, but such an increase was not noticeable.

FePQ/MCM-41 or FePQ, supporting that the assumption
described above is reasonable. Further calculations provided
us the ratio ofk1/kp; the values at 37%5C for the 40 wt%
FePQ/MCM-41 and FeP@were 2.0 and 1.0, respectively.
This result suggests that the activation 0O\ over the
supported catalyst proceeds relatively faster than that over
FePQ if we assume that the same oxygen species accounts
for CH4 conversion in both cases. This probably explains the
result that the selectivity to HCHO is remarkably higher over
the supported catalysts than that over FgR@der similar
reaction conditions. Moreover, this may also be the reason
why carbon deposition occurs over FepPldit does not take
place over the supported catalyst.

3.6. Supporting effects and structure-property relationships

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

However, the redox properties of the Fefspecies in-

These kinetic features allow us to assume that Egs. (2)side the mesopores are different from those of the tridymite-
and (3) may proceed with comparable rates. In other words, |ike and the quartz-like crystalline phases. The supported

neither the activation of pO nor the conversion of CH
would proceed overwhelmingly faster than the other:

N2O 4 Fe* — N, + Fe—-O'(a), 2
CH, + Fe—O (a) — CHg(a) + OH(a) + F¢". (3)

FePQ species could be reduced at remarkably lower tem-
peratures as compared with the crystalline phases. This
arises probably from the high dispersion of the supported
species on the wall surface of MCM-41 or from their small
sizes because of the limit of the mesopores. The high&? Fe

The Fé& and Fe-O(a) in these equations represent the active ratio (0.80-1.16, approaching the stoichiometric ratio) on
site and the active oxygen species. By steady-state approxthe “surface” of the supported FeR@pecies as compared

imation for the surface concentration of the Fé{#), the

rate of CH; conversion can be deduced as follows:
Nk1P(N20O)

k1P (N20) + k2 P(CHa)’

r(CHa) = ko P(CHa) 4)

whereN denotes the total concentration of the active sites,

andki andk; are the rate constants of Eqgs. (2) and (3), re-
spectively.

Eq. (4) has been fitted by plotting/ 4(CHg) versus ¥
P(N20) at a constant pressure of g¢hind versus AP(CHj)
at a constant pressure ob@, respectively. Good straight

with that (0.59) on the surface of the bulk FeP@ay also
contribute to changes in their redox properties.

The results from the catalytic reactions show that, with ei-
ther & or N20O, the supported samples with loading amounts
of 20—40 wt% exhibit both higher activity and higher selec-
tivity to oxygenates than the unsupported FePEurther-
more, if the comparison is made on the basis of the amount
of FePQ species (per gram of FeRY the catalyst with
lower loading amount, viz. 9 or 20 wt%, exhibits higher rates
of oxygenate formation during the oxidation of ghlith
N20 as shown in Table 4. These results strongly suggest that

lines have been obtained in both plots over either the 40 wt% the highly dispersed FeRGpecies inside the mesopores of
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MCM-41 are more effective in the conversion of gté use-
ful oxygenates than the bulk FeRO

The kinetic studies indicate that the conversion of4CH
to HCHO with & proceeds through a redox mechanism
over the supported FeRQwhich is similar to that proposed
for the unsupported FeROThe easy reduction at relatively
lower temperatures for the supported FgRPecies may en-
hance the redox process during the conversion of @H
HCHO with O, and thus increases the conversion of4,CH
to HCHO.

As for the conversion of ClHwith N2O, the analyses of
the kinetic data suggest that the activation efNoroceeds
at a comparable rate with the conversion of bver the
supported FePgcatalyst. This was also the case for the re-
actions with NO over the unsupported FeR®lowever, the
activation of NO to active oxygen species becomes rela-
tively faster over the supported catalyst. This increases the
proportion of HCHO among oxygenates produced over the
supported catalyst. More importantly, the carbon deposition
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a comparable rate with the conversion of methane. The use
of supported catalysts instead of iron phosphate noticeably
enhances the activation of nitrous oxide, and thus inhibits
the carbon deposition and leads to higher stability. The sup-
porting effects for the improvement of iron phosphate in the
partial oxidation of methane are proposed to relate with the
improved redox properties.
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is effectively suppressed over the supported catalyst. The en-

hancing effect for the activation of JO due to supporting
may also be caused by the ready reduction of the RePO
species over the supported catalyst becays2 Must be re-
ductively activated by accepting an electron to forming N
and active oxygen species such as @h Fét sites as pro-
posed in the previous study [11].

4. Conclusions
The iron phosphate species are probably located inside

the mesopores of MCM-41, forming small clusters or highly
dispersing on the wall surface if the loading amount is lower
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