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With incorporation of Zn (or Mn, La, Zr ) into the W/HZSM-5 catalyst, highly active and heat-resisting W/HZSM-5-based catalysts
were developed and studied. Under reaction conditions of 0.1 MPa, 1073 K, GHSV of feed-gasiOb Ar at 960 T, the conversion
of methane reached 18-23% in the first 2 h of reaction, and the corresponding selectivity to benzene, naphthalene, ethylene and coke
was 56-48,~18, ~5 and~22%, respectively. Addition of a small amount of €0<2%) to the feed-gas was found to significantly
enhance the conversion of methane and the selectivity of benzene, and to improve the performance of coke-resistance of the W/HZSM-5-
based catalysts. Heavy deposition of carbon on the surface of the functioning catalyst was the main reason leading to deactivation of the
catalyst. Reoxidation by air may regenerate the deactivated catalyst effectively. In comparison with the Mo/HZSM-5 catalyst, the promoted
W/HZSM-5-based catalyst can operate under reaction temperature of 1073 K, and gain a methane conversion approximately two times as
high as that of the Mo/HZSM-5 catalyst operating at 973 K. It can also operate at 973 K and have about the same methane conversion as
that of the Mo/HZSM-5 catalyst at the same reaction temperature. Its main advantage is its heat-resistant performance; the high reaction
temperature did not lead to loss of W component by sublimation.

KEY WORDS: methane; dehydro-aromatization; W—Zn (or Mn, La, Zr)/HZSM-5; deactivation and regeneration of W-based catalysts

1. Introduction has potential significance for the commercial utilization of
DHAM process.

Direct catalytic dehydrogenation and aromatization of We have previously reported the development of highly
methane to aromatics (DHAM) such as benzene, tolueragtive and heat-resisting W/HZSM-5-based catalysts [10].
and naphthalene, in the absence of gas-phase oxygen Ingsrporation of Zn (or La) into the W/HZSM-5 catalyst
drawn increasing attention with the development of a seriags found to markedly improve the DHAM activity and sta-
of new catalysts. In the last few years, DHAM reactionbility of the catalyst operating under higher temperatures.
over Mo/HZSM-5 [1,2], MoQ/ZSM-5 and MoQ@/SiOz [3], However, the selectivity data of benzene and toluene prod-
Mo02C/ZSM-5 [4], Mo—W/HZSM-5 [5], Pt-Mo/HZSM-5 ucts reported previously were obviously higher than realities
[6], Mo-ZNnSQYHZSM-5 [7], Mo—Ru/HZSM-5 [8] and due to ignoring the portion of methane converted to coke
Mo—Co (or —Fe)/HZSM-5 [9], have been widely develand naphthalene in the selectivity calculations upon the car-
oped and studied. However, most of the existing DHANJon number basis. In the present work, the catalytic tests
catalysts, mainly Mo/HZSM-5-based catalysts, operatedwére conducted with a feed-gas mixture of 90% Cihd
about 973 K, which results in rather low methane convet0% Ar as internal standard gas. By using an internal stan-
sion (Xch,) due to the thermodynamic limitation. Thermodard analyzing method, conversion of methane and selec-
dynamic calculations showed that the equilibrium convetiities of hydrocarbon products were calculated based on
sions of 11.3, 15.8, 21, 27 and 33% for methane to benzethe mass balance of carbon. Effects of reaction conditions
(i.e., 6CH = CgHs + 9Hy) are predicted at 973, 1023,0n the activity and selectivities of the catalysts were investi-
1073, 1123 and 1173 K, respectively. This indicates that g@ated. The results showed that the W/HZSM-5-based cata-
operation temperature as high #4073 K is required for |ysts were suitable for operating under reaction temperatures
methane conversion to react?0%. However, under such as high as 1073 K to obtain much higher methane conversion
high temperature, Mo-based catalysts suffer inevitably froghd yields of aromatic hydrocarbon without loss of W com-
the disadvantage of serious loss of Mo component by sysbnent. Serious deposition of carbon on the catalyst was
limation. Therefore, development of DHAM catalysts witfound to be the main reason leading to catalyst deactivation.
high activity and stability at higher operation temperaturagowever, the catalyst activity could be recovered by regen-
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as Zrft, Mn?t, La®t or Zr*+. The results of the presentof calculation for carbon equilibrium may reach approxi-
work shed light on the design and development of the pramately 85% after 1 h of reaction. XPS measurements of the
tical W/HZSM-5-based catalysts for DHAM reaction. catalysts were carried on a VG ESCA LAB MK-2 system
with Mg Ke radiation (10 kV, 20 mAkv = 12536 eV) un-
der UHV (1x 107 Pa), calibrated internally by the carbon
2. Experimental deposit C(1s) (BE) at 284.6 eV. X-ray diffraction measure-
ments were carried out on a Rigaku D/Max-C X-ray diffrac-
The catalysts were prepared by the conventional inciggmeter with Cu K radiation at a scanning rate of/gin.
ient wetness method, with the HZSM-5 zeolite having BET surface area of the catalyst was measuredgdsorp-
Si/Al molar ratio of 38 (obtained from the Chemical Plantion using a Sorptomatic-1900 (Carlo-Erba) system. Am-
of Nankai Univ., PR China) as carrier. The W/HZSM-Smonia temperature-programmed desorption §NHPD) test
catalyst was prepared by impregnating a certain amountyés carried out on conventional temperature-programmed
the HZSM-5 zeolite carrier with ammonium tungstate aquexperimental equipment with an Omnistar GSD 3000 MS
ous solution containing a calculated amount of W, whichnalyzer.
was prepared by dissolving (MhpWO4 (of A.R. grade) in
deionized water and adding a small amount 8B to reg-
ulate the pH value of the solution to 2—3, followed by dry3. Resultsand discussion
ing at 393 K for 2 h, and then calcining at 773 K for 4 h.
The Zn (or Mn, La, Zr)-promoted catalyst, W—Zn (or Mn3-1. Activity of WIHZSM-5 catalyst for DHAM
La, Zr)/HZSM-5, was prepared by firstly impregnatinga cer- _ )
tain amount of the HZSM-5 zeolite carrier with a calculateg F'9Ur€ 1 shows the changes of methane conversion
amount of ZnS@or MnSQy, La(NO)3, ZrOCh (all of A.R. XcH,) and selectivity §producy Of several carbon-containing

grade) in aqueous solutions, followed by drying at 393 K f(Rroducts with increasing temperature from 973 to 1173 K
2 h, and then impregnating with a solution of NBH, dry- over the 3% (mass percentage) W/HZSM-5 catalyst. The re-

ing again at 393 K for 2 h and calcining at 673 K for 4 hsults showed thakcH, increased with increasing tempera-

and subsequently impregnating with a calculated amountfb'fe’ and reacheth. 20% at 1073 K. However, high reaction

H,SQy-acidified (NH), WO, aqueous solution (pH= 2— temperature tends to be favorable for pyrolyzing.Géicar-

3), and finally drying at 393 K for 2 h and calcining at 773 lgJon and some secondary reactions, resulting in a decrease

in air for 5 h. All the catalyst samples were pressed, crushgziSEIeCtiVity to benzene. It can been seen that selectivity
and sieved 1o a size of 43/—60 mepsh P to benzeneSc,H,) reached 60% at 1073 K and descended

0 .
The activity evaluation of the catalysts for the DHAM re—.to 51% at .11.73 K. The results 9f blank exp_erlments shown
n table 1 indicated the pyrolysis of methavia gas-phase

action was carried out at atmospheric pressure in a continti : . ey .
ous flow tubular reactor—-GC combination system. A tubulg\nd non-catalytic reactions at 1073 K was limited to a fairly

reactor was constructed by quartz tube (8 mm i.d.), and 0. all extent. It seems that 1073 K is an appropriate reaction
of catalyst sample was used for each test. DHAM reacti perature of DHAM. The experimental result also showed

over the catalysts was conducted at a stationary state ? t high temperature was a requisite for reduction activation
certain temperatures in the region of 973-1173 K. Prior o) he catalyst precursor. Once the catalyst gets activated, it

DHAM reaction, the catalyst sample was flushed with nean also operate at temperature as low as 973 K and display

at 973 K for 20 min, followed by increasing the tempergertam DHAM activity. Such results are shown in figure 2.

ature to reaction temperature and switching to a feed-gas —X— Conv. of Methane
mixture of CHy (of 99.99% purity) with 10% Ar (served (% —8—Selc.of Ben.
as internal standard for GC analysis, of 99.99% purity) 2 T4 Sele ol ethene
feed-gas hourly space velocity (GHSV) of 960h The 604
reactant, Clj, and some small molecule carbon-containing
products such as g, CoH4 and CO, were alternatively 57
determined by an on-line GC (model 103) equipped withy-
dual thermal conductivity detectors (TCD) with a 5A zeo-
lite molecular sieve column and a GDX-502 column sepggﬂ
rately, and aromatic hydrocarbon products were analyzed 4y
another on-line GC (model 102GD) equipped with a therma] |
conductivity detector (TCD) and 2 m long dinonyl-phthalate
(DNP) column, both with hydrogen as carrier gas. The dafa ' T y - J
were all taken 60 min after the reaction started, unless other- 1000 1050 . 1100 1150 1200
wise specified. With an internal standard analyzing method, Reaction Temp. (K)

XcH, and selectivities of hydrocarbon products were evalgggyre 1. CH conversion and product selectivities over the 3% W/HZSM-5
ated. The amounts of coke formed on the catalyst were d@talyst for DHAM reaction at different reaction temperatures. Reaction
termined by the TG-DTA method. In most cases, the resultsconditions: 0.1 MPa, GHSV of feed-gas GH- 10% Ar at 960 2.

Y Sl O Tolune

~— @ Selc. of Coke
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Table 1 Table 2
Results of blank experiments for DHAM reactifn. DHAM reaction activity over the catalyst systems with different additfes.
Catalyst-bed Temp. Conv. of CH Selectivity (%) Catalyst Conv. of Cly Selectivity
material (K) (%) GH; Benzene  C-deposit (%)b Ben. GH4 CyHg Tol.
Empty tube 973 - - - - 3% W/HZSM-5 21.8 511 6.3 1.7 41
1073 02 143 - 85.7 3% W/HZSM-F 18.2 48.6 7.8 21 3.1
Quartz chips 973 Qa4 92 - 90.8 3% W-1.5% Zn/HZSM-5 23.7 53.8 6.1 21 43
1073 093 35 - 96.5 3% W-1.5% Mn/HZSM-5 22.8 554 7.2 25 41
a ) — 3% W-1.0% La/HZSM-5 22.1 526 6.8 19 32
Reaction conditions: 0.1 MPa, GHSV of feed-gas {CH 10% Ar at 3% W-=1.0% Zr/HZSM-5 23.1 51.9 8.1 20 3.6

960 b1,

@Reaction conditions: 0.1 MPa, 1073 K, GHSV of feed-gas;G+10% Ar
(%) at960 hl.
b The best activity data of each catalyst.

60 -T=1073K . T=1000K CPrepared by impregnating the HZSM-5 carrier with the aqueous solution
- TSR . of ammonium tungstate at pH 7-9 with a desired amount of W, fol-

50 ¢ lowed by drying at 393 K for 2 h and calcining at 773 K for 4 h.

i (%) - x— Feed Gas: CH4+10%Ar
40 a— Feed Gas: CH4+10%Ar+1.79%C02

i —m—Conv. of methane 60
30 7 —4&—Selc. of Ben.
20 - —+—Selc. of Ethene 501
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Figure 2. DHAM reaction activity at 1000 K over the 3% W/HZSM-5 cata- ¢ F———% T T LR man |
lyst after undergoing a reduction activation at 1073 K. Reaction conditions: 0 50 100 150 200 250 300 350 400
0.1 MPa, GHSV of feed-gas GH+ 10% Ar at 960 hL.

Reaction Time (min)

After the reduction activation and reaction in the stream @fgure 3. Comparison between the assay results of DHAM reaction activity
CHy + 10% Ar feed-gas at GHSY: 960 hlat 1073 K for over the 3% W-1.36% Zn/HZSM-5 catalyst at 0.1 MPa, 1073 K, feed-gas:
30 min, followed by flushing the catalyst bed by a stream ¢fa + 10% Arvs. CHy + 10% Ar+- 1.8% CCp, both GHSV= 960 T,
nitrogen till there was no product detected in the exit-gas and

then lowering the temperature down to 1000 K and subsar at 960 hrl. The results (see figure 3) showed that after
quently switching to the stream of GH- 10% Ar feed-gas, a 20 min inductive period, the methane conversion reached
the catalyst still displayed a considerable DHAM activitya value of 24—18% in the initial 2 h of reaction, and the
Under reaction conditions of 0.1 MPa, 1000 K and GHS¥orresponding selectivity to benzene, naphthalene, ethylene
of CHg 4 10% Ar at 960 1, 6-2% conversion of methaneand coke was 55-56;18, ~4 and~22%, respectively, and
and~56% selectivity of benzene were reached during thie selectivities to ethane and-Cand G-aromatic hydro-

following 2 h of reaction. carbons below 1% each. After 6 h reaction, the selectivity
to coke increased to 35% (with a total amount of coke for
3.2. Effect of Zn (or Mn, La, Zr) additive on the DHAM the 6 h reaching 16.3 wt% of the catalyst used), whitg,
activity of the WIHZSM-5 catalyst andSc,H, decreased te-8 and~10%, respectively, whereas

Sc,H, increased to 14%. After 12 h reactiaXicn, dropped

It is experimentally found that addition of a small amounto ~2%, andSc,H, decreased towards zero, whife,H,
of Zn (or Mn, La, Zr) to the W/HZSM-5 catalyst can im-came down to 5%. Meanwhil&c,H, went up to 3.2%, with
prove the performance of the catalyst for DHAM reaction tooke as the major carbon-containing product.
some extent. The results of activity assay of the catalyst sys-
tems with different additives for DHAM reaction are listed3.3. Effects of GHSV and composition of feed-gas on the
in table 2. catalyst activity

Changes of methane conversion and selectivities to hy-
drocarbon products (mainly benzene and naphthalene) withThe results of the effect of feed-gas GHSV on the catalyst
time on stream of the reaction over a 3% W-1.36% Zmictivity are shown in figure 4. With the GHSV increasing
HZSM-5 catalyst were measured under the reaction conéiem 960 to 3000 h!, methane conversion and selectivi-
tions of 0.1 MPa, 1073 K, GHSV of feed-gas €H 10% ties to benzene and toluene all decreased to a great extent,
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accompanied by a small increase in selectivities to ethaplayed as scavenger of functioning surface of the cataigist
and ethylene, indicating that high GHSV is unfavorable tihe Boudart reaction, CO+ C (deposited C at surface)
methane conversion and formation of aromatic hydrocd#€O, thus in favor of alleviating the deposition of carbon
bons. This implies that £hydrocarbons are first formedand inhibiting the formation of coke at the catalyst sur-
and aromatic hydrocarbons are the products of further cdace to a greater extent. This is analogous to the cases of
version of the G hydrocarbons, similar to the case over th®HAM reaction over the Mo/HZSM-5-based catalysts with
Mo/HZSM-5 catalyst [1,2]. In the present work, the GHS\A% CQ, + CH4 as feed-gas and the preparation reaction of
of feed-gas was set at 960h bulk tungsten carbide catalysts reported by [9,11], respec-
Addition of a minor amount of C®to the feed-gas was tively.
found to significantly enhance methane conversion and se-The experimental result indicated that the amount for ad-
lectivity to benzene and to improve the performance of cokdition of CQ; in the feed-gas should be less than 2%. When
resistance of W/HZSM-5-based catalysts. Such assay tiee adding amount of COwas more than 2%, it would
sults on the 3% W-1.36% Zn/HZSM-5 catalyst under rede difficult to start up the reaction. This implied that the
action conditions of 0.1 MPa, 1073 K, GHSV of feed-gasgatalytically active sites/phase of W/HZSM-5-based cata-
CHa + 10% Ar+ 1.8% CO at 960 Il are also shown lysts were easier to be oxidized in comparison with those
in figure 3. In the initial 2 h of reaction~22% con- O0f Mo/HZSM-5-based catalysts. In the case of Co- and Fe-
version of methane ang62% selectivity to benzene weremodified Mo/HZSM-5 [9], the amount of COn the feed-
reached, and after 6 h of reaction, methane conversion si#is can be as high as 4%, or even much higher.
maintained at~10%, with the corresponding benzene se-
lectivity at ~38%. The lifetime of the catalyst was thus3.4. Deposition of carbon on the catalyst and deactivation
prolonged to a great extent. The promoting effect of the and regeneration of the catalyst

added CQ originated most probably from the role that it )
By means of XPS measurements, the molar ratios of the

(%) component elements at the XPS-detectable surface layer of
60 | several catalyst samples can be estimated and they are listed
50_' \, in table 3. It can be seen that the molar ratio of the com-

] \ ponent elements at the surface of the 3% W/HZSM-5 cata-
40 - — m— Comw. ofme’:ha"e lyst was Al/C/O/Si/W = 1.2/~0/63.1/34.4/1.3 for the oxi-
—%— Selc. of Ben. dation precursor of the catalyst, and 1.5/41.7/35.5/20.8/0.5
30 —&— Selo. of Ethene for the functioning catalyst after 1 h reaction. It changed to
20 | —A— Selc. of Toluene Al/C/O/Si/W = 0.6/82.7/10/6.6/0.1 after 6 h reaction, re-
1 T " Selc. of Ethane vealing that most of the surface of the functioning catalyst
10: */_-\\He was covered by carbon deposits. NHPD measurements
N showed thata. 80% of strong and medium-strong acidic
0 : — . 4 sites (with those of the oxidation precursor of catalyst as
1000 1500 2000 2500 3000

100%) were lost after 5 h of reaction (see figure 5)-BET
measurements demonstrated that, after 1 h reaction, the spe-
cific surface area of the functioning catalyst decreased to 302

-1 . .
Figure 4. Effect of feed-gas GHSV on the activity of the 3% w/Hzsmirom 368 nfg~! for the oxidation precursor of c:_;ltalyst. It
5 catalyst. Reaction conditions: 0.1 MPa, 1073 K, feed-gas compositibdrther came down to 75 frg~—1 after 5 h of reaction (also

Space Velocity of Feed Gas (h™)

CHy 4 10% Ar. see figure 5), implying that most of the zeolite pores were
Table 3
Molar ratios of the component elements at the XPS-detectable surface layer of several catalyst samples.
Catalyst sample State Element composition (mol%)
Al C o Si w Zn

3% W/HZSM-5 Oxidation precursor 1.2 ~0 631 344 13 -
After 1 h of reaction 15 47 355 208 05 -
After 3 h of reaction 0.7 0 143 9.7 0.3 -
After 6 h of reaction 0.6 87 100 6.6 01 -
After 6 h of reaction 18 ~0 64.7 317 19 -
followed by reoxidation

3% W-1.5Zn/HZSM-5 Oxidation precursor 21 ~0 64.6 318 11 04
After 1 h of reaction 1.6 39 376 210 05 0.2
After 3 h of reaction 0.7 66 200 120 04 0.1
After 6 h of reaction 0.6 8 126 82 0.2 01
After 6 h of reaction 24 ~0 658 297 16 0.5

followed by reoxidation
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Figure 5. Changes of activity and surface B-acid percentage as well as specific surface area of the functioning 3% W/HZSM-5 catalyst with time on stream
of the reaction at 1073 K.
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Figure 7. DHAM reaction activity over the 3% W-1.5% Mn/HZSM-5 cat-

“J alyst after undergoing a series of operation/air regeneration. Reaction con-
; ! . . : ; i ditions: 0.1 MPa, 1073 K, GHSV of feed-gas gH 10% Ar at 960 %
0 10 20 30 40 50 60 the below curves for methane conversion and the upper curves for benzene
selectivity.
26/degree

Figure 6. XRD patterns of: (a) the as-prepared 3% W/HZSM-5 precursgpean regenerated by air-oxidation at 873 K for 1 h and that
(b) the 3% W/HZSM-5 catalyst used for DHAM operation for 16 h and thenf the corresponding catalvst precursor as-prepared or cal-
regenerated by air oxidation at 873 K for 1 h and (c) the 3% W/HZSM-Q_ P 9 ystp prep

precursor calcined at 1073 K for 4 h. cined at 1073 K for 4 h (see figure 6). This indicates that
there is little significant damage in the phase structure of the
blocked by carbon deposits at that time, thus resulting in tigtalyst occurring after undergoing the cycle of DHAM op-
loss of a greater part of the surface. In fact, heavy depositieration/air regeneration. Figure 7 shows the results of activ-
of carbon on the surface of the functioning catalyst was tlify evaluation of the 3% W-1.5% Mn/HZSM-5 catalyst for
main reason leading to deactivation of the catalyst. DHAM reaction after a series of operation/regeneration (by
Reoxidation by air can regenerate the deactivated 334 oxidation each time for 1 h at 873 K). It is not until after
W/HZSM-5 catalyst effectively, with the Al/C/O/Si/W mo- ten times of regeneration that a small decrease in the cata-
lar ratio at the renewed surface recovered to~20864.7/ lyst activity was observed. It seems that the reason leading
31.7/1.9 (see table 3) and th&-H, and Sc,H, regained to to the decrease in the catalyst activity was probably due to
20-18 andta. 50%, respectively, after undergoing an inducdealuminization to some degree of the framework structure
tion period of 20 min. XRD measurements showed that theo HZSM-5 zeolite caused by aqueous vapor resulting from
was no distinct difference between XRD features of the 3#%ie coke combustion in air regeneration processes over and
W/HZSM-5 catalyst used for DHAM operation for 16 h ancbver again.



232 Z.-T. Xiong et al. / WIHZSM-5-based catalysts for DHAM

(%) TV 3%W/HZSM-S - catalyst could be reduced to a greater extent. Works in these

50 1 T a%momzsm-s  aspects will be reported in a follow-up article.
40 -
4. Conclusions
30
(1) With incorporation of Zn (or Mn, La, Zr ) into the
20 - W/HZSM-5 catalyst, highly active and heat-resisting
W/HZSM-5-based catalysts for DHAM reaction have
10 been developed. The W-Zn (or Mn, La, Zr)/HZSM-5
1 catalyst can operate under a reaction temperature of
0 . , i i . i 1073 K and gain a methane conversion approximately
(] 30 60 20 120 150 180 two times as high as that of Mo/HZSM-5 operating at
Reaction Time (min) 973 K. It may also operate at 973 K and have about the

same methane conversion as that over the Mo/HZSM-
Figure 8. Comparison between W/HZSM-5 and Mo/HZSM-5 catalysts in 5 catalyst operating at the same temperature. The high

their activity for DHAM. Reaction conditions: 0.1 MPa, 1073 K, GHSV of operation temperature did not lead to the loss of W com-
feed-gas Clj + 10% Ar at 960 h't. ponent by sublimation.

3.5. Comparison of the WIHZSM-5-based catalysts with the (2) Addition of a small amount of CE(<2%) to the feed-

Mo/HZSM-5-based catalysts gas was found to significantly enhance methane conver-
sion and selectivity of benzene, and to improve the per-
formance of coke resistance of the W/HZSM-5-based
catalysts.

High reaction temperature is evidently beneficial to en-
hancing methane conversion; however, as the reaction pro-
ceeds, it inevitably makes coking more seriously, eventu-
aII_y leading to deactivation of the catalyst. The same sit¢3) Heavy deposition of carbon on the surface of the func-
ations happened to both the W/HZSM-5-based and the Mo/ tjpning catalyst was the main reason leading to deacti-
HZSM-5-based catalysts. One of the main differences be- yation of the catalyst. By means of re-oxidation by air
tween W/HZSM-5 and Mo/HZSM-5 catalysts is in their sta- - 4t 873 K, the deactivated catalyst could be effectively
bilities under high temperature. As shown in figure 8, both regenerated.
of them did have high initial activity for DHAM reaction
at 1073 K. However, the activity of Mo/HZSM-5 catalyst
began to decrease after 1 h reaction, accompanied by & erences
appearance of a pale-yellow deposit, likely resulting from
sublimation of the Mo component, on the inner wall of the[1] L. wang, L. Tao, M. Xie, G. Xu, J. Huang and Y. Xu, Catal. Lett. 21
exit tube of the reactor. The W/HZSM-5-based catalyst can (1993) 35.
operate under reaction temperature of 1073 K and gain (& EJS ‘1\’3”9'_J-AH-'E-Udnusgo:d_a”‘é"ips-'?,‘l’fy”gk'JI-Eata'-ggsgl’é;ggz);”-
methane conversion approximatel)_/ two times as high as thgt sglmg: A, S;t')clieea)::dag. Cs.erézrc:yi(,a ‘Ca?;? .Leftt.t-39 (](.996))157..
of the Mo/HZSM-5 catalyst operating at 973 K. It can alsos) s wong, Y. Xu, L. Wang, S. Liu, G. Li, M. Xie and X. Guo, Catal.
operate at 973 K and have about the same methane conver- Lett. 38 (1996) 39.
sion as that of the Mo/HZSM-5 catalyst at the same reactiojé] L. Chen, L. Lin, Z. Xu, T. Zhang and X. Li, Catal. Lett. 39 (1996)
temperature. Its main advantage is its heat-resistant perforj \]]-?_Q.Zen 2T Xiona. G.b. Lin. H.B. Zhang and K.R. Teai. Eih
mance. The high reacUo_n temperature QId not 'e"?‘d to Ioé‘z, ICC, Balgt:]iymore, 1992: p. 158; J7. Xiamen Ur?iv. 35 (1996) 960.
of W component by sublimation. Thus, it could withstandig) y shy, v, xu, s. Wang, L. Wang and X. Guo, J. Catal. 170 (1997) 11.
the regeneration operation by air to a greater extent. By ing] Rr. Ohnishi, S. Liu and M. Ichikawa, J. Catal. 182 (1999) 92.
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ing and deposition of carbon at the functioning surface of the



