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Abstract

Low-surface-area, macroporous, zirconia—haffnia-supported NiCoMay@ NiCoMgCeQ (Ni/Co/Mg/Ce = 1/0.2/1.2/0.0 or 1.2)
catalysts, precalcined at high temperature (14D@or 4 h), showed both high activity>(98% conversion) and selectivity-(95%) in the
catalytic partial oxidation of methane (CPOM) to syngas. Their performance remained unchanged even after they were subjected to highe
temperature 2000°C for 30 min) or a number of high-temperature 2000°C) shocks, due to their direct exposure to an oxyacetylene
flame. The supported NiCoMgCgOhowever, showed superior performance in the steam andr€fOrming reactions because of its much
higher lattice oxygen mobility. Hence it is more suitable for the autothermal reforming of methane.
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction In the last decade or two, extensive efforts have been
made on the catalytic partial oxidation of methane (CPOM)

Methane autothermal reforming (MATR) is carried out [© Syngas, which is covered in a number of recent re-
in two separate reaction zones—in the first zone, a part of Views [2-5]. The CPOM process, operating at a very low
the methane from feed is combusted in a flame or catalytic contact time (about a milliseconfj—10}, is of great prac-
burner, producing a hot (about 1400) product stream, and, tical |mportance. However, in thls process a high methane
in the second zone, the unconverted methane from the prod-cONversion ¢ 90%) c?uplled with very high space veloc-
uct stream is reformed to syngas by the methane combus-ty (=500 000 C,mo’ g~~h™) leads to production of a Iarge_
tion products (steam and Gover a steam-reforming cata- amoupt_ of heat in a small catalyst zone, even at very hlgh
lyst[1]. The MATR process requires no external energy, and seIec;tmty & 95%) f‘?r co e}nd _Ij’ causing a large adi-
yet its use is limited, mainly because of the catalyst fouling abgtlc temperatyre rnse (which IS O,I'ﬁ'cu" to control) and
(deactivation by sintering and formation of inactive mixed- ultimately resulting in th_e deac_tlvatlon of a therma_lly un-
metal oxides and degradation/disintegration) resulting from ;table catglyst. Our earller studle_s.showed that a highly ac-
the high-temperature (about 1400) treatment and ther- tive/selective supported Ni-containing catalyst (prepared by

mal shocks received by the catalyst, particularly during the deposition of NI'.O or|1 a _MgO_—ptr: coate"d I(iwt—)lsurfice—are;a
process start-up and closedown periods. macroporous silica-alumina) is thermally stable when cal-

cined only up to about 100; at the higher calcination
temperature (120TC), it is completely deactivated, mostly
* Corresponding author. Fax: +91 20 25893041. because of the formation of catalytically inactive mixed-
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Since the methane combustion reactions {GH20, — continuous-flow quartz reactor (i.es 9 mm) packed with
CO, + 2H,0 + 191.8 kcalmot! and CH; + O, — CO+ 0.2 g catalyst (22—30 mesh size) by the procedure described
2H,0 + 124.1 kcal mot1) are much more exothermic than earlier[11-13] Before use, in the reaction, the catalyst was
the partial oxidation of methane to syngas (GHO0.50, — reduced by 50% blin N2 at 900°C for 1 h. The gas hourly
CO + 2H; + 5.4 kcalmot?), even a small loss in the se- space velocity (GHSV) was measured &Qand 1 atm
lectivity due to catalyst deactivation is expected to make pressure.
the CPOM process highly hazardous, or even render it The TPR over the catalysts was carried out in a quartz re-
out of control. It is therefore of great practical interest to actor containing 0.15 g catalystin a flow of 5 mol% id Ar
overcome the major limitation of the MATR and CPOM (30 cn?® min~1) from 50 to 1100 C at a linear heating rate of
processes by developing a high-temperature-stable catalys20°C min—! by the procedure described earligt]. The H
that demonstrates desirable activity and selectivity in the pulse reaction over the catalysts was carried out in a quartz
methane-to-syngas conversion reactions and has a high mepulse microreactor (containing 0.1 g catalyst) connected to a
chanical strength, even when the catalyst is subjected togas chromatograpgi4] (with a porapak-Q column and ther-

a very high temperaturex(1200°C) and thermal shocks. mal conductivity detector) by injection of a pulse of purg H
This has been accomplished in this investigation. We re- (0.2 cn) in the reactor, with Ar as the carrier gas, at differ-
port here that a NiCoMgCeCQOdeposited on a low-surface- ent temperatures (200—-900) or the injection at 900C of

area macroporous zirconia—haffnia catalyst carrier, evena number of H pulses, one after another, at an intervals of
when calcined at 1400C and subjected to oxyacetylene 10 min or 1 h, after which the conversion of ih each pulse
flame (about 2000C) or subjected to a number of high- experiment was determined.

temperature (about 200C) thermal shocks, shows high
catalytic activity, selectivity, and stability in the CPOM and
in the steam reforming and GQeforming reactions, with-

out |OSing its mechanical Strength. These hlghly desirable Results for the CPOM over the Zirconia_haffnia_suppor_
qualities are of great practical importance for use of the teg NiCoQ., NiCoCeQ, NiCoZrO,, NiCoMgO,, NiCo-
catalyst in the MATR process and in the high-temperature MgCeQ,, and NiCoMgzrQ catalysts are listed ifTa-
CPOM process. ble 1 The crystalline metal oxides and/or mixed-metal
oxide phases present on the support for the supported cat-
alysts are also included ifable 1 The results indicate that
the catalyst containing MgO with or without cerium ox-
The supported NiCoQ (Ni/Co = 1:0.2), NiCoCeQ ide showed very high methane conversion activity98%
(Ni/Co/Ce = 1:0.2:1.2), NiCoMgQ (Ni/Co/Mg = 1:0.2: methane conversion) and high selectivity for both CO and
1.2), and NiCoMgCe® (Ni/Co/Mg/Ce = 1:0.2:1.2:1.2) H, (> 96%) in the CPOM process at a low contact time
catalysts were prepared by the impregnation of respec-(GHSV = 62,000 crig-1h~1), even when the catalysts
tive metal nitrates from their mixed aqueous solution on a were precalcined at a very high temperature (1400 It
commercial low-surface-are&2(0.1 m?g~—1) macroporous s interesting to note that when all of these catalysts were
(porosity= 45% and pore volume: 0.15 cn? g~1) sintered supported on alumina, silica, or silica-alumina support and
zirconia—haffnia (94.1% Zre>-HfO,) catalyst carrier (SZ-  calcined at the high temperature, they showed little or no
5564, obtained from M/S Norton Co., USA) by the incipient activity in the CPOM process because of the formation
wetness technique and calcination first at 668Gor 4 h and of catalytically inactive mixed-metal oxide phases by the
then at 900 or 1400C for 4 h. The loading of Ni and Co  solid—solid reaction between the catalytically active com-
with or without CeQ and/or MgO on the support was as fol- ponents (viz., Ni and Co) with silica and/or alumifieL,
lows: 8.5% Ni and 1.7% Co for the NiCq®SZ-5564; 8.5% 15]. In the present case, even the supported NiCo#dalyst
Ni, 1.7% Co, and 30.1% CeQor the NiCoCeQ/SZ-5564; with or without CeQ or ZrOy, calcined at a temperature
8.5% Ni, 1.7% Co, and 7.0% MgO for the NiCoMg5Z- as high as 1400C, shows high activity and selectivity in the
5564; and 8.5% Ni, 1.7% Co, 7.0% MgO, and 30.1% geO CPOM process. This is attributed to the fact that the support
for the NiCoMgCeQ/SZ-5564. To ascertain the presence (zirconia—haffnia) does not react with the catalytically active
of different metal oxides and/or mixed-metal oxide phases, components during the high-temperature catalyst calcina-
we characterized the catalysts by XRD. tion. Among the supported catalyst&ple 1), the supported
The high-temperature (about 2000) treatment of the ~ NiCoMgO, and NiCoMgCeQ catalysts are highly promis-
catalysts and the temperature shocks were accomplished byng.
the application of an oxyacetylene flame (oxidizing portion To further confirm their high-temperature stability, the
of the flame) directly to the catalyst (0.3 g), which was kept two promising catalysts (NiCoMg@SZ-5564 and NiCo-
in a zirconia boat once for 30 min or repeatedly (six times) MgCeQ,/SZ-5564) were further subjected to very high-
for 30 s at intervals of 10 min. temperature £ 2000°C) shocks by direct exposure to an
The CPOM and steam and G@forming reactions over  oxyacetylene flames for different periods, and their per-
the catalysts were carried out at atmospheric pressure in &@ormance in the CPOM process was evaluated; the results
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