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Abstract

Zirconia supported molybdenum carbide catalysts exhibited much higher activity {pr@B3 reaction than unsupported
Mo,C. By lowering the loading amount on ZgDdeactivation was suppressed completely under the reaction condition of
higher CH/CO, ratios and excellent activity was maintained. Transmission electron microscopic observation as well as XPS
analysis demonstrated that molybdenum carbide was highly dispersed emi#hOstrong electronic interaction. Isotopic
exchange reaction between £hinhd CD showed that the dissociation of methane was significantly retarded by supporting
Mo, C on ZrQ, which could be the main reason of high activity and durability of supported catalysts.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction Two mechanisms have been proposed for thg-€H
CO;, reforming reaction over group VIII metal cata-
Reforming of methane by carbon dioxide has re- lysts[1,2]. One is the Eley—Rideal type mechanism
ceived great attention, since it can convert two of in which methane is adsorbed and decomposed on
the cheapest carbon containing materials into useful the metallic sites to form i and surface carbon.
chemical products, those are, CO angl Broup VI This carbon species reacts directly with £®om
metals such as Ni, Rh and Pt are very active for this the gas phase to form CO. In the alternative mech-
reaction at elevated temperatures, but have the prob-anism methane is decomposed on the metal to yield
lem of deactivation due to the carbon accumulation. In a surface Ck species and hydrogef3,4]. Carbon
spite of this disadvantage, GHCO, reforming pro- dioxide is also adsorbed on the metal or on the inter-
cess provides several advantages compared to steanfiace of the metal and support oxide dissociatively to
reforming of methane, such as the production of syn- CO and adsorbed oxygen or surface OH group. These
thesis gas with a low BH-CO ratio, which is suitable  oxygen species react with GHto form CO and H.
for use in Fischer—Tropsch synthesis for higher hydro- A large number of recent researches suggest that

carbons. both mechanisms can be operative, which greatly
depends on the nature of metals as well as supports
* Corresponding author. Tel:81-45-481-5661x3903; [5_8]'
fax: +81-45-491-7915. On the other hand, Green and co-workd®§
E-mail address: naitosO1@kanagawa-u.ac.jp (S. Naito). have proposed another reaction mechanism fop CH
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reforming reaction over high surface area molybde- important roles for the enhancement of activity and
num and tungsten carbide catalysts, synthesized by thedurability of this reaction.
temperature programming reduction of the relevant
metal oxide with methane/hydrogen. Their activities
were found to be comparable to those of group VIII 2. Experimental
metal catalysts, but deactivated at ambient pressures
in all the processes, due to the oxidation of the cata- Supported Mo@ were prepared by impregnating a
lyst to MO,. On the other hand, operation at elevated (NH4)gM07024-4H,O precursor onto Zr@ support,
pressure (8 bar) resulted in stabilization of the carbide which were transformed into supported carbide cata-
and no catalysts deactivation for the duration of the lysts by direct carburization with the mixed gases of
experiments. According to their proposal, there are CHs and H in a flow type micro reactor (quartz tube:
two possible competing mechanisms for the formation 7 mm diameter), operated at atmospheric pressure. For
of synthesis gas and their deactivation. The first is the comparison, unsupported catalysts were also prepared
cycling or redox mechanism and the second is a noble by the same procedure as mentioned above starting
metal type mechanism, which has been described in from molybdenum oxide powder. The formed carbide
the previous paragraph. In the redox type mechanism, catalysts were characterized by TEM, EDX, XRD and
it was proposed that after dissociative adsorption of XPS, as well as CO chemisorption at room tempera-
COy, the formed oxygen species reacts with carbon ture to estimate the TOF of GHCO, reaction.
in the carbide surface to leave a vacancy, which is  The reaction was carried out in the same flow type
then filled with either adsorbed carbon species from micro reactor at ambient pressures and the gas compo-
methane, remaining the carbide, or oxygen species, asition was analyzed by gas chromatography and mass
first step in the oxidation to M@ The oxygen species  spectrometer. The amount of employed catalysts was
in the vacancy, however, can also react with carbon 0.3-0.5g. The composition of feed gases was usually
formed from the dissociation of methane, instead of CH4:CO, = 1:1 and the flow rate was Zumol/s
carbon from the carbide, which is the basis of the (40cn¥/min: SV = 5100k for unsupported and
second, noble metal type mechanism. 1500 h ! for supported catalysts). The isotopic ex-
We have also studied the GQeforming reaction change reaction of CHand CDy was carried out
of methane over molybdenum carbide catalysts un- over Mo C/ZrO, catalysts after the curburization of
supported and supported over SjQAI,03, ZrO,, MoOs3/ZrO; in a closed gas circulation system with
TiO2, CeG and active carborjl0] and found that  the same procedure as the flow system, and the prod-
their activity was very sensitive to the particle sizes of ucts were analyzed by quadrupole mass spectrometer.
metal carbides as well as the property of the supports
employed. Among the supported catalysts, zirconia
supported MgC exhibited the highest TOF for syngas 3. Results and discussion
formation, whose activity was 5-6 times higher than
unsupported MgC catalysts. As for the particle size Fig. 1 demonstrates the time courses of £f@-
effect, we have investigated the dependence of the forming of CH; over unsupported and 1 and 5wt.%
activity in the reforming of CH with CO, upon the ZrO7 supported MgC catalysts at 1123 K. The char-
loading amount of MgC, and found that deactivation acteristic feature of the reaction is that the conversion
of carbides was perfectly suppressed even at ambientof CO; is a few times larger than that of GHand
pressure by dispersing MG on ZrG, supports with at the same time the rate of CO formation is consid-
less than 1 wt.% loading level. erably larger than that of Hformation (not shown
In the present study we have investigated the in the figure). The mass balance analysis suggested
CH4—COQO;, reaction mechanism over unsupported and the occurrence of the reverse water gas shift reac-
zirconia supported MgC catalysts as well as their tion taking place during Cldreforming with CQ.
deactivation process from the kinetical analyses and The initial activity of unsupported Md& was not
an isotopic tracer technique tighter with catalyst char- so different from that of zirconia supported catalyst,
acterization. We found that zirconia support played but decreased abruptly within 1 h. This deactivation
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Fig. 1. Time courses of CHCO, reaction over unsupported MG
and 1 and 5wt.% MgC/ZrO, at 1123K (CH:CO, = 1:1).

of the initial one. No such deactivation was observed
in the case of 1 wt.% catalysts, and the conversions of
CH4 and CQ stayed almost constant for more than
20 h. Green and co-workers needed elevated pressure
to maintain the constant high activity for 72 h, while
their activity dropped abruptly after 7 h in the reac-
tion at ambient pressure. According to the Green's
reaction mechanism mentioned above, the latter noble
metal type mechanism may be predominant instead of
redox type one, over highly dispersed Mbcatalysts.

In the case of unsupported MO catalysts, the
transmission electron micrograph revealed the ag-
gregation of small crystallites, whose diameters
were several hundred angstroms. As demonstrated
in Fig. 2(B), the TEM photo of 5wt.% MeC/ZrO,
indicated the dispersion of a few hundred angstrom
crystallites over Zr@ support. On the contrary, in
the case of 1wt.% MgC/ZrO, we could not observe
any crystalline particles of M& in the TEM photo
in Fig. 2(A), suggesting the uniform dispersion of
Mo,C layer on ZrQ surface. XPS analyses of unsup-
ported and Zr@ supported MgC catalysts were also
investigated before and after GHCO, reaction. In

corresponds to the transformation of carbide into the case of unsupported catalyst, the binding energies
MoOg,, which could be detected by XRD. The activity of Mo3ds,> and Mo3g,, transitions shifted toward

of 5wt.% Ma,C/ZrO, catalysts were rather stable and higher energy side from 227.5 and 230.8 to 228.5 and
after 16 h the conversion was decreased to about 90%231.5eV after the reaction, indicating the oxidation

(A)

(B)

Fig. 2. TEM images of zirconia supported molybdenum carbide catalysts: (A) 1wt.%; (B) 5wt.%.
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of Mo,C. On the other hand, no such shift of binding Table 2

energles was Observed after the reactlon in the Caselnltlal rates of CHD formation in CH—CDy |SOtOp|C eXChange

of M0,C/ZrO, catalysts although their values were reaction over unsupported and ZrGupported MeC catalysts at
- ’ various temperatures

1.0-1.5eV higher than those of unsupported ones

from the beginning. These results indicate that there is Catalysts Reaction Initial rates of CHD
a certain strong electronic interaction between,&o temperature (K) _formation (mol/min)
and ZrQ on the fresh MeC/ZrO, catalyst, which is ~ Unsupported MgC 373 3.4x 10—;

, . 5Wt.% Mo,C/ZrO, 473 1.6x 10°
not disturbed much by the GHCO, reaction. 1Wt% MopC/Zro, 793 19x 10-7

Pressure dependence of the initial rates efard
CO formation over unsupported and Zr®upported
catalysts were studied by changing the composition of was observed, increased with decreasing the loading
CHsand CQ inthe feeding gas at 1123 K. The empiri- amount. Over 1 wt.% MgC/ZrO,, the exchange reac-

cal reaction orders of the initial rates o$ lnd CO for- tion was observed at 793 K, which was close to the
mation over these three catalysts were estimated usingCH;—CQ, reaction temperature. These results clearly
the following rate equationVi,orco = kP&, pg ) indicate that by dispersing on ZgPCH, dissocia-

The results are summarized Table 1 The obtained  tion ability of molybdenum carbide is diminished sig-
reaction orders for the initial rates were the same over nificantly because of the strong electronic interaction
1 and 5wt.% supported catalysts, suggesting the simi- with ZrOz, as indicated in the XPS analysis. These re-
lar reaction mechanism is operating on both catalysts, sults correspond well to the previous consideration that
but quite different from those of unsupported catalysts. methane dissociation would be the rate determining
By supporting on Zr@, the reaction order of Ciffor step of CH—CQO, reaction over supported catalysts.
H, formation became very large, exceeding unity. This  Although the kinetical behavior of the initial rates
means that the rate determining step offermation ~ were similar over 5 and 1wt.% ME&/ZrO,, the cat-
shifts from the surface reaction of adsorbed species toalytic behavior of deactivation process was different
the dissociation step of methane by supporting®o  in both catalysts as mentioned already. To investigate
on zirconia. the mechanistic difference of the deactivation process
To confirm this point, Ci-CDj isotopic exchange  over these catalysts, the time courses of,&E0; re-
reaction was carried out over unsupported and sup- actions with various CHCO; ratios were observed.
ported catalysts. The initial rates of GBl formation ~ The results were summarizedfilgs. 3 and 4Under
were listed inTable 2at various reaction temperatures. oxidative condition where CHCO; ratio is 1:3, no
Over unsupported catalysts, the exchange reaction be-deactivation was observed even over 5wt.% catalysts.
gan to take place as low as 373 K. The reaction tem- Consequently, oxidation of the MG is not signifi-
perature, where similar initial rate of GB formation cant over supported catalysts. On the other hand, un-
der reductive condition, where GHCO; ratio is 3:1,
slight deactivation was observed even in 1wt.% cata-
Table 1 o o lyst. Temperature programmed reduction of the steady
222‘?2‘;2%332:’;;23 '”'“":" raes Ofé’;"d“"t ;Oli/lm?:“o” '?49'* state surface after GHCO;, reactions with various
ppor% and ZrGupported MeC catalysts CH4/CQOy, ratios was studied over 5wt.% MG/ZrO,

at 1123 K Vy, orco = kP%,, P,
2 O catalysts. The amount of formed methane under reduc-

Catalysts Products Reaction orders tive condition was almost twice more than under ox-
o B idative condition mentioned above, although amount
of formed HO was almost the same on both surfaces.

Unsupported MgC Ho 0.4 0.1 . , .
co 05 08 According to Green’s experiments, elevated pres-

sures were needed to maintain a constant high activity

1wt% Mo, C/Zr0, gé g% %‘2 for 72 h, while their activity dropped abruptly after 7 h
' ) in the reaction at ambient pressures over unsupported
Swt.% Mo, C/Zr0, gé %)'2 %'23 Mo,C [1]. In our case, lower loading catalysts of

Mo2C on ZrG with high CGQ/CH4 ratio maintained
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Fig. 3. Time courses of CHCO, reaction over 5wt.% MgC/
ZrO; at 1123 K under 1:3 and 3:1 GKCO; ratios.
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Fig. 4. Time courses of CHCO, reaction over 1wt.% MgC/
ZrO, at 1123 K under 1:3 and 3:1 GKCO; ratios.

its high activity for more than 20 h even at ambient
pressure. This result suggests that a different deactiva-
tion mechanism is operating over supported catalysts.
Green and co-workers concluded that the oxidation of
Mo»C with O(a) formed by the dissociation of G@s

the main deactivation process over unsupported®lo
From the results of pressure dependence, we would
like to propose a different deactivation mechanism of
inactive carbon accumulation rather than oxidation of
Mo,C over higher loading MgC/ZrO, catalysts.

4, Conclusion

Deactivation of catalysts would be summarized as
follows: over unsupported catalysts, both methane dis-
sociation and C@ dissociation takes place on the
surface of carbide itself. Accordingly there may be
an equal chance for both the accumulation of inac-
tive carbon and the oxidation of M&. On the other
hand, over supported catalysts, £&xtivation would
takes place at the vicinity of M& and ZrQ, and the
chance for oxidation of carbide may decrease. Also
the rate determining step would be the dissociation
of methane, the chance of polymerization of inactive
carbon may also decrease. These are the reasons that
supported catalysts are more stable and durable for
CH4—COQ;, reforming reaction.
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