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Abstract

A series of M-W-MnSiO, catalysts (M= Li, Na, K, Ba, Ca, Fe, Co, Ni, and Al) have been prepared and their catalytic performance
for the oxidative coupling of methane (OCM) was evaluated in a continuous-flow microreactor. The structural properties of the catalysts
have been studied using X-ray photoelectron spectroscopy (XPS), laser Raman spectroscopy (LRS), X-ray diffraction (XRD), and Fourier
transform infrared spectroscopy (FTIR). In the trimetallic catalysts studied, there was evidence fdet@@edron on the surface in the
Li—, Na—, and K-W-MriSiO, catalysts, which is mainly present in the subsurface of the Ba—\VWSMI» catalyst. It appears that the WO
has a strong interaction with tlecristobalite support and is stabilized in the Na— and K-W-+$1f, catalysts. However, the W Bpecies
appear to be less stable in Li- or Ba—W-MRIO, catalysts, in which the support turns into quartz Si® amorphous Si@ The WO
tetrahedron on the catalyst surface appears to play an essential role in achieving higbr@étsion and high £hydrocarbon selectivity
in the OCM reaction. Calculations suggest that the Mé&rahedron interacts with the GHgiving suitable geometry and energy matching
with CHyg, and this may account for the high OCM activities.

0 2003 Elsevier Inc. All rights reserved.
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1. Introduction uted tetrahedral W@ and octahedral Mnggroups [12].
There is evidence for a synergic effect among the sodium,
The Na-W-Mn'SiO;, catalyst system was first reported tungsten, and manganese components. The active oxygen
by Li and his co-workers [1,2], and has been one of species of the catalyst was proposed to be mobile surface
the most effective catalysts for the oxidative coupling of lattice oxygen supplied by tungsten and manganese oxides,
methane [3-5]. It has been extensively studied by the groupsand it was suggested that the sodium strongly polarizes
of Li [6—24], Lunsford [25-30], Lambert [31,32], and Abe- the metal-oxygen bonds of the tungsten and manganese
dini [33]. Li's group proposed that W-O-Si species were oxides, increasing the mobility of the surface lattice oxy-
responsible for the oxidative coupling of methane via a re- gen [15-21]. In a 200-ml fluidized bed reactor under the
dox mechanism [6,7] and molecular oxygen is activated by reaction conditions of 800-87&, CHs:02:H,0 = 6:1:3,
an F center to produce lattice oxygen [8]. It was suggested and GHSV(CH) = 7000 h1, the catalyst was successfully
that the surface of the catalyst was dominated by oxygen-tested for 450 h, giving a Lyield of 17.8-19.4% and a
enriched amorphous phases consisting of discretely distrib-C, selectivity at 75.7—-82.6% [9,10]. At elevated pressure,
the catalyst exhibited not only the same catalytic activity
mspon ding author. and G selectivity, but also a higher ratio of,€4 to CoHg
E-mail address malcolm.green@chem.ox.ac.uk (M.L.H. Green). when the space velocity was increased [11]. More recently,

1 Current address: Johnson Matthey Technology Centre, Blount's Court, the CeQ—.anq SnQ'prOmOted Na-W-MpSiO, catalysts .
Sonning Common, Reading, RG4 9NH, UK. for the oxidative conversion of methane have been studied
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in a micro-stainless-steel reactor under elevated pressurdirst impregnated with an aqueous solution of Mn(@#ifat

[22—-24]. A CH; conversion of 47.2% with a £Cy se-
lectivity of 47.3% (G:C3:C4 = 1:1:3.3) was obtained at
710°C with 1.0 x 10° mlg~th~1 GHSV, CH;/0, = 2.5,
andP = 0.6 MPa. In addition, the NaWO4—Mn/SiO; cata-
lysts also exhibited a good activity for the conversion of4CH
with CO; into C; hydrocarbon [13] and for the oxidative de-
hydrogenation of ethane using oxygen and carbon dioxide
as oxidants [14].

90°C, and for 4-5 h at 128C, and then with aqueous solu-
tions containing an appropriate amount of (N§H7(WOQO4)s

and M(NGs) (M = Li, Na, K, Ba, Ca, Fe, Co, Ni, and Al) at
90°C, and then dried for 4-5 h at 12Q. Finally, the cata-
lysts were calcined in air for 6 h at 830—-830. Herein, the
amounts of the various components are expressed in same
molar weight as 5 wt% NaWO;—2 wt% Mn/SiO, catalyst.

The catalysts were tested for 5 h and then unloaded. During

The same catalyst system has been studied by Lunsforcthe unloading, the reactor was allowed to cool to room tem-

[25-30], Lambert [31,32], and Abedini [33]. Lunsford and

perature under a flowing Ar atmosphere and then exposed to

co-workers suggested that a Na—O—Mn species was mainlyair before collection.

responsible for the activation of methane, and that sodium
was responsible for preventing the complete oxidation of

2.2. Catalytic activity test

CHg. The presence of tungstate ions appears to impart stabil-

ity to the catalyst [25,26]. In a recycle mode with continuous
removal of alkenes, yields of ethylene over 70% have been
achieved [27,28] using a N&/O4—Mn/SiO, catalyst. Lam-
bert and co-workers emphasized the effect of the phase tran
sition from amorphous silica te-cristobalite and the effect

of different alkali additives on the catalytic performance, and

they proposed that Na plays a dual role as both a structural

and a chemical promoter. The phase transition from amor-
phous silica tax-cristobalite appears to be a critically impor-
tant requirement for the production of an effective catalyst
and incorporation of W switches on OCM activity. An alkali-
stabilized tungsten oxo species is thought to be the OCM
active site [31,32]. Recently, the electrical conductivity and
the catalytic performance of fMNapWQO,4/Si0O, (M =V, Cr,

Mn, Fe, Co, and Zn) catalysts for OCM have been stud-
ied by Abedini and co-workers [33]. The authors found the
best catalytic performance for the N&O4—Mn/SiO, OCM

catalyst system and associated this with its highest electrical
conductivity due to the lowest band gap between manganese

oxide and NaWQ,/SiOs.

In this work, the M—W-MrISiO, catalysts (M= Li, Na,
K, Ba, Ca, Fe, Co, Ni, and Al) have been prepared with the
same molar content as a 5 wt% NN¥O,—2 wt% Mn/SiO;
catalyst and their catalytic performances for OCM were
evaluated using a continuous-flow fixed-bed reactor. The
effect of different additives on the state of tungsten oxide
and roles of the W@tetrahedra and the W§bctahedra on

Activity testing was carried out in a quartz fixed-bed mi-
croreactor (i.d. 6 mm). About 0.2 g catalyst was loaded in
the reactor, and the remaining volume was filled with quartz

chips so as to reduce the contribution from gas-phase reac-
tions. A thermocouple was attached to the outside wall of
the reactor to monitor the reactor temperature and to con-
trol the furnace. The reactants, ¢end Q (99.9% purity),
were used without further purification. Gas flow rates were
regulated with mass flow controllers (D07-11/ZM made by
Beijing Sevenstar Huachuang Electronic Co. Ltd). The cata-
lysts were evaluated at 80C, and 1 bar with a GHSV of
25,400 mlglh—1. The reactant consists of methane and
oxygen at a ratio of 3.2:1, without any further dilution with
an inert gas. These experimental conditions were applied to
all activity tests. At the reactor outlet a cold trap was used
to remove the water from the exit gas stream. The reac-
tion products were then analyzed with an on-line SC-6 GC
equipped with a TCD, using a Porapak Q column for the sep-
aration of CH, CO,, CoH4, and GHe, and a 5 A molecular
sieve column for the separation opACHy4, and CO.

2.3. Catalyst characterization

The XPS analysis of the catalysts was performed with
a VG ESCALAB 210 spectrometer. The fresh catalyst was
pressed into a self-supported wafer and treated with flowing

the catalyst surface have been investigated using X-ray pho-O2 at 800°C for 30 min in the pretreatment chamber be-
toelectron spectroscopy (XPS), laser Raman spectroscopyfore it was passed into the high-vacuum analysis chamber.

(LRS), X-ray diffraction (XRD), and FTIR spectroscopy.
Models for the interaction of the tetrahedral W@nd oc-
tahedral W@ with methane were proposed to correlate the
performance of the catalyst with the additives.

2. Experimental

2.1. Catalyst preparation

The catalysts were prepared by the incipient wetness im-

In the analysis of the postreaction catalyst, samples were
degassed at room temperature in the pretreatment chamber
without heating in an @atmosphere. A Mg target was used
as the anode of the X-ray source with a power of 300 W. The
pass energy of the analyzer was 25 eV in a step increment
of 0.05 eV. The binding energies were calibrated using the
Si (2p) line at 103.4 eV as the reference. Near-surface com-
positions were calculated from peak areas using sensitivity
factors, which were provided in the software of the instru-
ment.

The Raman spectra of the catalysts were recorded in a

pregnation method. The silica gel support (32-53 mesh) wasYuon Jobin Labram 300 spectrometer with a resolution of
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2 cm L. It is equipped with a CCD camera enabling micro- the Ba—W-MnSiO; catalyst, the Chiconversion and §Hg4
analysis on a sample point. A 514.5 nm*Alaser source  selectivity were 21.3 and 18.7% after a 0.5 h test; how-
was used and the spectra were acquired in a back-scatteredver, CO selectivity was up to 45.5%. After testing for 5 h,
confocal arrangement. The scanning range was set from 90CH4 conversion and gHg selectivity decreased to 18.6 and
to 3000 cnT?. 13.2%. However, CO selectivity is increased. These results
The XRD patterns of the catalysts were obtained with a are in agreement with the literature [30-36]: the presence of
Philips PW1710 diffractometer using Cu;Kadiation X-ray Na and K additives helps to maintain the catalyst activity and
at 40 eV and 30 mA. All samples were mounted on an alu- selectivity while the addition of Li and Ba did not improve
minum plate with a groove cut into it and measured at room the catalyst activity, selectivity, and stability.
temperature. Over the Ca-, Fe—, Co—, Ni—, and AI-W-®BiO; cata-
The IR spectra of the catalysts were recorded in a Bruker lysts, both CH conversion and gselectivity were low, with
IFS 120HR FTIR spectrometer with a resolution of 2@m  a high selectivity to CO. After an activity test of 5 h, the £H
and 64 scans for each spectrum. It is equipped with a conversion and product selectivities did not change signifi-
MCT detector. The scanning range was set from 4000 to cantly. These results showed that the addition of the transi-
400 cntL, tion metal did not improve the catalyst performance for the
methane oxidative coupling to ethylene.
Sofranko and co-workers [34-36] have reported that

3. Results the performance of manganese oxisiica OCM catalysts
(without tungsten) can be improved by the addition of al-
3.1. Catalytic reaction results kali metals and alkaline earths. They obtained the highest

C> selectivity with sodium as a promoter and believed that
The results of Cl conversion and product selectivity of  the effect of Na ions was to increase surface basicity and

the M—-W-MrySiO, catalysts (M= Li, Na, K, Ba, Ca, Fe, convert nonselective manganese oxide into a more selective
Co, Ni, and Al) for OCM are listed in Table 1. Over the Na— form. The results in Table 1 show that the effect of alkali
and K—-W-Mry SiO, catalysts, Clj conversion and gH, se- metals ions is stronger than that of the alkaline earth ions
lectivity are approximately 30 and 40%, respectively. After and the other metal ions for OCM catalysts.
5 h time on stream, the performance of the catalysts was The surface areas of the M-W-NM®IO, are given in
essentially unchanged. With the Li-W-¥BIO, catalyst, Table 2. Interestingly, there is no significant difference be-
the CH, conversion was only 20%, and theld; selectivity tween the fresh and the postreaction catalysts, indicating that
35.4%. After 5 h time on stream, there was a small decreasethe reaction does not change the surface area of the cata-
for CH4 conversion, but the £, selectivity is decreased lysts. However, comparison of the surface areas of the Li,
dramatically and gHg selectivity is decreased slightly. For Na, K, Ba, and Ca-promoted W-M8iO, catalysts and the

Table 1
The catalytic performance of the M—W-M8iO, catalyst
Catalyst8 Conversion Selectivity (%) Yield (%)

of CHy (%) CoHa CoHg co Cco» Cyr CO,
LioWO4—Mn/Si0, 20.5 354 287 17.8 18.1 13 74
LioWO4—Mn/Si0x¢ 18.2 257 276 25.2 215 4 85
NapyWO,—Mn/Si0, 29.5 426 238 115 22.1 1% 9.9
Nap, WO4—Mn/Si0,° 28.9 439 227 11.6 21.8 138 9.6
KoWO4—Mn/SiOy 29.6 396 228 12.7 24.9 15 111
K2WO4—-Mn/Si0Oy°© 29.8 397 227 13.3 243 1% 112
BaWOy—Mn/Si0, 21.3 187 138 455 22.0 ® 144
BaWQu—Mn/SiO¢ 18.6 132 125 51.0 23.3 8 138
CaWQy—Mn/SiO, 19.0 121 132 55.2 19.5 8 142
CawQy—Mn/SiO,° 18.2 114 136 54.3 20.7 5H 136
FeWQy—Mn/SiO, 18.3 75 71 67.3 18.1 z 156
FeWQy—Mn/Si0,¢ 17.7 75 7.6 67.1 17.8 Z 150
CoWQOy—Mn/SiOy 18.3 119 111 56.1 20.9 L 141
CoOWOy—Mn/SiO,¢ 18.1 111 127 56.4 19.8 ¥ic} 138
NiWO4—Mn/SiOy 18.4 121 117 52.3 23.9 4 140
NiWO4-Mn/Si0y°¢ 17.9 106 9.9 56.7 22.8 K4 142
Al2(WO4)3—Mn/SiOy 17.9 86 80 68.1 15.3 D 149
Al2(WOy4)3—-Mn/Si0x°¢ 17.1 84 83 69.3 14.0 el 142

a Reaction conditionsT = 800°C; CH,:0, = 3.2:1; GHSV= 25,400 mlg 1 h~1; 0.2 g catalyst; stream time 0.5 h.
P The molecular formula of the metal tungstate was identified by XRD.
¢ Reaction conditionsT = 800°C; CH,:0y = 3.2:1; GHSV= 25,400 mig1h~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-/8i@ylcatalyst components
Catalysts M W(4f) Mn(2p) Si(2p) O(1s)(SiQ) O(1s)(MQ;)P  Surface area
BE (eV) at% BE(eV) at% BE(eV) at% BE(eV) at% BE(eV) at% BE(eV) at% 2/y
LioWO4—Mn/SiO,°¢ 55.7 57 359 22 6417 15 1034 209 5328 511 5309 186 111
Li ;WO4—Mn/Si0,d 55.9 52 356 20 6416 18 1034 208 5327 525 5306 177 120
NapWO4—Mn/Si0,¢ 10722 128 357 16 6415 23 1034 199 5329 497 5308 137 287
NapWO,—~Mn/Si0,d 10721 126 358 15 6414 24 1034 192 5329 495 5309 148 276
KoWO,4-Mn/Si0y¢ 2933 71 356 15 6417 14 1034 211 5328 510 5310 179 438
KoWOz—Mn/Si0,d 2934 75 37 16 6415 17 1034 215 5329 502 5309 175 429
BaWy—Mn/Si0,° 7801 48 357 22 6415 11 1034 200 5329 498 5309 221 24412
BaWO4—Mn/Si02d 7799 43 353 23 6413 15 1034 201 5328 503 5305 215 24135
CaWQy—Mn/Si0,°¢ 3475 05 351 11 6418 12 1034 247 5327 56.8 5316 157 23179
CaWQ;—Mn/SiOZd 3473 0.7 351 12 6417 13 1034 249 5329 565 5314 154 23565
FeWQ;—Mn/Si0,¢ 7104 04 352 11 6416 11 1034 251 5328 506 5315 217 27287
FeWQ;—Mn/SiOZd 7103 05 351 12 6416 15 1034 252 5328 501 5315 215 26930
CoWQy—Mn/SiO¢ 7813 15 350 17 6412 15 1034 207 5329 558 5304 188 24339
CoWO—Mn/Si0,d 7815 14 350 17 6413 18 1034 205 5328 556 5305 190 24580
NiWO4-Mn/SiO,¢ 85538 0.8 350 20 6409 21 1034 197 5328 555 5302 199 24694
NiWO4—Mn;/Si0,¢ 8556 09 350 21 6408 23 1034 193 5327 553 5302 201 23975
Al»(WOy4)3—-Mn/Si0¢ 739 12 350 18 6408 18 1034 215 5328 598 5302 139 24919
Al2(WOy4)3—Mn/Si0,4 74.0 11 351 18 6408 19 1034 210 5328 595 5301 147 24232

a LioWO4-Mn/SiOp, NapWO4—Mn/SiOy, KoWOs—Mn/Si0y, BaWy—-Mn/SiOy, CaWQy—-Mn/SiOp, FeWQ—Mn/SiO,, CoWy—Mn/SiOy,
NiWO4—Mn/SiOy, and Ab(WO4)3—Mn/SiO, catalysts are Li(1s), Na(1s), K(2p), Ba(3d), Ca(2p), Fe(2p), Co(2p), Ni(2p), and Al(2p), respectively.

b Mo, represents the metal oxides except SiO

€ Fresh catalysts.

d After testing 5 h { =800°C; CH4:0, = 3.2:1; GHSV= 25,400 mlg1h~1; 0.2 g catalyst).

Fe-, Co-, Ni-, and Al-modified catalysts suggests that the al-  The binding energy of W(4f) also changes with the dif-
kali and alkaline earth metal-promoted catalysts have a muchferent additives. Generally speaking, the alkali and alkaline-
smaller surface area than those of the aluminum and transi-earth metal-modified catalysts have the higher W(4f) bind-
tion metal-modified catalysts. This can be explained by the ing energy: the W(4f) binding energy over the fresh and used
promotion effect on the transition of amorphous silica into Na—W-MrySiO, was 35.8 eV, while the Ca-modified cata-
a-cristobalite by the addition of the alkali or alkaline earth lyst has the lowest W(4f) binding energy among the alkali
metal or the formation of silicate compounds. Crystalline and alkaline-earth metal-modified catalysts, only 35.2 eV. In
a-cristobalite abd silicate compounds are low surface areacomparison to the alkali and alkaline-earth metal-modified
materials. catalysts, the transition metal-modified W—}8iO, cata-

lysts have lower W(4f) binding energy, less than 35.2 eV.
3.2. X-ray photoel ectron spectroscopy

3.3. Laser Raman spectroscopy

Table 2 shows the observed binding energies and near-

surface elemental compositions of the fresh and the postre- The Raman spectra of the fresh and the postreaction
action catalysts. In the fresh catalysts, the near-surface concatalysts are shown in Fig. 1. The laser Raman spectrum
centration of Mn is between 1.1 and 2.3%, and this does notof unpromoted 3.1% W-2% Mi8iO, was measured and
correlate directly with the observed GHonversions and  listed as a reference to compare the addition of the dif-
product selectivities. After the catalyst was tested for 5 h, ferent metal modifiers on the vibration of the catalyst sur-
the near-surface concentrations of Mn in all of the catalysts face. Comparison with the literature results [18,37—-39] sug-
are higher than in the fresh catalysts, suggesting that somegests that the Raman bands between 952 and 90% cam
Mn surface migration occurs during the OCM reaction. In be assigned to tetrahedral WCand bands between 889
the fresh catalysts, the near-surface concentration of W is be-and 862 cm? to octahedral W@. The bands at 701 and
tween 1.1 and 2.2%, and those of the metal ions is between574 cnt! are attributed to manganese oxide species, and
0.4 and 12.8%, significantly varying with different catalysts. those below 500 cmt to -cristobalite and quartz (Ref. [18]
The near-surface concentrations of Li, Na, K, and Ba are rel- and Fig. 1A, a).
atively higher than the stoichiometric composition of metal It can be seen from Fig. 1 that the fresh Na—W-/18iD,
tungstate, while those of Ca, Fe, Co, Al, and Ni are lower catalyst has two bands at 947 and 905 érdue to the tetra-
than the stoichiometric tungstate composition. These resultshedral WQ, and there are four bands at 683, 615, 574, and
indicate that the Li, Na, K, and Ba are enriched, and Ca, Fe, 509 cnmt! due to manganese oxide species, while no Ra-
Co, Al, and Ni are deficient in the catalyst surface. man bands assignable to octahedral 3M@ere observed
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Fig. 1. (A) The Raman spectra of @)cristobalite, (b) Li-W-MrSiO, (fresh), (c) Li-W-MrySiOs (post), (d) Na—W-M#nSiO; (fresh), (e) Na—W-MpSiO,
(post), (f) K-W-MrySiO, (fresh), (g) K-W-Mn'SiO, (post), (h) Ba—W-MpSiO, (fresh), and (i) Ba—W-MpSiO, (post) catalysts. (B) The Ra-
man spectra of (a) 3.1% W-2% M8IO,, (b) Ca-W-Mn'SiO, (fresh), (c¢) Ca—W-M#SIO, (post), (d) Fe-W-MpSIO, (fresh), (e) Fe—W-MpSiO,
(post), (f) Co-W-MHSIO, (fresh), (g) Co-W-MHSIO, (post), (h) Ni-W-Mn'SiO, (fresh), (i) Ni-W-MrySiO, (post), (j) A-W-MrySiO, (fresh), and
(k) AI-W-Mn/SiO, (post) catalysts.

(Fig. 1A, d). The fresh K-W-MfSiO, catalyst has two  sion decreased slightly, while the &, selectivity dropped
bands at 952 and 909 crh (for tetrahedral WQ), and four rapidly. This further suggests that the tetrahedralAg@ys
bands at 696, 623, 579, and 515chifor manganese oxide  a key role for the Chj conversion and §H, selectivity.
species). Again no Raman bands for octahedrakW@re The Ca—, Fe—, Co—, Ni-, and AI-W-MSiO, catalysts
observed (Fig. 1A, f). After an activity testfor 5 h, no change each had a band at 890 cifor octahedral W@, no Ra-
was observed in the Raman bands assigned to the tetrahedr), o bands due to the tetrahedral wend only a weak peak
WO, and manganese oxide species, suggesting that the SUat 664 cnr? for the manganese oxide system in some cata-
face structure of the catalysts is not changed during the 5 hlysts (Fig. 1B, b, d, f, h, and j). However, the 3.1% W-2%

test. .
The fresh Li-W-Mn'SiO, catalyst has two bands at 941 \I\//Ivrg)/sozdcatalystk hbas znet %%ask?ﬁtﬁmd‘rfor octahedr.ill
and 917 cm? due to tetrahedral W) one at 862 cm?! 6 and a weak band & or manganese oxide
species (Ref. [18] and Fig. 1B, a). It can be seen that in the

for octahedral W@, and one strong band at 467 thand o i
one weak band at 206 cth for quartz SiQ; no Raman ~ WOs octahedra-containing catalysts, formulated using Ca,

bands due to the manganese oxide species could be seefi¢: Co, Ni, and Al, the Cii conversion was less than in
(Fig. 1A, b). After an activity test for 5 h, the band at the Naand K-promoted catalysts, and thes€lectivity was
941 cnr! for the tetrahedral W@decreased greatly while  poor while the CO selectivity was very high. After an ac-
the band at 862 cri (octahedral W@) increased signifi-  tivity test for 5 h, the activity of the catalysts is almost the
cantly (Fig. 1A, c), indicating that the surface structure of same and the Raman spectra are not changed significantly
the catalyst had changed under the OCM reaction condi- (Fig. 1B, c, e, g, i, and k), suggesting that the surface struc-
tions. Comparison with the catalytic activity of the Li-W= ture of these catalysts is stable under the reaction conditions.
Mn/Si0C, catalyst (entries 1 and 2, Table 1) shows thatthe  |n summary, comparison of the catalytic performance
fresh catalyst has a good initial Gldonversion activity and  ith Raman bands of all fresh and postreaction catalysts re-
Cz selectivity but, after a 5-h test, the Gionversion and 0515 4 correlation between the presence of tetrahedral WO
CaHa selectivity decreased greatly, suggesting that the, WO and the high Cll conversion and gselectivity; therefore
tetrahedron on the catalyst surface may play an important . T .
. . 2 tetrahedral WQ@ species appear to be an essential ingredient
role in the CH conversion and the £E14 selectivity. inthe f lati ¢ ficient OCM catalvst based on th
The fresh Ba—W-MiSiO; catalyst has one weak band " e formuiation otan eticien catalystbased on the
M-W-Mn/SiO, catalyst system. Furthermore, tetrahedral

at 929 cnr?! for the tetrahedral W@ one strong band at - ) i
889 cnt for the octahedral W) and two weak bands at  WO4 appear to be stabilized in the Na—and K-W-8i0,
catalysts, which hag-cristobalite support. However, the

701 and 664 cm! for the manganese oxide (Fig. 1A, h).
This catalyst exhibited a quite high activity for Gidonver-  tetrahedral WQis unstable in Li— or Ba-W-M/(SiO; cata-
sion and GHj selectivity (entries 7 and 8, Table 1). After lyst, which has a quartz SgOor amorphous Si@ as the
an activity test of 5 h, the Raman band at 929 ¢nfor support, even though the alkali metal ion or alkaline earth
tetrahedral WQ@ decreased (Fig. 1A, i) and the Gldonver- metal ion, tungsten, and manganese coexist in the catalysts.



52 S Ji et al. / Journal of Catalysis 220 (2003) 47-56

Table 3

Phase identification and crystal size of the M—W-A8iD, catalysts

Catalyst§ Crystal phases Size (um) Crystal phases Size (um)
LioWO4—Mn/SiO,P LioWO, 2.03 MnpO3 1.39
LioWO4—Mn/SiO,°¢ LioWOy4 2.16 MnpO3 1.46
NapWO,4—Mn/SiO,P° NapWO, 0.51 MrpO3 0.87
NapWO,—Mn/SiOy¢ NapWO, 0.49 MrpO3 0.89
KoWO,4—Mn/SiO,P KoWO, 2.89 MrpO3 0.58
KoWO4-Mn/Si0© KoWOy 2.90 MnpO3 0.61
BaWO,;—Mn/SiO,P° BaWoOy 0.38 MnWQy 0.34
BaWQy—Mn/Si0y°© BawQy 0.32 MnWQ, 0.39
CaWwQy—Mn/Sio,P CawQy 0.60 MnWQy 0.48
CaWQy—Mn/Si0,° CawQy 0.63 MnWQy 0.51
FeWQy—Mn/Sio,P FewQy 1.05 MnWQy 0.62
FeWQy—Mn/SiO,° FewQy 1.09 MnWQ, 0.71
CoWO—Mn/Sio,P CoWQy 0.39 MnWQ, 0.39
CoWQy—Mn/Si0o,° CoWQy 0.41 MnWQ, 0.37
NiWO4—Mn/SiO,P NiWO4, 0.35 MnWQy 0.67
NiWO4—Mn/SiO,° NiWO4 0.33 MnWQy 0.72
Al(WO4)5—-Mn/SiO,P Al2(WOy)3 0.52 MnWQy 0.48
Al>(WO4)3-Mn/SiO,¢ Al>(WOg)3 0.49 MnWQ 0.56

a The crystalline phases were identified by XRD according to the Scherrer equatierk i/ B1 > cosb.

b Before reaction.
C After reaction (reaction condition§: = 800°C; CHs:0, = 3.2:1; GHSV= 25,400 mlg 1 h—1; 0.2 g catalyst; stream time 5 h).

3.4. X-ray diffraction LioWO4 phase is unstable under the OCM reaction condi-
tions.
The phase composition and crystal size of the different  XRD results show that the fresh Ba-W-NBIO; cata-
catalysts before and after reaction are summarized in Ta-lystis composed of BaWg) MnWO,, and amorphous SO
ble 3. It can be seen that in the alkali metal-modified cata- phases. No MsO3 phase was detected. This indicates that in
lysts, the main crystalline phases are\WWlO4 and Mn,Og, this catalyst, Mn has been converted into the Mnyybase.
and these do not change significantly after the activity test  Literature results [37] show that tungsten is tetrahedral
for 5 h. Although the surface areas of the supports are very WO, in BaWQ,, and octahedral WQin MnWO;. In the
similar, there is a significant difference among the particle fresh Ba-W-MiiSiO; catalyst, the amount of the BaWO
sizes of the crystalline phases. Comparison with the catalystphase was greater than the Mn\)/@hase. Our laser Raman
performance shows that the crystal size of the"D4 and results suggest that the tetrahedral Y\8pecies is less abun-
MO3 does not exert a significant effect on the catalyst per- dant than the octahedral V§OThese results indicate that
formance. BaWQ, is mainly present in the subsurface of the catalyst
While in the alkaline—earth and transition metal-modified and MnWGQ, is distributed on the catalyst surface. After ac-
catalysts, the main crystalline phases of the catalyst aretivity testing for 5 h, the BaW@phase decreased in content
M,WO,4 and Mn,O3. The crystallite size does not change af- and the MNnWQ phase increased slightly, suggesting that the
ter the reaction test, but the size of the crystallite differs with BaWQ, phase is unstable under OCM reaction conditions.
the catalysts. Although the crystallite sizes of,M#,4 and In the Ca—, Fe—, Co—, Ni—, and AI-W-NM8iO, cata-
K2WO, are 0.51 and 2.89 nm, they have a similar perfor- lysts, more MnWQ phase and less metal tungstate phase
mance for methane conversion angHz selectivity. Hence ~ was detected and, after activity testing for 5 h, the abundance
it is inferred that the crystallite size is not directly related to of these phases did not change significantly. The catalyst
catalyst performance. systems are stable and experience little change during the
The XRD patterns of the fresh and the postreaction cata- activity tests.
lysts are shown in Fig. 2. In the fresh Na—W—}{8iO, cata-
lyst, NoWOg4, NepW207, Mn203, anda-cristobalite phases  3.5. FTIR spectroscopy
are detected. In the fresh K-W-MRIO;, catalyst, KWQO;,,
Mn,03, and«-cristobalite phases are present. After OCM Although the IR bands of the metal tungstate and man-
activity testing for 5 h, these phases are still present in the ganese oxide species in the catalysts cannot be separated,
catalysts. In the fresh Li-W-MtBIiO, catalyst, LpWO;, the IR bands o#-cristobalite, amorphous SiQand quartz
LigWOg, Mn203, and quartz SiQ phases are detected. In  SiO, are distinguishable. Therefore, information regarding
the catalyst tested for 5 h thedMVO,4 phase decreased while  the interaction of tetrahedral WGnd octahedral Wewith
the LisWOg phase slightly increased, indicating that the the support in the catalysts can be inferred from changes in
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Fig. 2. (A) The XRD pattern of (a}-cristobalite, (b) Li-W-MriSiO; (fresh), (¢) Li-W-MrySiO, (post), (d) Na—W-MpSiO; (fresh), (e) Na—W-MpASIO,
(post), (f) K-W-MrySiO, (fresh), (g) K-W-Mn'SiO, (post), (h) Ba—W-M@{SIO, (fresh), and (i) Ba—W-MySIiO, (post) catalysts. (Al refers to the
peaks from the aluminum sample holder.) (B) The XRD pattern of (a) Ca-WSMp (fresh), (b) Ca—W-MpSIO, (post), (c) Fe-W-MpSiO,
(fresh), (d) Fe—W-MpSiO, (post), (e) Co-W-MpSiO, (fresh), (f) Co—W-MiSiO, (post), (g) Ni-W-Mn'SiO, (fresh), (h) Ni-W-Mn'SiO, (post),
(i) A-W-Mn/SiO, (fresh), and (j) AI-W-MriSiO, (post) catalysts. (Al refers to the peaks from the aluminum sample holder.)

the IR spectra of Si@ The IR spectra of the fresh and the

IR bands of the catalysts with thecristobalite reveals that

postreaction catalysts are shown in Fig. 3. The IR bands ofthe presence of tetrahedral W®rings about a change in

thea-cristobalite are at 1200, 1092, 793, 619, and 483tm
(Fig. 3A, a). Inthe fresh Na—W-MiBiO, catalyst, bands are
present at 1198, 1099, 795, 619, and 494 tiffFig. 3A, d),
and in the fresh K-W-MfSiO, catalyst, they are at 1198,
1099, 795, 619, and 487 crh (Fig. 3A, f). Comparing the

the IR bands of thex-cristobalite, except the IR band at
619 cntl. This indicates a close interaction of the tetrahe-
dral WOy with «-cristobalite. After activity testing for 5 h,

the IR bands of the catalysts are not changed, demonstrating
that the tetrahedral W{are stable with-cristobalite.
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Fig. 3. (A) The FTIR spectra of (a)-cristobalite, (b) Li-W-MnSiO, (fresh), (c) Li-W-MrySiO; (post), (d) Na—-W-M#SIO, (fresh), (e) Na—W-MpASIO,
(post), (f) K-W-MrySiO; (fresh), (g) K-W-Mn'SiO, (post), (h) Ba—-W-MHRSIO» (fresh), and (i) Ba—W-M)iSiO, (post) catalysts. (B) The FTIR spectra of
(a) amorphous Sig (b) Ca-W-Mn'SiO; (fresh), (c) Ca—W-MpSiO, (post), (d) Fe—~-W-MpSiO, (fresh), (e) Fe—W-MpSiO, (post), (f) Co-W-MrSiO,
(fresh), (g) Co-W-MiSIO, (post), (h) Ni-W-Mn'SiO, (fresh), (i) Ni-W—-MrySiO, (post), (j) A-W-MrySiO, (fresh), and (k) A-W-MriSiO, (post)
catalysts.

The IR bands of the fresh Li-W-M®iO, catalyst oc- and 466 cm* (Fig. 3B, ¢, e, g, i, and k). A comparison with
cur at 1164, 1099, 1057, 797, 778, 694, 513, and 470'cm the fresh catalysts (Fig. 3B, b, d, f, h, and j) shows that the
(Fig. 3A, b). After activity testing for 5 h, the IR band shifts band at 801 cm’ shifts to a higher wavenumber (814 th)
from 1057 to 1049 cm! and no changes occur to the other and the other bands do not change. This means that the inter-
bands. From Raman spectra (Fig. 1A, c), the tetrahedralaction of the octahedral Wgoand the amorphous Sihas
WO, decreased in the Li-W-MiSIO; catalyst after a 5-h  changed and the octahedral \4/that exist in the amorphous
activity test, suggesting that the interaction of the tetrahedral SiO; is unstable under OCM reaction conditions.

WOQO4 with the quartz SiQ@ is weak and the tetrahedral WO
is unstable in this system.

The IR bands of the amorphous Si@re at 1101, 971, 4. Discussion
801, and 466 cm!' (Fig. 3B, a). In the fresh Ba—W-

Mn/SiO;, catalyst, they are at 1099, 809, and 466 ¢m The catalytic performance of several reported OCM cata-
(Fig. 3A, h). It is found that the band at 971 cindisap- lyst systems are listed in Table 4. This clearly shows the
pears and the band at 1101 shifts to a lower wavenumberpotential importance of tetrahedral W@ achieving high
(1099 cntl) and the band at 801 crh shifts to a higher CHg4 conversion and gselectivity. In Wu's study [7], Chl
wavenumber (809 crt). These results indicate that the in-  conversion was similar over both NawWQOs/SiOx(I) (con-
teractions of the metal tungstate, manganese oxide, and theaining WQ, tetrahedra) and Na-WQO3/SiOx(ll) (contain-
amorphous Si@ are strong in the catalyst. After activity ing WOg octahedra). However, theyGselectivity of the
testing for 5 h, the IR bands of the catalyst are at 1091, catalyst containing the W{tetrahedron was nearly sixfold
827, and 466 cm! (Fig. 3A, i). It is found that the bands  higher than that of the catalyst containing W@xtahedron.

in the fresh catalyst at 1099 crh shift to lower wavenum-  In Lambert’s study [31], the £selectivity in the NaWO,/

ber (1091 crm!) and the band at 809 cm shifts to a higher  «-cristobalite catalyst, which contains WQetrahedron,
wavenumber (827 cit), suggesting that the interactions of was ninefold higher than in the (NjbWO4/-cristobalite
the metal tungstate, manganese oxide, and the amorphousatalyst containing W@ octahedra. It is believed that the
SiO, are changed under OCM reaction conditions. WO, tetrahedron exists in the B\&/O4/«-cristobalite and

The IR bands of the fresh Ca—, Fe—, Co—, Ni—, and Al- the WQ; octahedron in the (N2WOg4/a-cristobalite;
W-Mn/SiO, catalysts appear at 1101, 801, and 466-¢m  although the structure of tungsten oxide in ;M&D,/
(Fig. 3B, b, d, f, h, and j). By comparison with the IR bands «-cristobalite and (N)2,WO4/«-cristobalite catalysts can-
of the amorphous Si©(Fig. 3B, a), it is found that the  not be separated using Raman spectra, some evidence has
bands do not change except that at 971 EnRaman spec-  been obtained in our previous study [18]. Almost all the
tra (Fig. 1B, b, d, f, h, and j) suggests that octahedralgWWO activity test results on this catalyst system show that the
is present in these catalysts, revealing that the interaction ofcatalysts containing the WQetrahedron exhibit better per-
the octahedral W®and the amorphous Syds weak. Af- formance for CH conversion and & selectivity than the
ter activity testing for 5 h, the bands appear at 1101, 814, catalysts containing the W{octahedron in the metal—
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Table 4
The catalytic performance of several OCM catalyst systems
Catalysts Structure of Phase of Conversion of Tofzzll C C’2 Refs.

tungsten oxide Si® CHy (%) selectivity (%)  yield (%)
Nat-WO3/Si0y(1)2 WO, tetrahedron a-Cristobalite 206 629 130 [7]
Nat-W03/SiOx(I1)2 WOg octahedron a-Cristobalite 212 109 23 [7]
NaQWO4/a-cristobalité’ WOy, tetrahedron(?) a-Cristobalite 8 54 8 [31]
(NH4)2WOy/a-cristobalitd WOg octahedron(?) a-Cristobalite <5 <5 <025 [31]
0.8 wt% Na—3.1 wt% WSiO,© WO, tetrahedron a-Cristobalite 8 545 4.8 [18]
3.1 wt% W-2 wt% MniSiO,© WOg octahedron Amorphous SjO 31 17.3 05 [18]
Na—, K-W-MrySio,¢ WO, tetrahedron a-Cristobalite 28.9-29.8 62.4-66.6 18.5-19.6 This work
Ca—, Fe—, Co—, Ni—, AI—W—M/‘iSiOZd WOg octahedron Amorphous Sj0 17.1-19.0 14.6-25.3 2.7-4.8 This work

@ Reaction conditionsT = 800°C; CH4:0, = 3:1; flow rate, 80 mimin; weight of catalyst used, 0.2 g.
b Reaction conditionsT = 850°C; CH4:0, = 4.5:1; total flow rate= 18 ml/min; 0.4 g catalyst.

¢ Reaction conditionsT = 800°C; CH,:0, = 3:1; GHSV= 36,000 mIg1h—1; 0.1 g catalyst.

d Reaction conditionsT’ = 800°C; CHy:0, = 3.2:1; GHSV= 25,400 mlg'1h—1; 0.2 g catalyst.

tungsten—manganes®iO, catalysts. Especially, in the Li—
W-Mn/SiO, and Ba—W-MrSiO; catalysts, the fresh cata-
lysts containing the W@ tetrahedron have a good initial
CHg4 conversion and gselectivity. However, during the ac-
tivity test for 5 h, the CH conversion and & selectivity
dropped rapidly with a decrease in the Wt@trahedron.
The reason for the apparent importance of theMédra-
hedron in high CH conversion and & selectivity in the
OCM reaction may lie in the fact that the W@etrahedron

possesses suitable geometric and energy-matching proper-

ties. In the oxidative coupling of CHto C; products under
the OCM reaction conditions, it can provide active oxygen
and provide a suitable site for hydrogen extraction. Accord-
ing to Lunsford’s view [3], the first step in the oxidative
coupling of methane is the removal of a hydrogen atom on
the catalysts surface, leading to the creation oz Qiddi-
cals which can couple to formgydrocarbons. The formed
CHa. first couples to form gHg, which is dehydrogenated
into CoHa. However, the process of extracting a hydrogen
atom from CH proceeds with the interaction of methane
with the catalyst surface, and thus forming a transition state.
Hence it is inferred that the generation of the transition state
is crucial for the OCM reaction.

Given that tetrahedra Wfand octahedra Wgare the ac-
tive sites in the Na—W-MfSiO; catalyst for the activation
of methane under the reaction conditions, they would then
form the transition state in the catalytic reaction. The low-
est energy principle of the system requires thay@Hd the
active sites, e.g., Wor WOg, have matching energy and
geometry. The bond length of W=0O in Na—W-}BiO; is
1.77 A[12], and C-H bond length in GHs 1.106 A [40]. In
interactions between CHand WQ, or WGg, the H atoms in
CHg will interact with O in WQy and C will interact with W.
Possible interaction models of W@nd WG with methane
with the low system energy are shown in Fig. 4. &hd H,
refer to the hydrogen atoms in GHwvhich interact with dif-
ferent oxygen atoms in Wfor WOg. These oxygen atoms
are marked as £and Gy. The calculated structural parame-
ters of the models are shown in Table 5.

®)

Fig. 4. (A) Scheme of the transition complex model of Ohlith a WO,
tetrahedron. (B) Scheme of the transition complex model of, @lith a
WOg octahedron.

The calculation shows that the W—C bond length of be-
tween W in WQ and C in CH, (0.959 A) is shorter than that
between W in W@and C in CH (1.391 A). Also in Fig. 4A,
the bond angle of f-O;—Hp (138°) is almost the same as
Ox—Hy—0p (137°), suggesting that the system is uniform
and small stretching forces are present in the transition-state
compounds. However, in the transition state formed bysWO
and CH, (Fig. 4B), a significant difference is present be-
tween the bond angle of HO;—Hy, (128) and Q—Hp—Op
(152°), suggesting that tension is present in the transition
state. Hence it has a higher energy.

These results suggest that the transition state ofy\WO
teracting with CH could be more stable than that of WO
and methane; therefore, it is easier to present in the reac-



56 S Ji et al. / Journal of Catalysis 220 (2003) 47-56

Table 5
The structural parameters of the transition complex of the model of thg #t@hedron and Wgoctahedron with
CHy tetrahedron

Bond length Bond length Bond length Bond angle of Bond angle of
of W-0? of C—HP of W---C Ha - -Og - -Hp Og - -Hp:--Op
A Q) Q) (deg) (deg)
WO, tetrahedron 1.770 1.106 0.959 138 137
WOg octahedron 1.770 1.106 1.391 128 151

2 From Ref. [12].
b From Ref. [40].

tion. Hence if more W@ is present in the catalyst, high  [8] J. Wy, S. Li, J. Niu, X. Fang, Appl. Catal. A 124 (1995) 9.
activity and selectivity of the catalyst is expected. This also [9] J. Lin, D. Yang, J. Gu, C. Zhang, Y. Yang, Y. Chu, S. Li, J. Mol. Catal.
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