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Abstract

A series of M–W–Mn/SiO2 catalysts (M= Li, Na, K, Ba, Ca, Fe, Co, Ni, and Al) have been prepared and their catalytic perform
for the oxidative coupling of methane (OCM) was evaluated in a continuous-flow microreactor. The structural properties of the
have been studied using X-ray photoelectron spectroscopy (XPS), laser Raman spectroscopy (LRS), X-ray diffraction (XRD), an
transform infrared spectroscopy (FTIR). In the trimetallic catalysts studied, there was evidence for WO4 tetrahedron on the surface in th
Li–, Na–, and K–W–Mn/SiO2 catalysts, which is mainly present in the subsurface of the Ba–W–Mn/SiO2 catalyst. It appears that the WO4
has a strong interaction with theα-cristobalite support and is stabilized in the Na– and K–W–Mn/SiO2 catalysts. However, the WO4 species
appear to be less stable in Li– or Ba–W–Mn/SiO2 catalysts, in which the support turns into quartz SiO2 or amorphous SiO2. The WO4
tetrahedron on the catalyst surface appears to play an essential role in achieving high CH4 conversion and high C2 hydrocarbon selectivity
in the OCM reaction. Calculations suggest that the WO4 tetrahedron interacts with the CH4, giving suitable geometry and energy matchi
with CH4, and this may account for the high OCM activities.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The Na–W–Mn/SiO2 catalyst system was first reporte
by Li and his co-workers [1,2], and has been one
the most effective catalysts for the oxidative coupling
methane [3–5]. It has been extensively studied by the gro
of Li [6–24], Lunsford [25–30], Lambert [31,32], and Ab
dini [33]. Li’s group proposed that W–O–Si species we
responsible for the oxidative coupling of methane via a
dox mechanism [6,7] and molecular oxygen is activated
an F center to produce lattice oxygen [8]. It was sugge
that the surface of the catalyst was dominated by oxyg
enriched amorphous phases consisting of discretely dis
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uted tetrahedral WO4 and octahedral MnO6 groups [12].
There is evidence for a synergic effect among the sodi
tungsten, and manganese components. The active ox
species of the catalyst was proposed to be mobile sur
lattice oxygen supplied by tungsten and manganese ox
and it was suggested that the sodium strongly polar
the metal–oxygen bonds of the tungsten and manga
oxides, increasing the mobility of the surface lattice o
gen [15–21]. In a 200-ml fluidized bed reactor under
reaction conditions of 800–875◦C, CH4:O2:H2O = 6:1:3,
and GHSV(CH4) = 7000 h−1, the catalyst was successful
tested for 450 h, giving a C2 yield of 17.8–19.4% and
C2 selectivity at 75.7–82.6% [9,10]. At elevated pressu
the catalyst exhibited not only the same catalytic activ
and C2 selectivity, but also a higher ratio of C2H4 to C2H6
when the space velocity was increased [11]. More rece
the CeO2- and SnO2-promoted Na–W–Mn/SiO2 catalysts
for the oxidative conversion of methane have been stu
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in a micro-stainless-steel reactor under elevated pres
[22–24]. A CH4 conversion of 47.2% with a C2–C4 se-
lectivity of 47.3% (C2:C3:C4 = 1:1:3.3) was obtained a
710◦C with 1.0 × 105 ml g−1 h−1 GHSV, CH4/O2 = 2.5,
andP = 0.6 MPa. In addition, the Na2WO4–Mn/SiO2 cata-
lysts also exhibited a good activity for the conversion of C4
with CO2 into C2 hydrocarbon [13] and for the oxidative d
hydrogenation of ethane using oxygen and carbon dio
as oxidants [14].

The same catalyst system has been studied by Lun
[25–30], Lambert [31,32], and Abedini [33]. Lunsford a
co-workers suggested that a Na–O–Mn species was m
responsible for the activation of methane, and that sod
was responsible for preventing the complete oxidation
CH4. The presence of tungstate ions appears to impart st
ity to the catalyst [25,26]. In a recycle mode with continuo
removal of alkenes, yields of ethylene over 70% have b
achieved [27,28] using a Na2WO4–Mn/SiO2 catalyst. Lam-
bert and co-workers emphasized the effect of the phase
sition from amorphous silica toα-cristobalite and the effec
of different alkali additives on the catalytic performance, a
they proposed that Na plays a dual role as both a struc
and a chemical promoter. The phase transition from am
phous silica toα-cristobalite appears to be a critically impo
tant requirement for the production of an effective cata
and incorporation of W switches on OCM activity. An alka
stabilized tungsten oxo species is thought to be the O
active site [31,32]. Recently, the electrical conductivity a
the catalytic performance of M/Na2WO4/SiO2 (M = V, Cr,
Mn, Fe, Co, and Zn) catalysts for OCM have been st
ied by Abedini and co-workers [33]. The authors found
best catalytic performance for the Na2WO4–Mn/SiO2 OCM
catalyst system and associated this with its highest elec
conductivity due to the lowest band gap between manga
oxide and Na2WO4/SiO2.

In this work, the M–W–Mn/SiO2 catalysts (M= Li, Na,
K, Ba, Ca, Fe, Co, Ni, and Al) have been prepared with
same molar content as a 5 wt% Na2WO4–2 wt% Mn/SiO2
catalyst and their catalytic performances for OCM w
evaluated using a continuous-flow fixed-bed reactor.
effect of different additives on the state of tungsten ox
and roles of the WO4 tetrahedra and the WO6 octahedra on
the catalyst surface have been investigated using X-ray
toelectron spectroscopy (XPS), laser Raman spectros
(LRS), X-ray diffraction (XRD), and FTIR spectroscop
Models for the interaction of the tetrahedral WO4 and oc-
tahedral WO6 with methane were proposed to correlate
performance of the catalyst with the additives.

2. Experimental

2.1. Catalyst preparation

The catalysts were prepared by the incipient wetness
pregnation method. The silica gel support (32–53 mesh)
e

-

-

l

l
e

-
y

first impregnated with an aqueous solution of Mn(NO3)2 at
90◦C, and for 4–5 h at 120◦C, and then with aqueous sol
tions containing an appropriate amount of (NH4)5H7(WO4)6
and M(NO3) (M = Li, Na, K, Ba, Ca, Fe, Co, Ni, and Al) a
90◦C, and then dried for 4–5 h at 120◦C. Finally, the cata
lysts were calcined in air for 6 h at 830–850◦C. Herein, the
amounts of the various components are expressed in
molar weight as 5 wt% Na2WO4–2 wt% Mn/SiO2 catalyst.
The catalysts were tested for 5 h and then unloaded. Du
the unloading, the reactor was allowed to cool to room t
perature under a flowing Ar atmosphere and then expos
air before collection.

2.2. Catalytic activity test

Activity testing was carried out in a quartz fixed-bed m
croreactor (i.d. 6 mm). About 0.2 g catalyst was loaded
the reactor, and the remaining volume was filled with qu
chips so as to reduce the contribution from gas-phase
tions. A thermocouple was attached to the outside wa
the reactor to monitor the reactor temperature and to
trol the furnace. The reactants, CH4 and O2 (99.9% purity),
were used without further purification. Gas flow rates w
regulated with mass flow controllers (D07-11/ZM made
Beijing Sevenstar Huachuang Electronic Co. Ltd). The c
lysts were evaluated at 800◦C, and 1 bar with a GHSV o
25,400 ml g−1 h−1. The reactant consists of methane a
oxygen at a ratio of 3.2:1, without any further dilution w
an inert gas. These experimental conditions were applie
all activity tests. At the reactor outlet a cold trap was u
to remove the water from the exit gas stream. The re
tion products were then analyzed with an on-line SC-6
equipped with a TCD, using a Porapak Q column for the s
aration of CH4, CO2, C2H4, and C2H6, and a 5 Å molecula
sieve column for the separation of O2, CH4, and CO.

2.3. Catalyst characterization

The XPS analysis of the catalysts was performed w
a VG ESCALAB 210 spectrometer. The fresh catalyst w
pressed into a self-supported wafer and treated with flow
O2 at 800◦C for 30 min in the pretreatment chamber b
fore it was passed into the high-vacuum analysis cham
In the analysis of the postreaction catalyst, samples w
degassed at room temperature in the pretreatment cha
without heating in an O2 atmosphere. A Mg target was us
as the anode of the X-ray source with a power of 300 W.
pass energy of the analyzer was 25 eV in a step increm
of 0.05 eV. The binding energies were calibrated using
Si (2p) line at 103.4 eV as the reference. Near-surface c
positions were calculated from peak areas using sensit
factors, which were provided in the software of the inst
ment.

The Raman spectra of the catalysts were recorded
Yuon Jobin Labram 300 spectrometer with a resolution
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2 cm−1. It is equipped with a CCD camera enabling mic
analysis on a sample point. A 514.5 nm Ar+ laser source
was used and the spectra were acquired in a back-sca
confocal arrangement. The scanning range was set from
to 3000 cm−1.

The XRD patterns of the catalysts were obtained wit
Philips PW1710 diffractometer using Cu-Kα radiation X-ray
at 40 eV and 30 mA. All samples were mounted on an a
minum plate with a groove cut into it and measured at ro
temperature.

The IR spectra of the catalysts were recorded in a Bru
IFS 120HR FTIR spectrometer with a resolution of 2 cm−1

and 64 scans for each spectrum. It is equipped wit
MCT detector. The scanning range was set from 400
400 cm−1.

3. Results

3.1. Catalytic reaction results

The results of CH4 conversion and product selectivity
the M–W–Mn/SiO2 catalysts (M= Li, Na, K, Ba, Ca, Fe,
Co, Ni, and Al) for OCM are listed in Table 1. Over the N
and K–W–Mn/SiO2 catalysts, CH4 conversion and C2H4 se-
lectivity are approximately 30 and 40%, respectively. Af
5 h time on stream, the performance of the catalysts
essentially unchanged. With the Li–W–Mn/SiO2 catalyst,
the CH4 conversion was only 20%, and the C2H4 selectivity
35.4%. After 5 h time on stream, there was a small decre
for CH4 conversion, but the C2H4 selectivity is decrease
dramatically and C2H6 selectivity is decreased slightly. Fo
d

the Ba–W–Mn/SiO2 catalyst, the CH4 conversion and C2H4
selectivity were 21.3 and 18.7% after a 0.5 h test; h
ever, CO selectivity was up to 45.5%. After testing for 5
CH4 conversion and C2H6 selectivity decreased to 18.6 an
13.2%. However, CO selectivity is increased. These res
are in agreement with the literature [30–36]: the presenc
Na and K additives helps to maintain the catalyst activity
selectivity while the addition of Li and Ba did not improv
the catalyst activity, selectivity, and stability.

Over the Ca–, Fe–, Co–, Ni–, and Al–W–Mn/SiO2 cata-
lysts, both CH4 conversion and C2 selectivity were low, with
a high selectivity to CO. After an activity test of 5 h, the CH4
conversion and product selectivities did not change sig
cantly. These results showed that the addition of the tra
tion metal did not improve the catalyst performance for
methane oxidative coupling to ethylene.

Sofranko and co-workers [34–36] have reported t
the performance of manganese oxide/silica OCM catalysts
(without tungsten) can be improved by the addition of
kali metals and alkaline earths. They obtained the hig
C2 selectivity with sodium as a promoter and believed t
the effect of Na+ ions was to increase surface basicity a
convert nonselective manganese oxide into a more sele
form. The results in Table 1 show that the effect of alk
metals ions is stronger than that of the alkaline earth
and the other metal ions for OCM catalysts.

The surface areas of the M–W–Mn/SiO2 are given in
Table 2. Interestingly, there is no significant difference
tween the fresh and the postreaction catalysts, indicating
the reaction does not change the surface area of the
lysts. However, comparison of the surface areas of the
Na, K, Ba, and Ca-promoted W–Mn/SiO2 catalysts and the
Table 1
The catalytic performance of the M–W–Mn/SiO2 catalystsa

Catalystsb Conversion Selectivity (%) Yield (%)
of CH4 (%) C2H4 C2H6 CO CO2 C2+ COx

Li2WO4–Mn/SiO2 20.5 35.4 28.7 17.8 18.1 13.1 7.4
Li2WO4–Mn/SiO2

c 18.2 25.7 27.6 25.2 21.5 9.7 8.5
Na2WO4–Mn/SiO2 29.5 42.6 23.8 11.5 22.1 19.6 9.9
Na2WO4–Mn/SiO2

c 28.9 43.9 22.7 11.6 21.8 19.3 9.6
K2WO4–Mn/SiO2 29.6 39.6 22.8 12.7 24.9 18.5 11.1
K2WO4–Mn/SiO2

c 29.8 39.7 22.7 13.3 24.3 18.6 11.2
BaWO4–Mn/SiO2 21.3 18.7 13.8 45.5 22.0 6.9 14.4
BaWO4–Mn/SiO2

c 18.6 13.2 12.5 51.0 23.3 4.8 13.8
CaWO4–Mn/SiO2 19.0 12.1 13.2 55.2 19.5 4.8 14.2
CaWO4–Mn/SiO2

c 18.2 11.4 13.6 54.3 20.7 4.6 13.6
FeWO4–Mn/SiO2 18.3 7.5 7.1 67.3 18.1 2.7 15.6
FeWO4–Mn/SiO2

c 17.7 7.5 7.6 67.1 17.8 2.7 15.0
CoWO4–Mn/SiO2 18.3 11.9 11.1 56.1 20.9 4.2 14.1
CoWO4–Mn/SiO2

c 18.1 11.1 12.7 56.4 19.8 4.3 13.8
NiWO4–Mn/SiO2 18.4 12.1 11.7 52.3 23.9 4.4 14.0
NiWO4–Mn/SiO2

c 17.9 10.6 9.9 56.7 22.8 3.7 14.2
Al2(WO4)3–Mn/SiO2 17.9 8.6 8.0 68.1 15.3 3.0 14.9
Al2(WO4)3–Mn/SiO2

c 17.1 8.4 8.3 69.3 14.0 2.9 14.2

a Reaction conditions:T = 800◦C; CH4:O2 = 3.2:1; GHSV= 25,400 ml g−1 h−1; 0.2 g catalyst; stream time= 0.5 h.
b The molecular formula of the metal tungstate was identified by XRD.
c Reaction conditions:T = 800◦C; CH4:O2 = 3.2:1; GHSV= 25,400 ml g−1 h−1; 0.2 g catalyst; stream time= 5 h.
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Table 2
Observed XPS binding energies (eV) and near-surface compositions (at.%) of the M–W–Mn/SiO2 catalyst components

Catalysts Ma W(4f) Mn(2p) Si(2p) O(1s)(SiO2) O(1s)(MOx )b Surface area
BE (eV) at.% BE (eV) at.% BE (eV) at.% BE (eV) at.% BE (eV) at.% BE (eV) at.% M2/g

Li2WO4–Mn/SiO2
c 55.7 5.7 35.9 2.2 641.7 1.5 103.4 20.9 532.8 51.1 530.9 18.6 11.1

Li2WO4–Mn/SiO2
d 55.9 5.2 35.6 2.0 641.6 1.8 103.4 20.8 532.7 52.5 530.6 17.7 12.0

Na2WO4–Mn/SiO2
c 1072.2 12.8 35.7 1.6 641.5 2.3 103.4 19.9 532.9 49.7 530.8 13.7 28.7

Na2WO4–Mn/SiO2
d 1072.1 12.6 35.8 1.5 641.4 2.4 103.4 19.2 532.9 49.5 530.9 14.8 27.6

K2WO4–Mn/SiO2
c 293.3 7.1 35.6 1.5 641.7 1.4 103.4 21.1 532.8 51.0 531.0 17.9 43.8

K2WO4–Mn/SiO2
d 293.4 7.5 35.7 1.6 641.5 1.7 103.4 21.5 532.9 50.2 530.9 17.5 42.9

BaWO4–Mn/SiO2
c 780.1 4.8 35.7 2.2 641.5 1.1 103.4 20.0 532.9 49.8 530.9 22.1 244.12

BaWO4–Mn/SiO2
d 779.9 4.3 35.3 2.3 641.3 1.5 103.4 20.1 532.8 50.3 530.5 21.5 241.35

CaWO4–Mn/SiO2
c 347.5 0.5 35.1 1.1 641.8 1.2 103.4 24.7 532.7 56.8 531.6 15.7 231.79

CaWO4–Mn/SiO2
d 347.3 0.7 35.1 1.2 641.7 1.3 103.4 24.9 532.9 56.5 531.4 15.4 235.65

FeWO4–Mn/SiO2
c 710.4 0.4 35.2 1.1 641.6 1.1 103.4 25.1 532.8 50.6 531.5 21.7 272.87

FeWO4–Mn/SiO2
d 710.3 0.5 35.1 1.2 641.6 1.5 103.4 25.2 532.8 50.1 531.5 21.5 269.30

CoWO4–Mn/SiO2
c 781.3 1.5 35.0 1.7 641.2 1.5 103.4 20.7 532.9 55.8 530.4 18.8 243.39

CoWO4–Mn/SiO2
d 781.5 1.4 35.0 1.7 641.3 1.8 103.4 20.5 532.8 55.6 530.5 19.0 245.80

NiWO4–Mn/SiO2
c 855.8 0.8 35.0 2.0 640.9 2.1 103.4 19.7 532.8 55.5 530.2 19.9 246.94

NiWO4–Mn/SiO2
d 855.6 0.9 35.0 2.1 640.8 2.3 103.4 19.3 532.7 55.3 530.2 20.1 239.75

Al2(WO4)3–Mn/SiO2
c 73.9 1.2 35.0 1.8 640.8 1.8 103.4 21.5 532.8 59.8 530.2 13.9 249.19

Al2(WO4)3–Mn/SiO2
d 74.0 1.1 35.1 1.8 640.8 1.9 103.4 21.0 532.8 59.5 530.1 14.7 242.32

a Li2WO4–Mn/SiO2, Na2WO4–Mn/SiO2, K2WO4–Mn/SiO2, BaWO4–Mn/SiO2, CaWO4–Mn/SiO2, FeWO4–Mn/SiO2, CoWO4–Mn/SiO2,
NiWO4–Mn/SiO2, and Al2(WO4)3–Mn/SiO2 catalysts are Li(1s), Na(1s), K(2p), Ba(3d), Ca(2p), Fe(2p), Co(2p), Ni(2p), and Al(2p), respectively.

b MOx represents the metal oxides except SiO2.
c Fresh catalysts.
d After testing 5 h (T = 800◦C; CH4:O2 = 3.2:1; GHSV= 25,400 ml g−1 h−1; 0.2 g catalyst).
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Fe-, Co-, Ni-, and Al-modified catalysts suggests that the
kali and alkaline earth metal-promoted catalysts have a m
smaller surface area than those of the aluminum and tr
tion metal-modified catalysts. This can be explained by
promotion effect on the transition of amorphous silica i
α-cristobalite by the addition of the alkali or alkaline ea
metal or the formation of silicate compounds. Crystall
α-cristobalite abd silicate compounds are low surface
materials.

3.2. X-ray photoelectron spectroscopy

Table 2 shows the observed binding energies and n
surface elemental compositions of the fresh and the po
action catalysts. In the fresh catalysts, the near-surface
centration of Mn is between 1.1 and 2.3%, and this does
correlate directly with the observed CH4 conversions and
product selectivities. After the catalyst was tested for 5
the near-surface concentrations of Mn in all of the catal
are higher than in the fresh catalysts, suggesting that s
Mn surface migration occurs during the OCM reaction.
the fresh catalysts, the near-surface concentration of W i
tween 1.1 and 2.2%, and those of the metal ions is betw
0.4 and 12.8%, significantly varying with different catalys
The near-surface concentrations of Li, Na, K, and Ba are
atively higher than the stoichiometric composition of me
tungstate, while those of Ca, Fe, Co, Al, and Ni are low
than the stoichiometric tungstate composition. These re
indicate that the Li, Na, K, and Ba are enriched, and Ca,
Co, Al, and Ni are deficient in the catalyst surface.
-

-
-
-

-

The binding energy of W(4f) also changes with the d
ferent additives. Generally speaking, the alkali and alkal
earth metal-modified catalysts have the higher W(4f) b
ing energy: the W(4f) binding energy over the fresh and u
Na–W–Mn/SiO2 was 35.8 eV, while the Ca-modified cat
lyst has the lowest W(4f) binding energy among the al
and alkaline-earth metal-modified catalysts, only 35.2 eV
comparison to the alkali and alkaline-earth metal-modi
catalysts, the transition metal-modified W–Mn/SiO2 cata-
lysts have lower W(4f) binding energy, less than 35.2 eV

3.3. Laser Raman spectroscopy

The Raman spectra of the fresh and the postreac
catalysts are shown in Fig. 1. The laser Raman spec
of unpromoted 3.1% W–2% Mn/SiO2 was measured an
listed as a reference to compare the addition of the
ferent metal modifiers on the vibration of the catalyst s
face. Comparison with the literature results [18,37–39] s
gests that the Raman bands between 952 and 905 cm−1 can
be assigned to tetrahedral WO4, and bands between 88
and 862 cm−1 to octahedral WO6. The bands at 701 an
574 cm−1 are attributed to manganese oxide species,
those below 500 cm−1 to α-cristobalite and quartz (Ref. [18
and Fig. 1A, a).

It can be seen from Fig. 1 that the fresh Na–W–Mn/SiO2
catalyst has two bands at 947 and 905 cm−1 due to the tetra
hedral WO4, and there are four bands at 683, 615, 574,
509 cm−1 due to manganese oxide species, while no
man bands assignable to octahedral WO6 were observed
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(A) (B)

Fig. 1. (A) The Raman spectra of (a)α-cristobalite, (b) Li–W–Mn/SiO2 (fresh), (c) Li–W–Mn/SiO2 (post), (d) Na–W–Mn/SiO2 (fresh), (e) Na–W–Mn/SiO2
(post), (f) K–W–Mn/SiO2 (fresh), (g) K–W–Mn/SiO2 (post), (h) Ba–W–Mn/SiO2 (fresh), and (i) Ba–W–Mn/SiO2 (post) catalysts. (B) The Ra
man spectra of (a) 3.1% W–2% Mn/SiO2, (b) Ca–W–Mn/SiO2 (fresh), (c) Ca–W–Mn/SiO2 (post), (d) Fe–W–Mn/SiO2 (fresh), (e) Fe–W–Mn/SiO2
(post), (f) Co–W–Mn/SiO2 (fresh), (g) Co–W–Mn/SiO2 (post), (h) Ni–W–Mn/SiO2 (fresh), (i) Ni–W–Mn/SiO2 (post), (j) Al–W–Mn/SiO2 (fresh), and
(k) Al–W–Mn/SiO2 (post) catalysts.
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(Fig. 1A, d). The fresh K–W–Mn/SiO2 catalyst has two
bands at 952 and 909 cm−1 (for tetrahedral WO4), and four
bands at 696, 623, 579, and 515 cm−1 (for manganese oxid
species). Again no Raman bands for octahedral WO6 were
observed (Fig. 1A, f). After an activity test for 5 h, no chan
was observed in the Raman bands assigned to the tetrah
WO4 and manganese oxide species, suggesting that the
face structure of the catalysts is not changed during the
test.

The fresh Li–W–Mn/SiO2 catalyst has two bands at 94
and 917 cm−1 due to tetrahedral WO4, one at 862 cm−1

for octahedral WO6, and one strong band at 467 cm−1 and
one weak band at 206 cm−1 for quartz SiO2; no Raman
bands due to the manganese oxide species could be
(Fig. 1A, b). After an activity test for 5 h, the band
941 cm−1 for the tetrahedral WO4 decreased greatly whil
the band at 862 cm−1 (octahedral WO6) increased signifi-
cantly (Fig. 1A, c), indicating that the surface structure
the catalyst had changed under the OCM reaction co
tions. Comparison with the catalytic activity of the Li–W
Mn/SiO2 catalyst (entries 1 and 2, Table 1) shows that
fresh catalyst has a good initial CH4 conversion activity and
C2 selectivity but, after a 5-h test, the CH4 conversion and
C2H4 selectivity decreased greatly, suggesting that the W4

tetrahedron on the catalyst surface may play an impor
role in the CH4 conversion and the C2H4 selectivity.

The fresh Ba–W–Mn/SiO2 catalyst has one weak ban
at 929 cm−1 for the tetrahedral WO4, one strong band a
889 cm−1 for the octahedral WO6, and two weak bands a
701 and 664 cm−1 for the manganese oxide (Fig. 1A, h
This catalyst exhibited a quite high activity for CH4 conver-
sion and C2H4 selectivity (entries 7 and 8, Table 1). Aft
an activity test of 5 h, the Raman band at 929 cm−1 for
tetrahedral WO4 decreased (Fig. 1A, i) and the CH4 conver-
al
-

n

sion decreased slightly, while the C2H4 selectivity dropped
rapidly. This further suggests that the tetrahedral WO4 plays
a key role for the CH4 conversion and C2H4 selectivity.

The Ca–, Fe–, Co–, Ni–, and Al–W–Mn/SiO2 catalysts
each had a band at 890 cm−1 for octahedral WO6, no Ra-
man bands due to the tetrahedral WO4, and only a weak pea
at 664 cm−1 for the manganese oxide system in some c
lysts (Fig. 1B, b, d, f, h, and j). However, the 3.1% W–2
Mn/SiO2 catalyst has one peak at 881 cm−1 for octahedral
WO6 and a weak band at 655 cm−1 for manganese oxid
species (Ref. [18] and Fig. 1B, a). It can be seen that in
WO6 octahedra-containing catalysts, formulated using
Fe, Co, Ni, and Al, the CH4 conversion was less than
the Na and K-promoted catalysts, and the C2 selectivity was
poor while the CO selectivity was very high. After an a
tivity test for 5 h, the activity of the catalysts is almost t
same and the Raman spectra are not changed signific
(Fig. 1B, c, e, g, i, and k), suggesting that the surface st
ture of these catalysts is stable under the reaction condit

In summary, comparison of the catalytic performan
with Raman bands of all fresh and postreaction catalyst
veals a correlation between the presence of tetrahedral4

and the high CH4 conversion and C2 selectivity; therefore
tetrahedral WO4 species appear to be an essential ingred
in the formulation of an efficient OCM catalyst based on
M–W–Mn/SiO2 catalyst system. Furthermore, tetrahed
WO4 appear to be stabilized in the Na– and K–W–Mn/SiO2

catalysts, which hasα-cristobalite support. However, th
tetrahedral WO4 is unstable in Li– or Ba–W–Mn/SiO2 cata-
lyst, which has a quartz SiO2 or amorphous SiO2 as the
support, even though the alkali metal ion or alkaline ea
metal ion, tungsten, and manganese coexist in the catal
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µm)
Table 3
Phase identification and crystal size of the M–W–Mn/SiO2 catalysts

Catalystsa Crystal phases Size (µm) Crystal phases Size (

Li2WO4–Mn/SiO2
b Li2WO4 2.03 Mn2O3 1.39

Li2WO4–Mn/SiO2
c Li2WO4 2.16 Mn2O3 1.46

Na2WO4–Mn/SiO2
b Na2WO4 0.51 Mn2O3 0.87

Na2WO4–Mn/SiO2
c Na2WO4 0.49 Mn2O3 0.89

K2WO4–Mn/SiO2
b K2WO4 2.89 Mn2O3 0.58

K2WO4–Mn/SiO2
c K2WO4 2.90 Mn2O3 0.61

BaWO4–Mn/SiO2
b BaWO4 0.38 MnWO4 0.34

BaWO4–Mn/SiO2
c BaWO4 0.32 MnWO4 0.39

CaWO4–Mn/SiO2
b CaWO4 0.60 MnWO4 0.48

CaWO4–Mn/SiO2
c CaWO4 0.63 MnWO4 0.51

FeWO4–Mn/SiO2
b FeWO4 1.05 MnWO4 0.62

FeWO4–Mn/SiO2
c FeWO4 1.09 MnWO4 0.71

CoWO4–Mn/SiO2
b CoWO4 0.39 MnWO4 0.39

CoWO4–Mn/SiO2
c CoWO4 0.41 MnWO4 0.37

NiWO4–Mn/SiO2
b NiWO4 0.35 MnWO4 0.67

NiWO4–Mn/SiO2
c NiWO4 0.33 MnWO4 0.72

Al2(WO4)3–Mn/SiO2
b Al2(WO4)3 0.52 MnWO4 0.48

Al2(WO4)3–Mn/SiO2
c Al2(WO4)3 0.49 MnWO4 0.56

a The crystalline phases were identified by XRD according to the Scherrer equation:D = Kλ/B1/2 cosθ .
b Before reaction.
c After reaction (reaction conditions:T = 800◦C; CH4:O2 = 3.2:1; GHSV= 25,400 ml g−1 h−1; 0.2 g catalyst; stream time= 5 h).
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3.4. X-ray diffraction

The phase composition and crystal size of the diffe
catalysts before and after reaction are summarized in
ble 3. It can be seen that in the alkali metal-modified c
lysts, the main crystalline phases are M2WO4 and Mn2O3,
and these do not change significantly after the activity
for 5 h. Although the surface areas of the supports are
similar, there is a significant difference among the part
sizes of the crystalline phases. Comparison with the cat
performance shows that the crystal size of the M2WO4 and
MO3 does not exert a significant effect on the catalyst p
formance.

While in the alkaline–earth and transition metal-modifi
catalysts, the main crystalline phases of the catalyst
M2WO4 and Mn2O3. The crystallite size does not change
ter the reaction test, but the size of the crystallite differs w
the catalysts. Although the crystallite sizes of Na2WO4 and
K2WO4 are 0.51 and 2.89 nm, they have a similar per
mance for methane conversion and C2H4 selectivity. Hence
it is inferred that the crystallite size is not directly related
catalyst performance.

The XRD patterns of the fresh and the postreaction c
lysts are shown in Fig. 2. In the fresh Na–W–Mn/SiO2 cata-
lyst, Na2WO4, Na2W2O7, Mn2O3, andα-cristobalite phase
are detected. In the fresh K–W–Mn/SiO2 catalyst, K2WO4,
Mn2O3, andα-cristobalite phases are present. After OC
activity testing for 5 h, these phases are still present in
catalysts. In the fresh Li–W–Mn/SiO2 catalyst, Li2WO4,
Li6WO6, Mn2O3, and quartz SiO2 phases are detected.
the catalyst tested for 5 h the Li2WO4 phase decreased whi
the Li6WO6 phase slightly increased, indicating that t
t

Li2WO4 phase is unstable under the OCM reaction co
tions.

XRD results show that the fresh Ba–W–Mn/SiO2 cata-
lyst is composed of BaWO4, MnWO4, and amorphous SiO2
phases. No Mn2O3 phase was detected. This indicates tha
this catalyst, Mn has been converted into the MnWO4 phase.

Literature results [37] show that tungsten is tetrahe
WO4 in BaWO4, and octahedral WO6 in MnWO4. In the
fresh Ba–W–Mn/SiO2 catalyst, the amount of the BaWO4
phase was greater than the MnWO4 phase. Our laser Rama
results suggest that the tetrahedral WO4 species is less abun
dant than the octahedral WO6. These results indicate th
BaWO4 is mainly present in the subsurface of the cata
and MnWO4 is distributed on the catalyst surface. After a
tivity testing for 5 h, the BaWO4 phase decreased in conte
and the MnWO4 phase increased slightly, suggesting that
BaWO4 phase is unstable under OCM reaction condition

In the Ca–, Fe–, Co–, Ni–, and Al–W–Mn/SiO2 cata-
lysts, more MnWO4 phase and less metal tungstate ph
was detected and, after activity testing for 5 h, the abund
of these phases did not change significantly. The cat
systems are stable and experience little change durin
activity tests.

3.5. FTIR spectroscopy

Although the IR bands of the metal tungstate and m
ganese oxide species in the catalysts cannot be sepa
the IR bands ofα-cristobalite, amorphous SiO2, and quartz
SiO2 are distinguishable. Therefore, information regard
the interaction of tetrahedral WO4 and octahedral WO6 with
the support in the catalysts can be inferred from change
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e

(A)

(B)

Fig. 2. (A) The XRD pattern of (a)α-cristobalite, (b) Li–W–Mn/SiO2 (fresh), (c) Li–W–Mn/SiO2 (post), (d) Na–W–Mn/SiO2 (fresh), (e) Na–W–Mn/SiO2
(post), (f) K–W–Mn/SiO2 (fresh), (g) K–W–Mn/SiO2 (post), (h) Ba–W–Mn/SiO2 (fresh), and (i) Ba–W–Mn/SiO2 (post) catalysts. (Al refers to th
peaks from the aluminum sample holder.) (B) The XRD pattern of (a) Ca–W–Mn/SiO2 (fresh), (b) Ca–W–Mn/SiO2 (post), (c) Fe–W–Mn/SiO2
(fresh), (d) Fe–W–Mn/SiO2 (post), (e) Co–W–Mn/SiO2 (fresh), (f) Co–W–Mn/SiO2 (post), (g) Ni–W–Mn/SiO2 (fresh), (h) Ni–W–Mn/SiO2 (post),
(i) Al–W–Mn/SiO2 (fresh), and (j) Al–W–Mn/SiO2 (post) catalysts. (Al refers to the peaks from the aluminum sample holder.)
e
s of

e

,

t
n
at
he-
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ating
the IR spectra of SiO2. The IR spectra of the fresh and th
postreaction catalysts are shown in Fig. 3. The IR band
theα-cristobalite are at 1200, 1092, 793, 619, and 483 cm−1

(Fig. 3A, a). In the fresh Na–W–Mn/SiO2 catalyst, bands ar
present at 1198, 1099, 795, 619, and 494 cm−1 (Fig. 3A, d),
and in the fresh K–W–Mn/SiO2 catalyst, they are at 1198
1099, 795, 619, and 487 cm−1 (Fig. 3A, f). Comparing the
IR bands of the catalysts with theα-cristobalite reveals tha
the presence of tetrahedral WO4 brings about a change i
the IR bands of theα-cristobalite, except the IR band
619 cm−1. This indicates a close interaction of the tetra
dral WO4 with α-cristobalite. After activity testing for 5 h
the IR bands of the catalysts are not changed, demonstr
that the tetrahedral WO4 are stable withα-cristobalite.
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of
(A) (B)

Fig. 3. (A) The FTIR spectra of (a)α-cristobalite, (b) Li–W–Mn/SiO2 (fresh), (c) Li–W–Mn/SiO2 (post), (d) Na–W–Mn/SiO2 (fresh), (e) Na–W–Mn/SiO2
(post), (f) K–W–Mn/SiO2 (fresh), (g) K–W–Mn/SiO2 (post), (h) Ba–W–Mn/SiO2 (fresh), and (i) Ba–W–Mn/SiO2 (post) catalysts. (B) The FTIR spectra
(a) amorphous SiO2, (b) Ca–W–Mn/SiO2 (fresh), (c) Ca–W–Mn/SiO2 (post), (d) Fe–W–Mn/SiO2 (fresh), (e) Fe–W–Mn/SiO2 (post), (f) Co–W–Mn/SiO2
(fresh), (g) Co–W–Mn/SiO2 (post), (h) Ni–W–Mn/SiO2 (fresh), (i) Ni–W–Mn/SiO2 (post), (j) Al–W–Mn/SiO2 (fresh), and (k) Al–W–Mn/SiO2 (post)
catalysts.
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The IR bands of the fresh Li–W–Mn/SiO2 catalyst oc-
cur at 1164, 1099, 1057, 797, 778, 694, 513, and 470 c−1

(Fig. 3A, b). After activity testing for 5 h, the IR band shif
from 1057 to 1049 cm−1 and no changes occur to the oth
bands. From Raman spectra (Fig. 1A, c), the tetrahe
WO4 decreased in the Li–W–Mn/SiO2 catalyst after a 5-h
activity test, suggesting that the interaction of the tetrahe
WO4 with the quartz SiO2 is weak and the tetrahedral WO4
is unstable in this system.

The IR bands of the amorphous SiO2 are at 1101, 971
801, and 466 cm−1 (Fig. 3B, a). In the fresh Ba–W
Mn/SiO2 catalyst, they are at 1099, 809, and 466 cm−1

(Fig. 3A, h). It is found that the band at 971 cm−1 disap-
pears and the band at 1101 shifts to a lower wavenum
(1099 cm−1) and the band at 801 cm−1 shifts to a higher
wavenumber (809 cm−1). These results indicate that the i
teractions of the metal tungstate, manganese oxide, an
amorphous SiO2 are strong in the catalyst. After activi
testing for 5 h, the IR bands of the catalyst are at 10
827, and 466 cm−1 (Fig. 3A, i). It is found that the band
in the fresh catalyst at 1099 cm−1 shift to lower wavenum
ber (1091 cm−1) and the band at 809 cm−1 shifts to a higher
wavenumber (827 cm−1), suggesting that the interactions
the metal tungstate, manganese oxide, and the amorp
SiO2 are changed under OCM reaction conditions.

The IR bands of the fresh Ca–, Fe–, Co–, Ni–, and
W–Mn/SiO2 catalysts appear at 1101, 801, and 466 cm−1

(Fig. 3B, b, d, f, h, and j). By comparison with the IR ban
of the amorphous SiO2 (Fig. 3B, a), it is found that the
bands do not change except that at 971 cm−1. Raman spec
tra (Fig. 1B, b, d, f, h, and j) suggests that octahedral W6
is present in these catalysts, revealing that the interactio
the octahedral WO6 and the amorphous SiO2 is weak. Af-
ter activity testing for 5 h, the bands appear at 1101, 8
l

r

e

s

f

and 466 cm−1 (Fig. 3B, c, e, g, i, and k). A comparison wi
the fresh catalysts (Fig. 3B, b, d, f, h, and j) shows that
band at 801 cm−1 shifts to a higher wavenumber (814 cm−1)
and the other bands do not change. This means that the
action of the octahedral WO6 and the amorphous SiO2 has
changed and the octahedral WO6 that exist in the amorphou
SiO2 is unstable under OCM reaction conditions.

4. Discussion

The catalytic performance of several reported OCM c
lyst systems are listed in Table 4. This clearly shows
potential importance of tetrahedral WO4 in achieving high
CH4 conversion and C2 selectivity. In Wu’s study [7], CH4
conversion was similar over both Na+–WO3/SiO2(I) (con-
taining WO4 tetrahedra) and Na+–WO3/SiO2(II) (contain-
ing WO6 octahedra). However, the C2 selectivity of the
catalyst containing the WO4 tetrahedron was nearly sixfo
higher than that of the catalyst containing WO6 octahedron
In Lambert’s study [31], the C2 selectivity in the Na2WO4/

α-cristobalite catalyst, which contains WO4 tetrahedron
was ninefold higher than in the (NH4)2WO4/α-cristobalite
catalyst containing WO6 octahedra. It is believed that th
WO4 tetrahedron exists in the Na2WO4/α-cristobalite and
the WO6 octahedron in the (NH4)2WO4/α-cristobalite;
although the structure of tungsten oxide in Na2WO4/

α-cristobalite and (NH4)2WO4/α-cristobalite catalysts can
not be separated using Raman spectra, some evidenc
been obtained in our previous study [18]. Almost all
activity test results on this catalyst system show that
catalysts containing the WO4 tetrahedron exhibit better pe
formance for CH4 conversion and C2 selectivity than the
catalysts containing the WO6 octahedron in the metal
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ork
rk
Table 4
The catalytic performance of several OCM catalyst systems

Catalysts Structure of Phase of Conversion of Total C′
2 C′

2 Refs.
tungsten oxide SiO2 CH4 (%) selectivity (%) yield (%)

Na+–WO3/SiO2(I)a WO4 tetrahedron α-Cristobalite 20.6 62.9 13.0 [7]
Na+–WO3/SiO2(II)a WO6 octahedron α-Cristobalite 21.2 10.9 2.3 [7]
Na2WO4/α-cristobaliteb WO4 tetrahedron(?) α-Cristobalite 8 54 4.3 [31]
(NH4)2WO4/α-cristobaliteb WO6 octahedron(?) α-Cristobalite < 5 < 5 < 0.25 [31]
0.8 wt% Na–3.1 wt% W/SiO2

c WO4 tetrahedron α-Cristobalite 8.8 54.5 4.8 [18]
3.1 wt% W–2 wt% Mn/SiO2

c WO6 octahedron Amorphous SiO2 3.1 17.3 0.5 [18]
Na–, K–W–Mn/SiO2

d WO4 tetrahedron α-Cristobalite 28.9–29.8 62.4–66.6 18.5–19.6 This w
Ca–, Fe–, Co–, Ni–, Al–W–Mn/SiO2

d WO6 octahedron Amorphous SiO2 17.1–19.0 14.6–25.3 2.7–4.8 This wo

a Reaction conditions:T = 800◦C; CH4:O2 = 3:1; flow rate, 80 ml/min; weight of catalyst used, 0.2 g.
b Reaction conditions:T = 850◦C; CH4:O2 = 4.5:1; total flow rate= 18 ml/min; 0.4 g catalyst.
c Reaction conditions:T = 800◦C; CH4:O2 = 3:1; GHSV= 36,000 ml g−1 h−1; 0.1 g catalyst.
d Reaction conditions:T = 800◦C; CH4:O2 = 3.2:1; GHSV= 25,400 ml g−1 h−1; 0.2 g catalyst.
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tungsten–manganese/SiO2 catalysts. Especially, in the Li
W–Mn/SiO2 and Ba–W–Mn/SiO2 catalysts, the fresh cata
lysts containing the WO4 tetrahedron have a good initi
CH4 conversion and C2 selectivity. However, during the ac
tivity test for 5 h, the CH4 conversion and C2 selectivity
dropped rapidly with a decrease in the WO4 tetrahedron.

The reason for the apparent importance of the WO4 tetra-
hedron in high CH4 conversion and C2 selectivity in the
OCM reaction may lie in the fact that the WO4 tetrahedron
possesses suitable geometric and energy-matching pr
ties. In the oxidative coupling of CH4 to C2 products unde
the OCM reaction conditions, it can provide active oxyg
and provide a suitable site for hydrogen extraction. Acco
ing to Lunsford’s view [3], the first step in the oxidativ
coupling of methane is the removal of a hydrogen atom
the catalysts surface, leading to the creation of CH3· radi-
cals which can couple to form C2 hydrocarbons. The forme
CH3· first couples to form C2H6, which is dehydrogenate
into C2H4. However, the process of extracting a hydrog
atom from CH4 proceeds with the interaction of metha
with the catalyst surface, and thus forming a transition st
Hence it is inferred that the generation of the transition s
is crucial for the OCM reaction.

Given that tetrahedra WO4 and octahedra WO6 are the ac-
tive sites in the Na–W–Mn/SiO2 catalyst for the activation
of methane under the reaction conditions, they would t
form the transition state in the catalytic reaction. The lo
est energy principle of the system requires that CH4 and the
active sites, e.g., WO4 or WO6, have matching energy an
geometry. The bond length of W–O in Na–W–Mn/SiO2 is
1.77 Å [12], and C–H bond length in CH4 is 1.106 Å [40]. In
interactions between CH4 and WO4 or WO6, the H atoms in
CH4 will interact with O in WO4 and C will interact with W.
Possible interaction models of WO4 and WO6 with methane
with the low system energy are shown in Fig. 4. Ha and Hb

refer to the hydrogen atoms in CH4, which interact with dif-
ferent oxygen atoms in WO4 or WO6. These oxygen atom
are marked as Oa and Ob. The calculated structural param
ters of the models are shown in Table 5.
r- (A)

(B)

Fig. 4. (A) Scheme of the transition complex model of CH4 with a WO4
tetrahedron. (B) Scheme of the transition complex model of CH4 with a
WO6 octahedron.

The calculation shows that the W–C bond length of
tween W in WO4 and C in CH4 (0.959 Å) is shorter than tha
between W in WO6 and C in CH4 (1.391 Å). Also in Fig. 4A,
the bond angle of Ha–Oa–Hb (138◦) is almost the same a
Oa–Hb–Ob (137◦), suggesting that the system is unifor
and small stretching forces are present in the transition-
compounds. However, in the transition state formed by W6
and CH4 (Fig. 4B), a significant difference is present b
tween the bond angle of Ha–Oa–Hb (128◦) and Oa–Hb–Ob
(151◦), suggesting that tension is present in the transi
state. Hence it has a higher energy.

These results suggest that the transition state of WO4 in-
teracting with CH4 could be more stable than that of WO6
and methane; therefore, it is easier to present in the r
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Table 5
The structural parameters of the transition complex of the model of the WO4 tetrahedron and WO6 octahedron with
CH4 tetrahedron

Bond length Bond length Bond length Bond angle of Bond angle of
of W–Oa of C–Hb of W· · ·C Ha· · ·Oa· · ·Hb Oa· · ·Hb· · ·Ob

(Å) (Å) (Å) (deg) (deg)

WO4 tetrahedron 1.770 1.106 0.959 138 137
WO6 octahedron 1.770 1.106 1.391 128 151

a From Ref. [12].
b From Ref. [40].
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tion. Hence if more WO4 is present in the catalyst, hig
activity and selectivity of the catalyst is expected. This a
provides the explanation why the Na–W–Mn/SiO2 catalysts
have higher activity and selectivity than the Ca-, Fe-, N
Co-, and Al-modified catalyst system.

5. Conclusions

In all the trimetallic catalysts containing alkali metal io
or alkaline-earth metal ions, tungsten, and manganese,
ported on SiO2, the presence of tetrahedral WO4 on the
catalyst surface resulted in active and selective OCM c
lysts. WO4 is present on the surface of the Na– and K–
Mn/SiO2 catalysts and is mainly present in the subsurfac
the Ba–W–Mn/SiO2 catalyst. It can be stabilized in the Na
and K–W–Mn/SiO2 catalysts, which hasα-cristobalite SiO2
as the support, but is unstable in Li– or Ba–W–Mn/SiO2
catalysts, which have quartz SiO2 or amorphous SiO2 as the
support. FTIR spectra show that the WO4 tetrahedron has
stronger interaction with the support than the WO6 octahe-
dron. A transition complex, formed by the WO4 tetrahedron
with CH4, has been modeled, demonstrating that the W4
tetrahedron can have suitable geometric and energy m
ing with CH4.
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