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PREFACE

This book contains a collection of papers that Professor
Eli Ruckenstein and his coworkers have published in
the area of heterogeneous catalysis during the past four
decades. It consists of the following eight chapters:

1 Catalytic conversion of methane to synthesis gas
by CO, reforming

2 Catalytic conversion of methane to synthesis gas
by partial oxidation

3 Catalytic combustion of clean as well as nitrogen-
bound fuels over transitional metal oxides

4 Zeolites and their applications as catalysts and/or
catalyst supports

5 Synthesis of mesoporous V-Mg-O oxides and
their applications as catalysts

6 Synthesis of polymer-supported catalysts and
polymer-coated silica supports and their applica-
tions in catalysis

7 Metal sintering during heating in various
atmospheres

8 Heterogeneous catalysis: a theoretical approach.

Chapters 1-3 deal with a number of catalysts involved
in various catalytic reactions, including, methane CO,
reforming, methane partial oxidation, and catalytic
combustion; Chapters 4-6 are concerned with applica-
tions of various materials, such as zeolites, mesoporous
V-Mg-0 oxides, polymers, and polymer-coated SiO, as
catalysts or catalyst supports; Chapter 7 is devoted to
theoretical and experimental investigations of metal
sintering in model metal catalysts during heating in
various atmospheres; and Chapter 8 deals with some
theoretical approaches relevant to heterogeneous catal-
ysis. Each chapter starts with an introduction that sum-
marizes the papers included.

This book will be of interest to catalytic scientists and
to material scientists working in universities and indus-
try, and to graduate students.

EL1 RUCKENSTEIN
Haryou WANG
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CATALYTIC CONVERSION OF METHANE TO
SYNTHESIS GAS BY CO, REFORMING

Introduction, 1

1.1 Role of Support in CO, Reforming of CH, to Syngas
Over Ni Catalysts, 5

1.2 Carbon Dioxide Reforming of Methane Over Nickel/
Alkaline Earth Metal Oxide Catalysts, 14

1.3 An Optimum NiO Content in the CO, Reforming of
CH, With NiO/MgO Solid Solution Catalysts, 27

1.4 The Characterization of Highly Effective NiO/MgO
Solid Solution Catalyst in the CO, Reforming of
CH,, 32

1.5 Carbon Dioxide Reforming of Methane to Synthesis
Gas over Supported Cobalt Catalysts, 39

INTRODUCTION
CO, reforming of methane,

CH, + CO, — 2CO + 2H,, AH's = 247 kJ/mol.
is an endothermic reaction; it produces synthesis gas
with a H,/CO ratio around 1, which is suitable for the
Fischer—Tropsch synthesis of long-chain hydrocarbons.
In addition, this process may have important environ-
mental implications, since it consumes CO, and CH,,
two greenhouse gases. Unfortunately, no industrial tech-
nology for CO, reforming of methane has yet been
developed, because no effective and commercially
viable catalysts have been discovered [1]. When the con-
ventional Ni-based catalyst for steam reforming is used
for CO, reforming, it deactivates rapidly mainly because
of carbon deposition on the active sites. A high molar
ratio of CO, to CH, (>3) can be used to reduce the
carbon deposition, but this decreases the selectivity
to synthesis gas. Therefore, the inhibition of carbon
deposition without extra cost and loss of catalyst per-
formance posses a major challenge for CO, reforming
of methane.

1.6 CO, Reforming of CH, over Co/MgO Solid Solution
Catalysts Effect of Calcination Temperature and Co
Loading, 46

1.7 Carbon Deposition and Catalytic Deactivation during
CO, Reforming of CH, over Co/y-Al,O; Catalysts, 55

1.8 Carbon Dioxide Reforming of Methane to Synthesis
Gas Over Supported Rhodium Catalysts: The Effect of
Support, 60

1.9 Transient Response Analysis Via a Broadened Pulse
Combined with a Step Change or An Isotopic Pulse:
Application to CO, Reforming of Methane Over NiO/
SiO,, 70

In CO, reforming of methane, carbon formation can
take place through two possible routes: CH, decomposi-
tion and CO disproportionation (Boudouard reaction).
While the former is an endothermic reaction, the latter
is an exothermic one. Carbon formation by CH, decom-
position is a structure-sensitive reaction [2, 3]. Specifi-
cally, the Ni(100) and Ni(110) surfaces are more active
in CH; decomposition to carbon than the Ni(111)
surface [2]. The CO disproportionation is favored at
temperatures below 973 K due to its exothermic nature.
Carbon deposition with measurable rates occurs over
Co, Fe, and Ni catalysts at temperatures higher than
623 K [3]. Given that CO, reforming of methane often
takes place at a temperature >973 K, CH, decomposi-
tion to carbon constitutes the main concern. The diffu-
sion and segregation of carbon are dependent on the
structure of metal surface as well. For instance, the
carbon on Ni(110) diffuses more quickly into the bulk
of the metal than carbon on Ni(100) [3]. In addition, it
is more difficult for the carbon adsorbed on a smaller
metal particle to diffuse than on a larger metal particle
[4]. The structure-sensitivity nature of carbon formation
and its diffusion provides an opportunity to avoid, or at
least to reduce carbon deposition through the

Heterogeneous Catalysis: Experimental and Theoretical Studies, First Edition. Edited by Eli Ruckenstein and Haiyou Wang.
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2 CATALYTIC CONVERSION OF METHANE TO SYNTHESIS GAS BY CO, REFORMING

modification of the metal surface structure. One method
is to control the size of the ensembles of metal atoms
on surface since the ensembles required for carbon for-
mation are larger than those needed for CH, reforming
[5]. Accordingly, by controlling the metal particle size,
one can control carbon formation. In this regard, strong
adsorption of sulfur (sulfur passivation) was used to
control the size of ensembles, and the degree of carbon
deposition on Ni catalysts, as in the successfully com-
mercialized SPARG process [6, 7]. Sulfur passivation is
presumably responsible for the control of the size of the
active metal ensembles since sulfur can preferentially
eliminate the larger ensembles.

Besides the surface structure, the surface acidity of a
catalyst is another major property that affects carbon
deposition. It has been noted that carbon deposition can
be attenuated or even completely suppressed when the
metal is supported on a metal oxide with a strong Lewis
basicity [8-11]. This suppression occurs because the high
Lewis basicity of the support increases the ability of the
catalyst to chemisorb CO, in the CO, reforming of
methane and water in the steam reforming of methane,
and these species react with carbon to form CO, result-
ing in decreased net carbon formation.

Almost all the catalysts used for CO, reforming of
methane are supported metal catalysts. Based on the
catalytic metal component, catalysts can be divided into
two groups, that is, supported noble metal (such as Pd,
Rh, Ir, Pt, Ru, etc.) catalysts and supported nonnoble
metal (such as Fe, Co, and Ni) catalysts. Inui [12] and
Rostrup-Nielsen [7] reported that the amount of carbon
deposited on metal catalysts decreases in the order Ni
>> Rh > Ir = Ru> Pt~ Pd at 773 K and Ni > Pd =
Rh > Ir > Pt >> Ru at 923 K. Thus, noble metal cata-
lysts, in general, provide greater likelihood of carbon-
free operation than Ni and other non-noble metal
catalysts. For the same metal component, the rate of
carbon deposition is also dependent on the nature of
the support [7 13-16].

Among the noble metal catalysts, Pt has been the
most widely studied one, probably because of its lower
rate of carbon formation and its greater availability than
other noble metals. Regarding the support for Pt, ZrO,
has been the most widely used because of its lower rate
of carbon formation compared with other supports [17—
22]. Bitter et al. [20] found that the rate of carbon forma-
tion decreases in the order Pt/Al,O; > Pt/TiO, > Pt/
Zr0O, and that carbon deposition from methane decom-
position instead of metal sintering is mainly responsible
for the deactivation of supported Pt catalysts. The higher
stability of Pt/ZrQO, is probably due to the strong Pt-Zr"*
interactions, which reduce carbon formation during
reaction by promoting CO, dissociation [21]. The pro-
moter, which can be a metal component or a metal oxide,

has a significant effect on carbon deposition as well. It
was reported that the bimetallic Pt-Au/SiO,, Pt-Sn/SiO,,
and Pt-Sn/ZrO, catalysts generate less deposited carbon
during CO, reforming of CH, than the corresponding
monometallic Pt catalysts [23], probably because of the
formation of metal alloys. It was also reported that the
addition of cerium or lanthanum greatly improves the
stability of a Pt/ZrO, catalyst without decreasing the
CH, or CO, conversions [24]. Although the total amount
of carbon deposition remained comparable for a Ce-
promoted Pt/ZrO, catalyst and an unpromoted Pt/ZrO,
catalyst, TPO (temperature programmed oxidation)
studies suggested that the carbon species on Ce-pro-
moted Pt/ZrO, catalyst could be removed at much lower
temperatures. On the other hand, the La-promoted cata-
lyst experienced a much lower carbon deposition than
the unpromoted one.

More research work has been devoted to non-noble
metal catalysts, particularly Ni-based catalysts due to
their low cost with comparable activity and selectivity
as the noble metal catalysts. Nevertheless, thermody-
namic studies indicate that Ni catalysts are prone to
carbon deposition in CO, reforming of CH,, causing
unstable activity [25]. Therefore, it poses an even bigger
challenge to develop a stable Ni-based catalyst. Alumina
is one of the most commonly used supports for Ni cata-
lysts [10, 26-36]. The rate of carbon deposition over Ni/
ALOj catalysts is dependent on the catalyst structure,
composition, and preparation conditions [12]. Chen and
Ren [37] reported that carbon deposition was signifi-
cantly suppressed when NiAl,O, was formed during
pretreatment. The Ni-O bond in NiALO, is stronger
than that in NiO [38]. Consequently, it is more difficult
to reduce Ni** to Ni’, resulting in smaller nickel crystal-
lites on the surface of catalyst. Such nickel particles,
which are smaller than the size needed for carbon depo-
sition, decrease the carbon deposition [28]. The catalyst
preparation method exerts an influence on the disper-
sion of metal particles and ultimately on the rate of
carbon deposition. Kim et al. [27, 39] and Osaki et al.
[40] reported that Ni/Al,O; catalysts prepared from
aerogel alumina exhibited remarkably lower coking
rates compared with alumina-supported Ni catalysts
prepared by the conventional impregnation method.
Osaki et al. [40] suggested that the Ni-O-Al bonds
formed in aerogels are responsible for the formation of
fine nickel particle after hydrogen reduction and ulti-
mately for the high activity and low carbon deposition.
A water-in-oil (w/0) micromulsion method was also
found to be effective in the preparation of a Ni/AL,O;
catalyst possessing low carbon deposition and good sta-
bility [41].

Various promoters have been used to improve the
performance of Ni/Al,Oj; catalysts. The addition of basic
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oxides of Na, K, Mg, and Ca to Ni/Al,O; catalysts was
found to greatly reduce carbon deposition [10, 35,
42-44]. Kinetic results indicated that these added metal
oxides changed the reaction order in CH, from negative
to positive and the order in CO, from positive to nega-
tive. This observation implies that the surface of a basic
metal oxide doped Ni catalyst is rich in adsorbed CO,,
whereas the surface of a Ni catalyst free of such a basic
metal oxide is rich in adsorbed CH, [10]. The coverage
of nickel with CO, is most likely unfavorable to CH,
decomposition and, consequently, the carbon deposition
is decreased. Choi et al. [45] examined the effect of Co,
Cu, Zr, and Mn as promoters. They found that, com-
pared with unpromoted Ni/AlL,O; catalyst, those pro-
moted with Co, Cu, and Zr provided slightly improved
activities, while the Mn-promoted catalyst exhibited a
significant reduction in coke formation with only a small
decrease in catalytic activity. Moreover, Seok et al. [46]
found that the addition of Mn to Ni/Al,O; caused a
partial coverage of the surface of nickel particles with
patches of MnO,, which promoted the adsorption of
CO.. Both the partial coverage of the nickel surface with
MnO,, and the promoted CO, adsorption appear to
contribute to decreased carbon deposition on Mn-pro-
moted Ni/Al,O; catalyst. Mo was also found to improve
the stability of Ni/ALO; catalyst by reducing carbon
deposition [47]. Rare earth metals or metal oxides were
also investigated as promoters [48-50]. Nd [48] and
Ce0, [49, 50] were found to promote the Ni/AL,O; cata-
lyst, by reducing carbon deposition.

Our work was mainly focused on the effect of various
supports on the reactivity of supported metal catalysts
and the structure—property relationships. Efforts were
also made to identify the mechanism of CO, reforming
of CH, to synthesis gas. In brief, Chapter 1 consists of
four parts: the first is concerned with Ni-based catalysts
(1.1, 1.2, 1.3, and 1.4); the second with Co-based cata-
lysts (1.5, 1.6, and1.7); the third with Rh-based catalysts
(1.8); and the fourth with mechanistic studies of CO,
reforming of CH, (1.9).

The nature of the support was found to play a very
important role in determining the performance (activity
and stability) of supported metal catalysts for CO,
reforming of methane (1.1, 1.2, 1.5, and 1.8). Among all
supports investigated, MgO was the best support for
both Ni and Co catalysts (1.1 and 1.5). The reduced NiO/
MgO catalyst with a NiO content in the range of 9.2
28.6 wt% prepared by impregnation provided both high
CO yield (94%) and excellent stability, because it gener-
ated NiO-MgO solid solution catalysts (1.2 and 1.3). The
strong interactions between Ni and Mg induced by the
formation of a NiO-MgO solid solution help to inhibit
not only the sintering of NiO, but also the formation of
large clusters of Ni, which generate coke (1.4). Similarly,

the reduced 12 wt% CoO/MgO solid solution catalyst
provided a CO yield of 93% and excellent stability (1.5).
Since Co has two oxidation states, Co’* and Co’",
depending upon the calcination temperature and Co
loading, one, two, or three Co-containing species, that is,
Co;0,, MgCo,0,, and CoO-MgO solid solution, can be
generated. This affects the reduction behavior and ulti-
mately the catalytic performance of MgO-supported Co
catalysts. Indeed, the Co/MgO solid solution catalysts
with a loading between 8 and 36 wt%, precalcined at
500 and 800°C, respectively, provided high and stable
activities; a too-high calcination temperature (e.g.,
900°C) resulted in low activity, whereas too-high Co
loading (e.g., 48 wt%) combined with a low calcination
temperature <800°C, resulted in an unstable activity
(1.6). For supported Rh catalysts, most of the reducible
oxides, such as CeQ,, Nb,Os, Ta,Os, TiO,, and ZrO,,
provided much lower yields of CO and H, than the
irreducible oxides, such as 7-Al,0;, La,0;, MgO, SiO,,
and Y,0;; among the irreducible oxides, MgO and
~-AlLO; provided high and stable activities (1.8).

Numerous mechanistic studies have suggested that
during CO, reforming of methane, CH, is decomposed
on metallic sites to reactive carbon species (CH,, with x
= 0-3), which are oxidized to CO by the oxygen-con-
taining species that originate from CO,. In this regard,
a transient response analysis via a broadened pulse
combined with a step change or an isotopic pulse was
developed and applied to CO, reforming of methane
over Ni/SiO; (1.9). It was found that Ni” is the active site
for methane decomposition and that the reaction
between C and O species on Ni’ is the rate-determining
step. Consequently, the rate of carbon accumulation on
the catalyst surface is determined by the relative rates
of formation of carbon species and their oxidative
removal. When the former dominates, an excess of
carbon is deposited, whereas when the latter dominates,
the number of metallic sites is decreased because of
their oxidation and subsequent restructuring of the
catalyst. Both result in unstable activity. By optimizing
the metal loading and the calcination temperature, 7,
for example, 6% wt% for 7. = 500°C and 9 wt% for 7.
= 1000°C, highly effective and stable Co/v-Al,O; cata-
lysts were obtained (1.7).
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