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Foreword 

i H E ACS S Y M P O S I U M S E R I E S was first published in 1974 to 
provide a mechanism for publishing symposia quickly in book 
form. The purpose of this series is to publish comprehensive 
books developed from symposia, which are usually "snapshots 
in time" of the current research being done on a topic, plus 
some review material on the topic. For this reason, it is neces
sary that the papers be published as quickly as possible. 

Before a symposium-based book is put under contract, the 
proposed table of contents is reviewed for appropriateness to 
the topic and for comprehensiveness of the collection. Some 
papers are excluded at this point, and others are added to 
round out the scope of the volume. In addition, a draft of each 
paper is peer-reviewed prior to final acceptance or rejection. 
This anonymous review process is supervised by the organiz
er^) of the symposium, who become the editor(s) of the book. 
The authors then revise their papers according to the recom
mendations of both the reviewers and the editors, prepare 
camera-ready copy, and submit the final papers to the editors, 
who check that all necessary revisions have been made. 

As a rule, only original research papers and original re
view papers are included in the volumes. Verbatim reproduc
tions of previously published papers are not accepted. 

ACS BOOKS DEPARTMENT D
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Preface 

C A T A L Y T I C H Y D R O C A R B O N O X I D A T I O N P R O C E S S E S include reactions 
for functionalization of organic molecules to make intermediates as well 
as reactions involved in total combustion of hydrocarbons to carbon 
oxides. The processes of selective oxidation and combustion share a 
number of characteristics, but they also represent opposing extremes of 
product selection. For both types of processes, a great deal of informa
tion about the underlying chemical and chemical engineering principles 
exists, and it can be used to improve current technologies and invent new 
ones. 

This book provides a comparative study of both oxidation regimes and 
summarizes state-of-the-art advances in the areas of catalytic combustion 
of hydrocarbons, hydrocarbon oxidation with alternative oxidants, syn
thesis and characterization of materials, and related surface science stud
ies. Topics covered include catalyst synthesis, catalyst characterization, 
kinetics and mechanisms, catalytically active sites, and advanced process 
applications. 
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Chapter 1 

Factors Affecting Selectivity in Catalytic 
Partial Oxidation and Combustion Reactions 

S. Ted Oyama 

Departments of Chemical Engineering and Chemistry, Virginia 
Polytechnic Institute and State University, 133 Randolph Hall, 

Blacksburg, VA 24061-0211 

Control of selectivity is a dominant issue for both partial and total 
oxidation of hydrocarbons. This chapter provides a critical overview of 
various factors that affect selectivity. It is suggested that both kinetic 
and thermodynamic aspects are important in determining selectivity in 
oxidation, and that selectivity is intimately tied to reactivity. 
Discussion is made of the role of different types of oxygen, the mode of 
adsorbate bonding, the occurrence of branching steps, the reducibility 
of the catalyst, the oxygen-metal bond strength, and the effect of 
structure. Since oxidation is a complex process many contrary views 
exist, and, where possible, these are presented and contrasted. 

Control of selectivity is one of the central problems in catalytic hydrocarbon oxidation 
(/). The problem arises naturally because reactants undergoing reaction can be 
oxidized to various extents. This paper discusses various factors that affect selectivity 
in both partial oxidation and complete combustion. The discussion of combustion is 
restricted to purely surface phenomena, and excludes surface-initiated gas-phase 
processes. Where possible, comparisons will be made between partial oxidation and 
combustion. 

The reactions of methane are diverse and provide a good illustration of the role 
of selectivity in oxidation. 

Table 1 
Products of Methane Oxidation 

Reactant Products 
Species CH4 C2H6 C2H4 CH3OH HCHO HCOOH CO C 0 2 

Oxidation 
state 

-4 -3 -2 -2 0 +2 +2 +4 

kJ/mol CH4 
69 74 91 295 503 579 801 

0097-6156/96/0638-0002$15.00/0 
© 1996 American Chemical Society 
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1. OYAMA Selectivity in Catalytic Oxidation & Combustion Reactions 3 

In the course of the various transformations the formal oxidation state of 
carbon increases to values that depend on the chemical species formed. The degree of 
oxidation required depends on the process. For oxidative coupling the desired 
products are C2lh and C2H4, for chemicals production the end products are CH 3 OH, 
HCHO and HCOOH, in syngas formation the target is CO, while in catalytic 
combustion the objective is full oxidation to C 0 2 . 

There has been limited success in the direct production of partial oxidation 
products from methane. Methane coupling to C 2 products has been studied over a 
number of catalysts and maximum yields are less than 40% (2,3,4). Oxygenates have 
been obtained over oxides of vanadium (5,6), molybdenum (7,8), and iron (9) as well 
as biological (P-450, and methane monooxygenase) (10,11) catalysts and yields have 
been even lower, less than 10%. Syngas (CO + H 2 ) has been produced in high 
selectivity (> 90%) at low contact times with noble metals supported on monoliths 
(12,13,14) and at high contact times on perovskite (75) and pyrochlore (16) oxides. 

In the case of catalytic combustion (17,18,19,20) the problem of selectivity is 
different. In part the objective is to achieve full oxidation of methane to C O 2 and H 2 0 
without the formation of partial oxidation products, but it is also essential to limit the 
formation of NO x . One major application of catalytic combustion is in gas turbines 
(21), where catalysts are used to lower the temperature of reaction in the 
"precombustion region" (22), where most of the N O x is generated. Another 
substantial application is in volatile organic compounds (VOC) abatement (23). Here 
the challenge is to eliminate small quantities of pollutants in an air stream. As in 
partial oxidation, both metals and oxides are used as catalysts in combustion. 

Kinetics or Thermodynamics? 

The network of reactions involving methane is complex, with many parallel and 
consecutive reactions. The solid lines depict the main expected routes for consecutive 
reactions, while the dashed lines show other possible pathways. 

Figure 1 
Reaction Network of Methane Oxidation 
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4 HETEROGENEOUS HYDROCARBON OXIDATION 

Any part of the network dealing with an intermediate can be simplified and 
described by a simple series of reactions: 

ki 
A + O > B 

k 2 

B + O >C 

In this sequence A is methane, O is oxygen, B is a partly oxidized species, C is the end 
member of the oxidation chain, C 0 2 , and ki and k 2 are effective rate constants. 
Depending on whether the objective is partial or total oxidation, the desired product is 
either B or C. As seen from the Table 1 the standard free energy of formation is 
highly negative for C 0 2 . Thermodynamically C 0 2 formation is highly favored, and it 
is often stated that stopping at B requires kinetic control (7). 

In the simplest case the rate of formation of B on a surface undergoing 
reduction and oxidation steps may be given by 

kxKA(A)K0(P) 
1 KA(A) + KB(B) + KC(C) + K0(0) 

The rate of formation of C is similarly given by 

r = k2KB(B)K0(Q) 
2 KA(A) + KB(B) + Kc(C) + K0(0) 

In these equations the small case k's represent rate constants while the upper 
case K's refer to equilibrium adsorption constants. The selectivity to B of the process 
is given by the relation giving the maximum value of (B). 

n~r2 = ^ j p = kxKA(A)K0(0)-k2KB(B)K0(0) = 0 (3) 

This results in 
(ff)max hKA 

(A) k2KB 

(4) 

Equation (3) shows that selectivity is intimately connected with the rates of the 
reactions involved in the sequence. Equation (4) demonstrates that both kinetic and 
thermodynamic factors are involved in determining the selectivity to B. Since in 
general the intermediate product is more functionalized than the reactant, it is more 
reactive and is also more strongly adsorbed, so k2 > kj and KB > KA . This is 
particularly true for alkane oxidations, and thus, obtaining a large selectivity to B is a 
challenge. For non-alkanes there are cases in which KA » KB, and high selectivity 
can be obtained, for example, in the oxidation of methanol to formaldehyde (24). 

One way to improve selectivity to the intermediate product is by reducing the 
rate of the second step, but this is usually accompanied by a decrease in the rate of the 
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1. OYAMA Selectivity in Catalytic Oxidation & Combustion Reactions 5 

first reaction. Although eventually a favorable selectivity may be achieved, this is 
usually at the cost of the overall rate. Table 2 shows an example. 

Table 2 
Comparison of Activity and Selectivity on an Oxide and a Metal 

Catalyst Turnover 
rate / s"1 

Selectivity / % Reference Catalyst Turnover 
rate / s"1 CH 3 CHO CH 2 =CH 2 C 0 X 

7.7% V 2 0 5 / S i 0 2 1.1 x lO - 3 12 68 20 (25) 
Pt 6.0 x 105 

- - 100 (26) 

Table 2 compares the performance of vanadium oxide and platinum in the 
oxidation of ethane. Turnover rates are based on sites titrated by selective 
chemisorption, using oxygen in the case of the vanadium oxide (27). It is seen that the 
metal is more active than the oxide by over 8 orders of magnitude, but produces 
mostly C 0 2 . Evidently, the price to pay for an increase in selectivity is a reduction in 
rate. This empirical observation has also been reported for a collection of methane 
oxidation catalysts where selectivity was found to decrease with conversion (28). 

Electrophilic versus Nucleophilic Oxygen 

The role of adsorbed oxygen in controlling selectivity has been championed by 
Bielanski and Haber (29,30). Adsorbed oxygen is classified into two types: 
electrophilic and nucleophilic, which differ in their mode of reaction. Electrophilic 
oxygen includes species like, 0" (oxide), 02* (superoxide), and 0 2

2" (peroxide), which 
are believed to be responsible for deep oxidation. These species are electron deficient 
and are expected to react with the electron-rich regions of a hydrocarbon molecule, 
such as double bonds. Nucleophilic oxygen refers to the oxide ion, O2*, often 
identified as lattice oxygen, which is believed to carry out partial oxidation. Because 
this oxygen has its full complement of electrons, it is expected to react with the 
portions of the molecule that are electron-poor. 

Evidence for this difference in reactivity between the two types of oxygen is 
provided by the simultaneous measurement of the mass and charge of surface oxygen 
species during catalytic reactions (3 J,32). On catalysts such as Co 3 0 4 , which favor 
total oxidation, the type of oxygen detected was electrophilic (O2", O"), while on 
catalysts like B i 2 M o 3 O i 2 , which carry out partial oxidation, the type of oxygen found 
was nucleophilic (O2"). Unfortunately, direct measurements like these have not been 
applied to a variety of catalysts and conditions. Such measurements are very desirable. 
Nevertheless, the concept of reactivity control by the type of oxygen appears to be 
useful for qualitatively explaining selectivity in a variety of oxide systems (33,34). 

Considerable care must be employed in the use of the above categorization. 
The concept does not hold in metallic systems (e.g. combustion catalysts), where ionic 
oxygen species are not present. Furthermore, in many oxide systems differing views 
have been proposed. 

For the case of selective oxidation, Tagawa, et al, have concluded that O" 
forms on the surface and abstracts a P-hydrogen from an adsorbed complex in the 
dehydrogenation of ethylbenzene (35). Szakas, et al, suggest that a mobile O" radical 
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6 HETEROGENEOUS HYDROCARBON OXIDATION 

is responsible for both partial and total oxidation of 1-butene and «-butene to maleic 
anhydride on V-P-O x (36). Akimoto, et al., have given evidence that 0 2" ions are 
involved in the oxidation of butadiene to maleic anhydride over supported molybdena 
catalysts (37). Yoshida, et al., have reported the reaction of 0 2" on V 2 0 5 with 
propylene and benzene to form aldehydes while the lattice oxygen shows little 
reactivity below 423 K (38). Gleaves, et al., (39) suggest that adsorbed oxygen 
species are responsible for selective oxidation in vanadyl pyrophosphate, while Schi0tt, 
et al. (40) suggest that these are specifically peroxo oxygen species. In the methane 
coupling area many active forms of oxygen in the catalyst have been proposed, 
including O", 0 2" and 02

2". These are reviewed by Lee and Oyama (41). 
In the case of combustion Arai and co-workers proved the participation of 

both adsorbed and lattice oxygen in the complete oxidation of methane (42). 

Selectivity Control by the Mode of Adsorbate Bonding 

So far not much has been said about the manner in which the hydrocarbon 
reactant is adsorbed on the surface. Yet, this is probably a crucial factor, since the 
stability of the surface intermediate will determine its lifetime on the surface, and its 
susceptibility to retrograde reactions leading to total oxidation. 

On a transition metal oxide surface an activated hydrocarbon molecule has the 
option of being bound to the metal or to oxygen. (See scheme below.) When the 
hydrocarbon is attached to the surface through an oxygen atom by an ether-type 
linkage it can undergo reaction by two well-known pathways. An a-H elimination 
produces an aldehyde, while a p-H elimination produces an olefin. On the other hand, 
if the hydrocarbon is bonded directly to the transition metal (M) by an M-C bond, 
there are no ready elimination reactions. The intermediate is relatively stable and 
remains on the surface for a long time, allowing the possibility of deep oxidation. 

There are several examples where differences in bonding result in different 
oxidation pathways. For methane oxidation on a variety of transition metal oxides 
Dowden, et al. (43) suggested that methoxy intermediates can be hydrated to 
methanol, whereas methylene species are oxidized to CO x . In the case of ethane 
oxidation on supported vanadium oxide (44) it was found that the production rates of 
CH 3 CHO and C2H4 do not vary substantially with catalyst structure whereas the 
formation rate of CO x varies by a factor of 30. This suggests that the products are not 
formed from a common intermediate, but rather that two independent paths for the 
formation of the two product types exist. These are suggested to be 

C2H4 + CH3CHO 

CO x 

The oxygen-bonded intermediate produces selective oxidation products, while 
the metal-bonded intermediate produces CO x . Another example of this situation is 

M O + C2H6 

- C H 2 C H 3 

C H 2 C H 3 

D
ow

nl
oa

de
d 

by
 2

17
.6

6.
15

2.
32

 o
n 

O
ct

ob
er

 8
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
3,

 1
99

6 
| d

oi
: 1

0.
10

21
/b

k-
19

96
-0

63
8.

ch
00

1

In Heterogeneous Hydrocarbon Oxidation; Warren, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



1. OYAMA Selectivity in Catalytic Oxidation & Combustion Reactions 7 

found in the oxidation of propylene on supported molybdenum oxide (45). To test the 
effect of bonding, two model reactants are employed, allyl alcohol and allyl iodide, 
which are expected to form different intermediates. 

0-CH 2 -CH=CH 2 

S M 

MO + X-CH 2 -CH=CH 2 . 

CH 2 -CH=CH 2 

M 

The intermediates were decomposed in a temperature programmed experiment, 
and the products were detected by mass spectrometry. Again the oxygen-bonded 
intermediate produced a selective oxidation product, in this case acrolein, whereas the 
metal-bonded intermediate produced CO x . 

Still another example of the importance of bonding is found in the oxidation of 
ethanol on silica-supported molybdenum oxide. Here the major products are the 
selective oxidation products, acetaldehyde and ethylene. Raman spectroscopy at in 
situ reaction conditions indicates that there are two different adsorbed ethoxide 
species associated with the formation of the two products (46). 

OHC-CH=CH 2 

CO x 

0 - C H 2 C H 3 

^ / • CH3CHO 
C H 3 C H 2 0 H + Mo=0 > Mo 

Q Q - C H 2 C H 3 

/ \ > / \ • C H 2 = C H 2 

C H 3 C H 2 O H + Mo Mo * Mo Mo 

The ethoxide species bound to the terminal oxygen group produces 
acetaldehyde, while the ethoxide species bound to the bridging oxygen group produces 
ethylene. 

Selectivity Determining Step 

Kung (47) has suggested the existence of a selectivity-determining step which 
determines the fate of a surface intermediate. For the following sequence 

A 

The selectivity-determining step is that involving the reaction of the intermediate, B*, 
and it includes the two irreversible reactions denoted by rate constants k\ and k2. The 
intermediate is an adsorbed species, as otherwise the network would reduce to the 
trivial case of two independent reactions. For the two reactions the rates of formation 
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8 HETEROGENEOUS HYDROCARBON OXIDATION 

of C and D are 

*l(**) ., k 2 (B*) 

where F is a common function of concentrations. The fractional selectivity to C can 
be defined as S = r c/(r c + rD) = ki/(ki + k2). Thus, provided that there are no other 
reactions, the selectivity can be related to the ratio of rate constants for the selectivity-
determining step. 

An example of where this concept arises is in the dehydrogenation of alkanes 
on vanadium oxide-containing catalysts (48). The intermediate B* in that case is an 
adsorbed alkyl or alkene. 

< dehydrogenation products 

M M oxygenates or COx 

The idea of a selectivity-determining step implies that there exists a critical 
species which can react in either of two ways, only one of which leads to a desired 
product. 

Reducibility of Catalysts 

Sachtler and De Boer (49) attempted to correlate the differences in selectivity 
among different catalysts for the oxidation of propylene to the reducibility of the 
catalysts. They hypothesized that in general the higher the reducibility, the higher 
would be the conversion and lower the selectivity. However, there were marked 
differences in the catalytic activity for samples of very similar reducibility. The 
discrepancies were attributed to different active site densities in these catalysts. 
Reducibility should be related to the heat of formation, but a number of workers were 
unsuccessful in correlating catalytic activity of oxides in hydrocarbon oxidation and 
heat of formation of the oxides (50,51). Subsequently, Sachtler, et al., .correlated 
oxidation activity and selectivity to the differential (8AH/5x) increase of the heat of 
oxygen release, AH, with increasing reduction level, x (52). Kung, et al., found that 
the selectivity for dehydrogenation of butane on V2O5/AI2O3 samples increased with 
increasing degree of reduction (47). 

Electron Transfer 

Related, but distinct from the concept of reducibility, is the idea of electron 
transfer. There are two facets to electron transfer: i) electron transfer from the 
reactant to the catalyst, and ii) electron transfer through the catalyst and eventually to 
oxygen. The first aspect was discussed by Sleight, who suggested that the conduction 
band of oxides acts as an electron sink for the electrons produced in the activation of 
hydrocarbons (53,54). The second aspect is an essential part of the Mars-van 
Krevelen redox mechanism. For example high electronic conductance in 
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1. OYAMA Selectivity in Catalytic Oxidation & Combustion Reactions 9 

multicomponent oxides has been associated with good catalytic activity (55). 
In cases where the active centers are isolated metal ions or clusters, the 

conduction band is replaced by the density of empty states. This was suggested by 
Weber (56) in his theoretical work on methanol oxidation on molybdenum oxide, 
which indicated that the hydrogen atom removed in the rate-determining step is a 
hydride which goes to the metal, not a proton which goes to oxygen. Morokuma's 
group (57) reached similar conclusions with their ab initio calculations in elimination 
reactions. These ideas were verified experimentally by Oyama and coworkers who 
studied ethanol oxidation on different supported molybdenum catalysts (46). They 
found the same activation energies but different preexponential factors, suggesting that 
the magnitude of the electronic partition function determined the rate. This partition 
function is associated with the density of empty states. 

Metal-Oxygen Bond Strength 

The importance of the reactivity of oxygen at the surface of oxides and metals 
has been explored by a number of investigators (52,58-67). On oxides Balandin 
(62,63) suggested that the maximum hydrocarbon oxidation rate would occur at a heat 
of reaction, Q 0, for reoxidation of the catalyst that was one-half the heat, Q r, of 
combustion of the hydrocarbon, Q 0 = ViQr. Moro-oka and Ozaki (64) found a 
correlation between the rate of oxidation of propylene to form mostly carbon dioxide 
and the metal-oxygen bond strength (Fig. 2). The latter was measured by the heat of 
formation of the oxide normalized by the number of oxygen atoms in the oxide (AHo). 
They also found that the larger the AHo, the higher the order in propylene, and the 
higher the oxygen coverage. 

The group of Kung has correlated the differential heat of reoxidation measured 
calorimetrically and selectivity for oxidative dehydrogenation of butane on V2O5/AI2O3 
samples (65,66). It was found that the selectivity is low when the heat is low and 
increases rapidly when the heat increases rapidly. The heat of reoxidation is a measure 
of the metal-oxygen bond strength, and suggests that the ease of removal of lattice 
oxygen is important in determining selectivity for dehydrogenation. 

In combustion on metals it has been found that oxidation rate decreases with 
increasing strength of the metal-oxygen bond (67). This may be due to the fact that 
the metal catalysts operate at close to full coverage in oxygen, and the combustion 
reaction involves breaking metal-oxygen bonds. 

Oxidation State of the Surface 

The role of oxidation state is related to the concepts presented above of 
reducibility of the surface and metal oxygen bond strength. Many selective oxidation 
catalysts are found in intermediate states of oxidation. For example, in V-P-0 
catalysts for w-butane oxidation, the predominant oxidation state of vanadium is +4. 
Phosphorus is found to moderate the reoxidizability and the reducibility of the catalyst 
(68). 
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10 HETEROGENEOUS HYDROCARBON OXIDATION 

Figure 2. 
Correlation between the Catalytic Activity of Propene Oxidation and the Heat of 

Formation (Adapted from Ref. 64) 

Ultra-high vacuum studies of oxidation reactions have revealed that on most 
transition metals complete combustion is favored at high oxygen coverages (69). 
However, there are notable exceptions. In ethylene oxidation on silver it has been 
found that selectivity increases with oxygen coverage (Figure 3) (70). In C 2 and C 3 
alkyl oxidations on rhodium higher oxygen concentrations lead to olefins or 
aldehyde/ketones while low oxygen concentrations produce C 0 X (71,72). In this 
work, Bol and Friend have suggested that oxidation selectivity can be controlled by 
manipulating the oxygen coverage (73). 

Surface Structure 

Exposed Crystal Face 

The effect of surface structure in selectivity in partial oxidation has been 
discussed extensively in the literature (74,75). Much work has been done with 
macroscopic crystallites of mm dimensions. 
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1. OYAMA Selectivity in Catalytic Oxidation & Combustion Reactions 11 

Oxygen Coverage 

Figure 3 
Dependence of Selectivity on Oxygen Coverage for Ethylene Oxidation on Silver 

(Adapted from Ref. 70) 

Propylene oxidation on molybdenum oxide has been looked at in detail. There 
are two opposing views. One view, expounded by Volta, Tatibouet, Moraweck and 
Germain, suggests that the effect of structure is substantial and can lead to large 
differences in selectivity (0 to 100%, depending on exposed crystal face). Another 
position, taken by Oyama, acknowledges that there is an effect of structure, but that 
selectivity differences are not so extreme. The first group of researchers studied 
samples with different relative amounts of different crystal planes and related these to 
selectivity to different reaction products (76,77). This allowed the assignment of the 
formation of various products to specific crystal faces. It was concluded that the 
(100) side face of M0O3 was responsible for acrolein formation and that the (010) 
basal face resulted in CO x formation (78,79). This method was criticized for 
overanalyzing scant data, although the results appeared to be reproducible (80). In a 
refinement of the earlier studies it was concluded that stepped (IkO) faces of the 
{100} family were involved in acrolein formation (8J). 

These conclusions were contested in another study involving allyl halides and 
allyl oxalate (82) in which the (010) plane was suggested to be responsible for acrolein 
production. But these studies were carried out with uncontrolled water vapor partial 
pressure in a pulse mode, and the conclusions were based on a model involving 
sequential activation and reaction of propylene on different planes. Such desorption-
adsorption behavior of propylene has not been observed. 

Another study, comparing silica-supported molybdenum oxide with 
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12 HETEROGENEOUS HYDROCARBON OXIDATION 

macroscopic crystallites, found considerable differences between samples indicating 
that the reaction was structure sensitive (83). The sites responsible for selective 
oxidation were suggested to be low-coordination molybdenum centers present in the 
supported samples and on the edges of crystallites. The results were consistent with 
the suggestion that (IkO) faces are responsible for selective oxidation. 

A similar approach has been taken with crystals of ( V O ) 2 P 2 0 7 in w-butane 
oxidation as reviewed by Cavani and Trifiro (84). Work by Matsuura and Yamazaki 
(85), Volta, et al. (86), and Okuhara, et al. (87) indicates that the basal (100) plane is 
selective for producing maleic anhydride, while the side faces produce CO x (Fig. 4). 

«-butane maleic anhydride 

Figure 4 
Selective and Non-selective Oxidation Sites on the Crystal Faces of (V0)2P207. 

(Adapted from Ref. 85) 

The effect of structure in combustion reactions has also been studied 
extensively. Briot and Primet found an increase of the turnover rate of methane 
combustion on supported Pt and Pd catalysts with aging and attributed it to a higher 
oxygen activity on larger crystallites (88,89). Hicks, et al. reached a similar 
conclusion in comparing supported Pt and Pd catalysts of different dispersions (90,91). 
Pd was reported to have larger structure-sensitivity. Work on Pt by Otto again 
confirmed these results (92). 

Site Isolation 

Callahan and Grasselli employed a model based on a grid of oxygen atoms 
(Fig. 5) to explain selectivity in propylene oxidation on copper oxide (93). They 
concluded that oxygen atoms must be distributed over the surface of a catalyst so as to 
limit the number of oxygen atoms at an active site (Fig. 5). The optimum number of 
oxygen atoms was just the number necessary to stoichiometrically obtain the desired 
product. A Monte Carlo calculation predicted that maximum selectivity could be 
achieved at 60-70% reduction. The number of oxygen atoms could be controlled by 
isolating the site in various manners, such as operating at an intermediate oxidation 
state, selecting metal oxides with an intrinsic limited grouping of oxygen atoms, or 
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1. OYAMA Selectivity in Catalytic Oxidation & Combustion Reactions 13 

modifying the surface of an oxide with a reagent. An example of site isolation by 
structural means was provided in the U-Sb-0 system (94). 

Figure 5 
Oxidation of Reduced Surface Grid With Oxygen (Adapted from Ref. 93) The 

dark areas represent the portion of the surface covered with oxygen. 

It has been found by l 8 0 2 labeling of (V0) 2P20 7 that the oxidation of w-butane 
involves only catalytic sites near the surface that do not exchange oxygen with the 
bulk (95). Vanadium sites on this surface are separated by phosphate groups requiring 
that all oxygens necessary for oxidation of the n-butane be in the close neighborhood 
of the adsorption site (84). This may limit overoxidation of the w-butane and explain 
the excellent selectivity obtained on V-P-O. 

Defects 

It has been proposed, based on x-ray diffraction line-broadening, that the most 
active (VO) 2P20 7 catalyst possess a defective structure. Defects have been suggested 
to increase the Lewis acidity of calcined V-P-0 catalysts (96), or to facilitate 
formation of the active phase (84). 

In general the relationship of defects to selectivity is not clear, and probably 
depends on the system. It has also been pointed out that defects are in equilibrium 
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14 HETEROGENEOUS HYDROCARBON OXIDATION 

with gas-phase reactants and products, and so will change in concentration with 
reaction conditions (97). 

Crystallographic shear 

Long range reconstruction on oxides can occur by a mechanism involving 
organization of oxygen vacancies. The phenomenon has been associated with assisting 
oxygen transport and facilitating desorption of adsorbed species. In redox kinetics it 
is believed that sites for hydrocarbon oxidation are different from those for 
reoxidation, and crystallographic shear planes (CSPs) have been suggested to assist 
bulk oxygen movement between sites (98,99,100). There have been limited studies of 
this phenomenon. In WO2.95 and W O 2 . 9 it has been shown that CSPs are involved in 
oxygen transfer but not in the initial abstraction of hydrogen in propylene oxidation. 
In contrast W 0 2 72, which has a tunnel structure without CSPs, does not insert oxygen 
(101). In the Mo-0 system during the oxidation of M o i 8 0 5 2 (001) to M 0 O 3 at 670 K 
and low pressures of oxygen, RHEED and SEM have shown that oxygen transport 
occurs by a vacancy exchange mechanism involving exclusively CSPs (102). On 
M o i 8 0 5 2 oxygen chemisorbs on the CSP boundaries. LEED studies of rutile single 
crystals have shown the formation of (1x3), (1x5), and (1x7) superstructures on the 
(100) face which are similar to the CSP structures in the bulk (103,104). Although 
prevalent in the Mo, W, Nb, and Ti systems, in industrial Mo-Te-0 and Sn-Sb-0 
systems CSPs are not observed (105). Clearly, their role in oxidation needs to be 
established. 

Reactant-Site Geometry Matching 

For reactions where different portions of a hydrocarbon need to be activated 
the distance between the reaction points must correspond to the separation between 
active functions on the surface 

C C " ^ c 

0.244 nm 0.327 nm 

Figure 6 
Schematic Representation of the Geometry in Ethyl and Propyl Species 

(Adapted from Ref. 48) 

For example Kung and coworkers (48) have suggested that in the 
dehydrogenation of propane on vanadium-containing catalysts, the bound C 3 species 
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1. OYAMA Selectivity in Catalytic Oxidation & Combustion Reactions 15 

(distance between end C atoms 0.327 nm) can readily bond with the two V ions in the 
active site of (V0)2P207 (separation 0.319 nm) but can only do so with difficulty with 
those in M g 2 V 2 0 7 (separation 0.339 nm) (Fig. 6). Thus, oxidation occurs on 
(VO) 2P20 7 while dehydrogenation occurs on M g 2 V 2 0 7 . The reaction of C 2 would 
require a different explanation (48). 

Ziolkowski, et al, have developed a crystallographic model of active sites 
which describes a detailed correspondence between the geometry and energetics of the 
different faces in (VO) 2P20 7 and the n-butane reactant (106,107). They suggest 
activation of the Ci and C 4 positions by hydrogen abstraction to produce C-0 bonded 
intermediates. 

General Properties of Oxide Catalysts 

Sokolovskii (1) has outlined a set of consistent requirements for oxide catalysts 
for combustion and selective oxidation. The results of his survey are summarized 
below. 

Catalysts for combustion must provide a high rate of oxygen activation. To do 
so they must have a large number of sites for coordinating oxygen molecules, and have 
the ability to easily donate and accept electrons. Oxides of 3d elements with an 
unfilled d shell exemplify materials suitable for combustion. Sokolovskii believes 
catalysts should also permit only a slow transformation of adsorbed oxygen to lattice 
oxygen. 

At low temperatures the rate-determining process in combustion is the 
oxidation of surface species, and the rate will be higher the faster the oxygen is 
activated. At high temperatures the limiting process is the interaction of the reactant 
with the catalyst, and an inverse relation is observed between reaction rate and the 
initial heat of chemisorption of oxygen. 

The properties of catalysts for selective oxidation depend on the polarity of the 
C-H bond to be activated. When the polarity is low, as in methane, catalysts have 
generally i) required high temperatures, ii) provided low oxygen mobility, iii) 
possessed a high degree of reduction, iv) provided nucleophilic sites, and v) accepted 
one electron (have low electrophilicity). When the polarity is high, as in acrolein, the 
catalyst have i) operated at low temperatures, ii) provided high oxygen mobility, iii) 
maintained a low level of reduction, iv) provided electrophilic sites, and v) accepted 
two electrons. 

Summary 

This chapter has given an overview of factors that control selectivity in 
catalytic partial oxidation and combustion reactions. Both oxide and metal systems 
were discussed. 

First, it was shown that not only thermodynamic quantities, but also kinetic 
parameters, were important in determining selectivity. It was also conjectured that the 
price for a gain in selectivity was a decrease in rate. The possible roles of electrophilic 
versus nucleophilic oxygen were discussed, and it was concluded that electrophilic 
oxygen does not always lead to complete combustion. Instead of focusing on the type 
of oxygen species to explain reaction pathways, an alternative explanation was 

D
ow

nl
oa

de
d 

by
 2

17
.6

6.
15

2.
32

 o
n 

O
ct

ob
er

 8
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
3,

 1
99

6 
| d

oi
: 1

0.
10

21
/b

k-
19

96
-0

63
8.

ch
00

1

In Heterogeneous Hydrocarbon Oxidation; Warren, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



16 HETEROGENEOUS HYDROCARBON OXIDATION 

presented based on the mode of adsorbate bonding. It was suggested that when 
organic intermediates were bonded to the surface through an oxygen atom, partial 
oxidation products would be favored, but when direct metal-carbon bonds were 
formed, total oxidation products would be preferred. If instead of having different 
intermediates with different bonding properties, one common intermediate was formed 
with a choice of reaction pathways, then the reaction was deemed to involve a 
selectivity-determining step. 

Lastly, other factors that control selectivity were discussed, with a 
concentration on catalyst properties. These included the reducibility of catalysts, the 
ease of electron transfer, the strength of metal-oxygen bonds, the oxidation state of the 
surface, the identity of the exposed crystal face, the isolation of active sites, the 
presence of defects, the occurrence of crystallographic shear, the need of reactant-site 
geometry matching, and the general properties of oxides. 
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Chapter 2 

Selectivity in Heterogeneous Catalytic 
Oxidation of Hydrocarbons 

J. Haber 

Institute of Catalysis and Surface Chemistry, Polish Academy 
of Sciences, ul.Niezapominajek, 30239 Cracow, Poland 

Interaction of a hydrocarbon molecule with oxygen at the surface of an 
oxide catalyst results in a network of parallel and consecutive 
elementary steps, in which hydrogen is abstracted, nucleophilic 
oxygen is inserted, electrophilic oxygen reacts with π-electrons and C
-C bonds are cleaved. Al l products of partial oxidation are derived by 
kinetic control of the reaction. The catalyst to be selective must 
accelerate those consecutive steps which lead to the desired product 
and depress all others. Active sites must be thus present at its surface, 
which: 1) - abstract hydrogen from the appropriate position in the 
molecule, 2) - inject or remove electrons from the surface 
intermediates, 3) - properly orient the reacting molecule(s) with 
respect to the surface, 4) - perform a nucleophilic addition of a surface 
oxide ion, 5) - activate and orient properly the oxygen molecule with 
respect to the hydrocarbon molecule in electrophilic oxidation steps, 6) 
- enable rapid diffusion of hydrogen and undergo a facile 
dehydroxylation, 7) - easily reoxidize by interaction with gas phase 
oxygen and show rapid diffusion of oxygen through the lattice to the 
reaction site. Defect structure of transition metal oxides is an 
important factor determining the selectivity in oxidation of 
hydrocarbons. The latter may be influenced by using oxygen transfer 
reactions in multicomponent oxide systems with different cationic 
redox pairs, selecting appropriate type of defect structure and making 
use of monolayer oxide catalysts, contact potentials at grain 
boundaries and gas-solid interactions resulting in surface 
reconstruction. The dynamic behaviour of oxides in oxidation 
reactions is analysed. The mechanism of selective oxidation of 
hydrocarbons on metal catalysts is shortly presented. 

Selective catalytic oxidation is the simplest method to functionalize hydrocarbon 
molecules (1,2). The processes, in which hydrocarbons are oxygenated to form 
alcohols, aldehydes or acids or their anhydrides, are the basis of the modern 
petrochemical industry and constitute the largest category of catalytic organic 
reactions. Practically all monomers used in manufacturing artificial fibers and 
plastics are obtained by catalytic oxidation processes. Moreover, these reactions are 
responsible for two basic functions of the living cells: they provide energy for 

0097-6156/96/0638-0020$15.00/0 
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2. HABER Selectivity in Heterogeneous Catalytic Oxidation of Hydrocarbons 21 

endergonic cellular processes and transform dietary materials into cellular 
constituents. In chemical industry more than 60% of products obtained by catalytic 
routes are products of oxidation. 

The achievement of high selectivity in oxidation of hydrocarbons is 
particularly challenging for both physical chemists and chemical engineers because 
the final result depends on many opposing factors (3), among which the following 
are the most important: 
- in hydrocarbon oxidation processes thermodynamics favours the ultimate 

formation of carbon dioxide and water. Therefore, all products of partial 
oxidation are derived by kinetic control of the reaction; 

- the hydrocarbon-oxygen mixture can usually react along many different pathways 
in the network of competing parallel and consecutive reactions and therefore the 
catalyst must strictly control the relative rates, accelerating the series of 
consecutive elementary steps leading to the desired product and hindering those, 
in which unwanted byproducts are formed; 

- the C - H bonds in the initial reactant are usually stronger than those in the 
intermediate products, which makes these intermediates prone to rapid further 
oxidation; 

- all oxidation processes are strongly exothermic and efficient heat removal must 
be ensured to control the temperature and prevent over-oxidation, appearance of 
hot-spots as well as catalyst damage. 

As oxidation reactions are multistep processes and it is usually an intermediate 
appearing as a result of kinetic control, which is the wanted product, the integral 
selectivity as determined in the laboratory flow-reactor is a complex result of the 
operation of a catalyst in the given reactor in the given reaction conditions and 
therefore should be considered as reactor selectivity. It is the outcome of the 
intrinsic selectivity resulting from the reaction at the catalyst surface and subsequent 
transformations of the desorbed products in the course of their diffusion through the 
pores of the catalyst particle (particle selectivity) and later in the gas phase along the 
reactor. Thus, the reactor selectivity depends on the degree of conversion and on the 
type of the reactor used even if heat and mass transfer effects are eliminated. A 
typical example of selectivity-conversion dependence is shown in Figure 1, in which 
selectivity to maleic anhydride is plotted as a function of the conversion of butane 
(4). The dependence of the maleic anhydride yield on conversion shows a well 
defined maximum for a conversion of about 80%. A further increase in conversion 
drastically decreases the selectivity to around 20% for total conversion. The 
decrease of selectivity to maleic anhydride follows an increase of the ratio of 
residual concentration of oxygen to n-butane suggesting that at the down-stream end 
of the catalytic bed combustion of maleic anhydride takes place due to the 
overoxidation of the catalyst surface. 

Therefore, when referring to selectivity data, the conversions at which they 
were determined should be always given, because otherwise the comparison of 
different catalysts is meaningless. If possible, in the attempts to correlate the 
performance of the catalyst with its surface structure and physico-chemical 
properties the intrinsic selectivity values should be preferably used. 

Selectivity is a critical factor in scaling up an oxidation process to a 
commercial scale. It is obvious that capital and labour costs can be lowered by 
increasing the plant size. However, in larger plants the contribution of the cost of 
feedstock to the total costs is higher than in smaller plants so that the cost advantage 
resulting from improvement in selectivity constitutes an important incentive, 
specially in view of the rising prices of hydrocarbons. On the other hand, the 
increase in selectivity permits a reduction of the plant size for a specified capacity, 
and hence further reduction of the investment costs. Also, because the combustion 
to carbon oxides provides the main contribution to the heat release from the 
conversion of feedstocks and the major part of capital costs in oxidation processes is 
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HETEROGENEOUS HYDROCARBON OXIDATION 

CONVERSION, % 

Figure 1. Selectivity to maleic anhydride and oxygen/butane residual ratio as a 
function of the conversion of butane at 300°C (3). 
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related to the efficient removal of heat from the reaction zone, an increase in 
selectivity results in additional reduction of capital costs. 

Electrophilic and Nucleophilic Oxidation 

As the hydrocarbon molecule is a singlet and the oxygen molecule is a triplet, either 
the hydrocarbon or the oxygen must be activated to get an efficient reaction. 
Molecular oxygen may be activated in different ways (5,6): by excitation to the 
singlet state or by transfer of electrons from the catalyst to the oxygen molecule to 
form molecular or atomic ion radicals 02~ or O". A l l these forms are strongly 
electrophilic reactants. They may abstract hydrogen from the hydrocarbon molecule 
with the formation of alkyl radicals, which may start a chain reaction leading to total 
oxidation. In reactions with olefins or aromatics they attack the regions of highest 
electron density - the Jt-bond system (7). Peroxo- and superoxo-complexes are 
formed, which decompose by C-C bond cleavage to give oxygenated fragments or 
undergo combustion. These reactions may be classified as electrophilic oxidations 
(8). The second route of heterogeneous oxidation starts with the activation of the 
hydrocarbon molecule by abstraction of hydrogen from a given carbon atom, which 
becomes prone to nucleophilic addition of the oxide ion O 2". It should be 
emphasized that the latter has no oxidizing properties, but is a nucleophilic reactant. 
The consecutive steps of hydrogen abstraction and oxygen addition may be then 
repeated to obtain selectively more oxygenated molecules. These reactions are 
classified as nucleophilic oxidation (8). The role of oxidizing agents in these steps of 
the reaction sequence is played by cations of the catalyst lattice. After the 
nucleophilic addition of the lattice oxygen ion the oxygenated product is desorbed, 
leaving a vacancy at the catalyst surface. 

As an example, Figure 2 illustrates the reaction network of an alkane molecule 
at the surface of an oxide catalyst. An alkane molecule begins to interact with an 
oxide surface by forming weak hydrogen bonds with the surface 0 2~ ions and OH" 
groups. When the surface oxide ions have enough strong basic properties, an attack 
on the C-H bond takes place with the abstraction of a proton to form a surface OH 
group and the generation of adsorbed alkyl groups, which may lose a second 
hydrogen atom and transform into olefins. When the surface contains also OH 
groups which show Br0nsted acid properties, their protons may form hydrogen 
bonds with the jr-bonds of the olefins and when the acid properties are strong 
enough the transfer of a proton from the surface to the olefin may take place 
resulting in the formation of a carbocation. This may start a whole network of 
reactions proceeding by a carbocation mechanism, e.g. isomerization, 
transalkylation, cracking etc. 

The Ji-bond of the olefin, instead of interacting with a surface proton, may 
react with a transition metal cation, displaying the properties of a Lewis acid site, 
and may form a surface jr-complex. When the basicity of surface oxide ions is 
strong enough, they may perform a nucleophilic attack on the C-H bond in the ex
position, which results in the abstraction of hydrogen and formation of an allylic 
species (9). The latter may be bonded to the transition metal ion either side-on as 
the so called jr-allyl, or end-on as the a-allyl. An equilibrium between these two 
forms exists at the oxide surface, the latter being an intermediate in oxidative 
coupling to form dienes, the former undergoing a nucleophilic attack by another 
surface oxide ion resulting in the formation of an aldehyde in the case of an attack 
on a primary carbon atom of the hydrocarbon molecule, or ketone in the case of the 
secondary one (nucleophilic oxidation). Quantum-chemical modeling has shown 
that the reaction pathway followed by the reacting system depends on the type of 
hydrocarbon molecule and its orientation on approach to the surface (10,11,12,13). 
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When e.g. alkylaromatic molecules are oriented side-on, with the ring-plane parallel 
to the surface, strong interactions develop between all carbon atoms and surface 
oxygen atoms, resulting in the destruction of the molecule and formation of CO. 
When the molecule approaches end-on pointing to the surface with its alkyl group, 
abstraction of hydrogen takes place followed by nucleophilic addition of surface 
oxygen atom and desorption of the oxygenated molecule (13). Similarly, in the case 
of electrophilic oxidation of benzene with adsorbed oxygen the product formed 
depends on the mutual orientation of the adsorbed reactants (11,12). 

Many oxides contain surface vacancies that form F"-centres which may play 
the role of sites for activation of oxygen molecules to various reactive moieties of 
electrophilic character. Moreover, non-stoichiometric transition metal oxides are in 
dynamic equilibrium with the gas phase and the surface may be populated with 
transient electrophilic oxygen moieties as discussed below. These moieties may 
perform an electrophilic attack on any of the intermediates of the hydrocarbon 
reaction network resulting in oxygenolysis (electrophilic oxidation). 

The presence of 0 2 " or O" species at the surface of an oxide may be detected 
by different techniques (14). One of the methods which permits the quantitative 
determination of the number of electrons transferred between the solid and the 
adsorbed layer is the measurement of the changes of work function in the course of 
adsorption (15). When changes of work function due to exposure to oxygen are 
followed upon temperature variation and the amount of oxygen adsorbed is 
simultaneously measured, the number of electrons localized per oxygen atom 
adsorbed may be determined and hence the type of oxygen species residing at the 
surface may be found. Results of such experiments (15) carried out with different 
oxides in different temperature ranges are summarized in Table I and compared with 
the catalytic properties of these oxides. They clearly show that whenever 
electrophilic oxygen species 0 2~ and O" are present at the surface, total oxidation is 
observed in the course of the catalytic oxidation of hydrocarbons. 

Table I. Oxygen Species at Surfaces of Various Oxides (15). 

Catalyst Temp, 
range (K) 

Oxygen 
species 

Catalytic behaviour 

C o 3 0 4 293-423 °2 Total oxidation 
573-673 0" Total oxidation 

V 2 0 5 and 293-393 °2 Total oxidation of 
aromatics 

V 2 0 5 - T i 0 2 533-653 o- Total oxidation of 
aromatics 

653 o2- Selective oxidation of 
aromatics 

B i 2 M o 3 0 1 2 538-673 o2- Selective oxidation of B i 2 M o 3 0 1 2 

olefins 

Thus, in order to prepare a selective catalyst, active sites must be generated at 
its surface, which accelerate the series of consecutive elementary steps that 
transform the reactant molecules into the desired final products, while all other 
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26 HETEROGENEOUS HYDROCARBON OXIDATION 

active sites, which lead to the formation of undesired byproducts must be eliminated 
or deactivated. 

Reoxidation of the Catalyst 

After the desorption of the oxygenated product molecule an oxygen vacancy is 
formed and the active center at the surface is left in the reduced state. Before the 
next catalytic cycle can be repeated, the active center must be reoxidized. The 
reoxidation may be realised in three ways (16): if by incorporation of oxygen from 
the gas phase, i i / by reoxidation at some other surface site and diffusion of oxygen 
ions through the bulk, i i i / by diffusion of the reduced lattice constituents to the 
nuclei of the new phase of lower valent oxide or metal and exposure of underlying 
fresh surface. Depending on the rate of such regeneration of the active center, its 
"dead time" may be shorter or longer. When the mobility of lattice oxygen is high 
the regeneration by mechanism (ii) operates very effectively, the dead time of active 
centers is very short, and the turn-over frequency on these centers very high (17). In 
order to accelerate the regeneration by this mechanism a mixture of oxides or a 
composite oxide are used, one redox pair participating in the oxidation of the 
hydrocarbon molecule and the second redox pair mediating the reoxidation of the 
catalyst by gas phase oxygen, the transport of oxide ions occurring by lattice or 
surface diffusion. The dramatic influence of the introduction of the redox pair 
Fe 2 + /Fe 3 + into the B i 2 ( M o 0 4 ) 3 catalyst in the oxidation of propene to acrolein is 
illustrated by the following data obtained at similar experimental conditions (18): 

Catalyst Selectivity Conversion of 
to acrolein, (%) propene, (%) 

B i 2 ( M o 4 ) 3 90.3 7.4 
M2+ M3+ B i M o q 9 5 7 6 9 7 

d D x y z 

Functions of the Selective Catalyst 

For catalysts to be active and selective in the oxidation of hydrocarbons they must 
be able to perform complex multifunctional operations and therefore must conform 
to a number of conditions (19). Namely, active sites must be present at the catalyst 
surface, which: 1) - activate the hydrocarbon molecule by abstraction of hydrogen 
from the appropriate position in the molecule, 2) - inject or remove electrons from 
the surface intermediates by providing energy levels of cationic redox pairs of 
appropriate redox potential, 3) - properly orient the reacting molecule in respect to 
the surface, 4) - perform a nucleophilic addition of a surface oxide ion which could 
be easily extracted from the surface in the desorption of the oxygenated 
intermediate, 5) - activate the oxygen molecule and orient it properly at the surface 
in respect to the hydrocarbon molecule in electrophilic oxidation steps, 6) - enable 
rapid diffusion of hydrogen and undergo a facile dehydroxylation, 7) - easily 
reoxidize by interaction with gas phase oxygen and show rapid diffusion of oxygen 
through the lattice to the reaction site, 8) - all other active sites which could 
accelerate the possible side reactions must be eliminated. Very often this last 
requirement refers to Lewis acid sites, whose presence might be detrimental e.g. in 
the case of the oxidation of hydrocarbon molecules with Jt-electron systems. Such 
molecules form stable surface Jt-complexes with Lewis acid sites and become 
strongly adsorbed at the surface of the catalyst. This prolongs their residence time 
and increases the probability of total oxidation. Such effect was observed in the 
oxidation of o-xylene to phthalic anhydride on V 2 0 , - / T i 0 2 catalysts, for which the 
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complete coverage of T i 0 2 surface by a monolayer of V O x to block its acid sites 
considerably improved the selectivity (20). 

Defect Structure in Oxides and Oxygen Reactivity 

Transition metal oxides used as catalysts in selective oxidation of hydrocarbons are 
non-stoichiometric compounds, their composition depending on the equilibrium 
between the lattice and its constituents in the gas phase. Changes in oxygen pressure 
cause changes in stoichiometry of the oxide, which may be accommodated by the 
crystal lattice in two ways (Figure 3): either by generation of point defects or by 
alteration of the mode of linkage between the oxide coordination polyhedra, 
resulting in the formation of extended defects (crystallographic shear). When non-
stoichiometry is introduced by the presence of point defects, a series of equilibria is 
established at the surface on the pathway of lattice oxygen being transferred into the 
gas phase or in the reversed process of reoxidation of the lattice (Figure 4). When 
the temperature increases, the equilibrium shifts in the direction of higher 
dissociation pressure of the oxide and the surface becomes more and more populated 
with electrophilic oxygen species. When used as catalysts in oxidation of 
hydrocarbons, such oxides may show high selectivity to partial oxidation products at 
low temperatures, when conversion is very low,and on raising the temperature the 
conversion increases but selectivity rapidly decreases, the total oxidation becoming 
the predominant reaction pathway (21). It should be borne in mind that in the case 
of those oxides, in which the transition metal cation is not in its highest oxidation 
state, chemisorption of oxygen takes place at low temperatures, electrons being 
transfered from the oxide to adsorbed oxygen molecules with formation of higher 
valent cations and electrophilic oxygen species. This may be followed by surface 
reconstruction and formation of a monolayer of higher valent oxide at the surface of 
the lower valent oxide (21). 

Different behaviour is shown by oxides, in which the change of stoichiometry 
is accommodated be the formation of shear structures. Because there is no vacancy 
formation on addition of nucleophilic oxygen ion from the oxide surface to the 
hydrocarbon molecule and desorption of oxygenated product, but instead a shear 
plane is formed or an existing one grows (7,16,22), on raising the temperature the 
activity increases with rising mobility of oxygen, but the selectivity to partial 
oxidation products remains very high because of the absence of electrophilic 
oxygen. This difference in behaviour is illustrated in Figure 5, in which the activity 
and selectivity in the oxidation of propene to acrolein as a function of the 
temperature of reaction is compared for the two classes of compounds. N i 3 ( P 0 4 ) 2 is 
an example of an oxysalt with point defects, and N i M o 0 4 an example of an oxysalt 
forming shear structures. 

As the phenomenon of crystallographic shear appears in transition metal 
oxides with anisotropic lattices, pronounced structure-sensitivity of catalytic 
properties is observed and the habit of crystallites of the catalyst may have strong 
influence on the selectivity of the reaction (23,24,25). This is illustrated in Figure 6, 
in which the selectivity in the oxidation of o-xylene to phthalic anhydride and C 0 2 

on V 2 0 5 are plotted as the function of the habit of crystallites, described by a 
structural factor which represents the ratio of intensities of (110) to (001) reflections 
in the X-ray diagram (26). 

Oxide Monolayer Catalysts 

One of the methods of securing the exposure of a selected crystal plane of a 
transition metal oxide is to disperse the oxide in the form of a monolayer at the 
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OXIDES ARE IN 
EQUILIBRIUM WITH 
GAS PHASE OXYGEN 

OXIDE 

DUE TO THE DEPENDENCE 
OF THE COMPOSITION ON 
OXYGEN PRESSURE 
NON STOICHIOMETRY APPEARS 

0 2 (gas) 

GENERATION OF 
POINT DEFECT 

M 2 0 7 — M 2 0 6 

0̂2- =̂ *02 + R T l n P02 (METAL:OXYGEN)oxn)E =f (PQ2 ) 
CHANGE Of 

STOICHIOMETRY 
CAN BE ACCOMODATED 
BY THE OXIDE LATTICE 
THROUGH 

Examples : 
F e ^ O , M0O3. 
Z i i ^ O , uo2.x 

CHANGE OF THE 
MODE OF LINKAGE 
OF COORDINATION 
POLYHEDRA 

M 2 0 7 — M 2 0 6 

Figure 3. Defect structures in transition metal oxide. 
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Reducing atmosphere of RH 

Electrophilic oxygen species 
from dissociation of oxide 

a 0" 

R02H 

Oxidizing atmosphere of 02 

Adsorbed electrophilic oxygen 

species 

o 2 

' o ; 

02" M'^D MN+ 02~ MN+ 0'" MN* 0'" M"T 0< 

o 2 - V o 2 -

02- MN+ 02_ M ,RH,*D MN+ 02 _ MN+ 02- MN+ 02" 

^2- k,n+ ~2~ K / i n + 

0 2- 0' 

Figure 4. Formation of electrophilic oxygen species at the oxide surface. 
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101 

Ni 3(P0 4) 2 

650 700 750 

Temperature, K 

800 

100-| 

90-

£ 701 
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o 60" 

</> 50-
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conversion 
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Figure 5. Conversion and selectivity of propene oxidation to acrolein, 
acetaldehyde and C 0 2 on N i M o 0 4 and N i 3 ( P 0 4 ) 3 as function of the reaction 
temperature. 
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70 

60 
^v^PhtaUc anhydride 

| 5 0 / \ \ A^co2 

O 
Oj 

o> 
" AO -
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Figure 6. Selectivities in oxidation of o-xylene on V 2 0 5 catalysts as function of 
the structural factor, describing the crystal habit. Its low value means the 
presence of thin platelets exposing mainly the basal (010) plane, high value -
spherical particles exposing predominatly other planes [after (26)]. 
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surface of another oxide, which plays the role of a support. Modification of the 
properties of an oxide monolayer may be due to the following factors (22): 
- he oxide monolayer exposes only one crystal face, which may be different at 

surfaces of various supports due to the effect of epitaxy. Catalysts may be thus 
tailored to have surface structure optimal for the given reaction and eliminate 
parasitic reactions at other crystal planes; 

- in the monolayer the molecular properties of dispersed isolated species may 
dominate over the collective properties of clusters permitting the obtention of the 
properties of the monolayer from those of the transition metal coordination 
complexes; 

- due to the transfer of electrons between the monolayer and the support the 
occupancy of molecular orbitals of the active centers may be changed and their 
HOMO-LUMO character modified. When surface clusters are large enough to 
present collective properties, this transfer of electrons results in the appearance of 
contact potential modifying the position of the Fermi level and hence the 
chemical potential of electrons and the catalytic properties. As the position of 
this level is sensitive to the presence of additives in the lattice and particularly at 
the surface, the catalytic properties of the monolayer may be modified by doping. 
The correlation between the catalytic performance of different monolayers and 
their type, structure and chemical properties has recently been discussed in a 
number of papers (27). 

Dynamics of the Oxide Catalyst Surface 

In the last decade a vast amount of experimental evidence and the results of 
quantum-chemical calculations have shown that the surface of the catalyst, both 
oxide and metal, is in dynamic interaction with the gas phase (13,21,25,29,30). 
Adaptability to changes in external conditions is one of the most important 
properties of solid surfaces, responsible for many phenomena of great theoretical 
and practical importance. 

Oxide systems may respond to changes in composition of the reacting catalytic 
mixture in three ways: 
- changes in composition of the gas phase, which entail the modification of its 

redox potential, may induce a change of the steady-state degree of reduction of 
the catalyst. Surface defect equilibria at the oxide surface or in the whole bulk 
may be shifted and changes of concentration of a given type of site involved in 
the catalytic transformation may cause changes in catalytic properties; 

- when the concentration of defects at the oxide surface surpasses a certain critical 
value, ordering of defects or formation of a new bidimensional surface phase may 
occur resulting often in a dramatic change in catalytic properties (28); 

- when a redox mechanism operates in the catalytic reaction, the ratio of the rate of 
catalyst reduction and its reoxidation may be different for various phases and 
hysteresis in the dependence of catalytic properties on the composition of the gas 
phase may appear, these properties being then strongly influenced by the type of 
pretreatment. One of examples is the formation of the active phase of the vanadyl 
pyrophosphate catalyst for selective oxidation of butane to maleic anhydride by 
pretreatment of the precursor in an atmosphere of reactants (30). Recent 
experiments indicate that evolution of the active phase takes place in the course 
of the reduction of vanadyl phosphate precursor to vanadyl pyrophosphate by 
butane in the presence of maleic anhydride as the reaction product (31). This 
might be the reason why VPO catalysts after standard preparation attain their 
highest activity and selectivity only after many hours of time-on-stream. 
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Oxidation of Hydrocarbons on Metal Catalysts 

The only elements which in the conditions of catalytic oxidation resist oxidation to 
metal oxides are noble metals. Therefore only in the case of these elements can one 
speak of catalytic oxidation on metal catalysts. With the exception of silver they 
catalyse total oxidation of hydrocarbons. It is generally agreed (32) that oxygen 
may be adsorbed on metal surfaces as: 1) - weakly adsorbed molecular oxygen, 2) -
chemisorbed atomic oxygen, 3) - oxygen atoms penetrating into the outermost layers 
of metal crystals, thus forming "subsurface oxygen". On the platinum surface, in the 
temperature range of catalytic reactions (500-700 K) atomic oxygen predominates. 
It is a highly reactive radical which generates hydrocarbon radicals and initiates a 
chain reaction developing into the gas phase and resulting in rapid total oxidation. 
Platinum is therefore used for catalytic combustion of hydrocarbons. It is 
noteworthy that the platinum surface undergoes reconstruction in vacuum and 
returns to the initial structure under the influence of adsorbates such as CO or 
hydrocarbons (33). In the case of the e.g. Pt(l 10) surface, the sticking coefficient of 
oxygen is much higher on the unreconstructed surface than on the reconstructed one. 
Therefore the rate of the oxidation of adsorbate molecules is greater and they are 
swept away, the surface undergoing again reconstruction. Self-sustained oscillations 
of the kinetics of the catalytic reaction thus appear at certain conditions. Such 
oscillatory behaviour has been observed in the total oxidation of ethylene and 
propene on Pt and Rh catalysts prepared in different forms (34). Recently, spatially 
resolved measurements carried out with the help of the photoemission electron 
microscopy (PEEM) technique revealed the formation of spatiotemporal patterns 
such as propagating and standing waves as well as chemical turbulence, requiring 
some kind of communication between different regions of the surface, i.e. spatial 
self organisation (35). 

The only metal, which is known as a catalyst for selective oxidation, is silver. 
It is used in the catalytic epoxidation of ethylene to ethylene oxide and the oxidation 
of methanol to formaldehyde. Earlier it was assumed that oxygen at the surface of 
silver is adsorbed dissociatively until only single sites remain vacant. Molecular 
oxygen is adsorbed at these sites and reacts with ethylene from the gas phase to form 
ethylene oxide (36). Single oxygen atoms left at the surface are removed by reacting 
with ethylene to total oxidation products. More recently it was demonstrated (37) 
that the adsorbed oxygen atoms, which exchange with oxygen atoms in the 
subsurface layer, are the intermediates for the epoxidation reaction rather than the 
molecular oxygen species. The selectivity of ethylene epoxidation increases with 
increasing oxygen surface coverage and the epoxide is produced when the oxygen-
to-silver atom ratio in the reactive surface layer surpasses the value of 0.5. This is 
possible only if some part of oxygen is present in the subsurface layer. 

An interesting observation of the behaviour of rhodium was recently reported 
(38 ). When alkyl radicals, formed in situ by decomposition of alkyl iodides, were 
introduced on the oxygen-covered Rh(l 11) surface, they reacted along two parallel 
reaction pathways: either the surface oxygen atoms abstracted hydrogen from the 
alkyl radicals to form alkenes, or they bound these radicals forming transient 
alkoxides, which subsequently underwent dehydrogenation to form aldehydes or 
ketones. On clean Rh(l 11) surface the alkyl radicals adsorbed and decomposed with 
the formation of carbon deposit. This is another example of a catalyst, whose 
selectivity in hydrocarbon oxidation is determined by the oxygen coverage of the 
catalyst surface. 
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Chapter 3 

Selectivity Considerations in Methane 
Catalytic Combustion 

Ralph A. Dalla Betta and Daniel G. Löffler 

Catalytica Inc., 430 Ferguson Drive, Mountain View, CA 94043 

In the catalytic combustion of methane, both the catalytic reactions 
and the downstream radical combustion processes can influence the 
selectivity to CO and CO2. Assuming CH4 is oxidized to CO2 via a 
CO intermediate, the CO level exiting a supported palladium 
monolithic catalyst was modeled assuming that the CO was a gas 
phase intermediate and using literature kinetics for both CH4 and CO 
surface reaction rates. The model predicts a CO selectivity 
independent of the methane oxidation rate and CO levels in the range 
of 1 to 6 ppm. This agrees with experimental measurements that 
showed levels of 5 to 8 ppm at practical gas turbine conditions. The 
radical reaction process just downstream of the catalyst was also 
explored using a kinetic reaction sequence that describes the 
homogeneous radical combustion of CH4. To achieve CO levels in 
the range of 10 ppm in a reaction time adequate for use in a gas turbine 
combustor, reaction temperatures above 1100°C are required. 

The catalytic combustion of fuels has been vigorously explored as a route to energy 
conversion with substantially reduced NOx emissions. These processes must also 
maintain low levels of other pollutants, in particular CO and unburned hydrocarbons 
(UHC). The primary application of interest is in the combustion of methane in gas 
turbine engines where the gas velocity is very high and the residence time for 
complete combustion is very short, typically on the order of 5 to 30 ms. In current 
practical gas turbine systems, development is directed at systems that can achieve 
NOx below 5 ppm and CO and UHC levels below 10 ppm. A number of factors in 
the combustor design can influence the emissions of CO and UHC including 
inadequate combustion of the fuel, quenching in the cold wall regions of the 
combustor and quenching by injected cooling or dilution air. This paper will deal 
with the CO emission levels that arise from inadequate reaction of the fuel in the 
catalytic oxidation process and the subsequent homogeneous combustion process just 
downstream of the catalyst. 

0097-6156/96/0638-0036$15.00/0 
© 1996 American Chemical Society 
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3. DALLA BETTA & LOFFLER Selectivity in Methane Catalytic Combustion 37 

A schematic 
diagram of a 
catalytic combustor 
system is shown in 
Figure 1. Hot, high 
pressure air produced 
by the gas turbine 
compressor flows 
into the combustor. 
The methane is 
injected into this air 
through a fuel 
injector to make a 
uniform fuel-air 
mixture that enters 
the catalyst. The fuel 
undergoes catalytic 

oxidation on a monolithic catalyst and any fuel or CO that is not reacted on the 
catalyst could be combusted in a homogeneous radical reaction in the region 
downstream of the catalyst. At the end of the combustor, the hot combustion gases 
enter the power turbine where work is extracted and the temperature of the 
combustion gas drops rapidly. This rapid temperature decrease quenches any further 
reaction and "freezes" the composition of the combustion gas stream, essentially 
locking the CO concentration at the level existing at this point. 

The details of the mechanism of the catalytic reaction of methane on noble metal 
catalysts are not well understood. Even the basic question of whether the oxidation 
goes from C H 4 all the way to C O 2 without formation of gas phase CO is not 
unambiguously established. If C H 4 oxidation is a stepwise process from C H 4 to CO 
then to C O 2 , the catalytic oxidation could produce significant amounts of CO which 
must be subsequently oxidized to CO2 in the catalyst or in the downstream sections 
of the combustor or result in a high level of CO emissions. 

Catalytic combustion processes can be divided into two basic types of systems. 
The first is a system in which most of the reaction and energy release occurs within 
the catalyst and the catalyst temperature is close to the combustor exit temperature. 
The second approach is one in which only a portion, approximately 30 to 70%, of the 
fuel is reacted within the catalyst and the remainder is reacted in the free space just 
downstream of the catalyst. These two processes are schematically compared in 
Figure 2. In the system described in Figure 2a, the fuel oxidation is essentially 
catalytic and any partial oxidation products produced by the catalyst will exit the 
combustor. These products could be further oxidized downstream of the catalyst if 
the temperature is high enough for radical homogenous reactions to be significant. 
However, in general these system are not operated at high temperatures since the 
temperatures above 1100°C result in rapid catalyst deterioration due to sintering and 
vaporization of catalyst components (7 ). 

The system described in Figure 2b uses the catalyst to partially oxidize the fuel and 
subsequently completes the fuel oxidation in a radical homogenous oxidation process 
just downstream of the catalyst. In this case, it is the radical homogenous oxidation 
process that controls the level of partial oxidation products that wil l exit the 
combustor. 

Air from 
turbine 
compressor 

injector 

Figure 1 Schematic diagram of a gas turbine catalytic 
combustion system showing major components of a 
typical system. 
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38 HETEROGENEOUS HYDROCARBON OXIDATION 

a. Fuel and secondary products b. Portion of the fuel is oxidized 
oxidize on the catalyst analytically and a large portion is 

oxidized after the catalyst 

Figure 2. Reaction and heat release profiles for two catalytic combustion 
system designs. 

Experimental 

Catalyst Preparation. Catalysts were prepared using cordierite honeycomb 
monoliths of 50 mm OD by 50 mm length and with a cell density of 200 cells per 
square inch. These monoliths were coated with a zirconia sol prepared by ball 
milling a zirconia powder with a surface area of 50 m^/g at a slurry concentration of 
25%. The monoliths were dipped in the zirconia sol and blown out with an air 
stream, then dried and calcined in air to a final temperature of 950°C. The loading of 
zirconia on the cordierite monolith was typically 0.27 to 0.29 g ZvO^g cordierite. 
The zirconia coated cordierite monolith was impregnated with an acidic 
Pd(NH3>2(N02)2 solution by dipping the monolith into the Pd solution, blowing out 
the excess and drying and calcining for 10 hours at a temperature of 950°C. Since 
the expected maximum operating temperature of the catalyst is 950°C, this 10 hour 
calcination should provide sufficient stability for a short term reactor test without 
significant sintering of the Pd. To achieve the desired concentration, the initial Pd 
solution was adjusted so that the solution uptake would give the required Pd loading. 
The Pd loading was 0.02 gPd/g cordierite. 

High Pressure Combustion Test. Experimental measurements of CO production 
from Pd catalysts were obtained in the flow reactor shown in Figure 3. This reactor 
can operate up to pressures of 20 atm and air flow rates up to 10,000 standard 
liters/min (SLPM). For these experiments, the inlet air was heated with the electric 
heater shown in Figure 3. The flow path is 50 mm in diameter and the catalyst is 
installed in the flow path with thermocouples located as shown in Figure 3 to measure 
catalyst and gas temperatures. The catalyst substrate temperature was measured by 
inserting a thermocouple into one of the channels of the cordierite monolith and 
sealing the channel with a high temperature stable ceramic cement. The 
thermocouple leads exited the monolith and were connected to a feedthrough on the 
high pressure reactor wall. Both air and fuel were controlled by mass flow controllers 
and the system pressure was controlled by a PID closed loop controller at the reactor 
exit. The air, provided by a high pressure compressor, was dried prior to entering the 
reactor. 
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Pressure 
control valve. 

Preburner 

Electric air 
heater 

Ai r supply 

Catalyst 
Gas sampling 
probe 

Thermocouple; 

Static mixers 
" Catalyst substrate 
thermocouples 

Window 

Figure 3 High Pressure catalytic combustion reactor system 

The fuel was natural gas from the local distribution system and had a typical 
composition as follows: 

methane 95.9 
ethane 2.0 
propane 0.1 
butane 0.03 
C5 and higher minor 
carbon dioxide 1.42 
nitrogen 0.48 

A water cooled gas sampling probe can be located at any downstream position. 
For the experiments discussed here, the sampling probe was located as close as 
possible to the catalyst, 7 cm from the exit of the monolithic catalyst. The CO and 
C O 2 concentration was measured using non-dispersive infrared analyzers with 
calibrated ranges of 0-50 ppm for the CO and 0-5% for C O 2 . C H 4 concentration 
was measured at the inlet to the reactor and at the exit of the catalyst using continuous 
flame ionization (FID) analyzers. Water was removed from the gas stream prior to 
these measurements. The reported concentrations were corrected to the composition 
present in the reactor stream by estimating the water concentration from the measured 
CO and C O 2 concentration in the product gas stream. 

Kinetic Modeling of Homogeneous Methane Combustion 

The homogenous radical combustion of methane has been extensively studied and a 
large data base of reactions and kinetic parameters has been developed to describe 
this process. One complete reaction model has been reported by Miller and Bowman 
in 1989 (2). The complete mechanism involves 234 reactions and includes all radical 
species and many hydrocarbon fragments up to C 4 . To permit rapid routine 
calculations, this kinetic model has been reduced to 143 reactions and 44 species by 
eliminating reactions that are not important in the temperature and excess oxygen 
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40 HETEROGENEOUS HYDROCARBON OXIDATION 

regime explored in this work (3). This kinetic model was used to calculate species 
concentration over a range of conditions typical of the catalytic combustion scheme 
shown in Figure 2b, that is, with partial oxidation of the fuel within the catalyst 
followed by homogenous radical reaction after the catalyst. The calculations were 
done assuming a plug flow reactor using the C H E M K I N simultaneous equation 
solver (4). The conditions for this series of model calculations were: 

Catalyst inlet conditions 450°C, 2.4 to 4.4% C H 4 in air 
Pressure 12 atm absolute 
Catalyst exit gas temperature 950°C 
Final gas temperature 1000 to 1400°C 

A portion of the methane fuel was reacted in the catalyst to produce the required 
outlet catalyst temperature and the gas composition input to the kinetic model 
calculation. 

Figure 4 shows the concentration profile of several of the important species 
during the homogeneous radical reaction at a final adiabatic reaction temperature of 
1300°C. At the catalyst exit temperature of 950°C, the radical homogeneous reaction 
process occurs quite rapidly, within -2 ms. The methane, oxygen and other species 

react to build up a 

§ 

is c 
i o U 

IO-I 

§ 
'-0 I 

10-2. 

10"3 

10 4 

10-5 

Iff6 

10-7 
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_ C H 4 

O H O H 

CO 
A A A A A A AlAArf 

radical pool that 
accelerates the reaction 
of methane. 

The CO builds to a 
r e l a t i v e l y h i g h 
concentration, as much 
as 1%, and then 
oxidizes to C 0 2 - In 
the case of 
homogeneous radical 
reaction, CO is clearly 
an intermediate product 
and builds up to a level 
that is in the range of 
25% of the original 
C H 4 concentration. 
This calculation was 
done for a final gas 
temperature of 1300°C 
and at this temperature, 
the reaction of CO is 
very rapid and 
proceeds to a relatively 

low final CO concentration, approximately l x l O * 6 mol fraction. This kinetic 
simulation was run at several final temperatures by reducing the amount of C H 4 at 
the catalyst inlet. The CO concentration profiles are shown in Figure 5. The CO 
reaction profile is strongly dependent on the final gas temperature. The reaction time 
required to achieve CO levels of -10 ppm (10"^ mol fraction) is 2.5 ms at 1400°C 
and increases to 12 ms at 1100°C. 

0 10 
Reaction time, ms 

15 20 

Figure 4. Kinetic model simulation of homogeneous 
radical reaction of C H 4 downstream of catalytic 
combustion catalyst. 

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
O

ct
ob

er
 1

1,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
3,

 1
99

6 
| d

oi
: 1

0.
10

21
/b

k-
19

96
-0

63
8.

ch
00

3

In Heterogeneous Hydrocarbon Oxidation; Warren, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 
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10 15 20 
Time, ms 

30 

Figure 5. Calculated CO concentration profiles for post 
catalyst homogeneous reaction with 2.2 to 4.4% methane. 

The slow oxidation 
of C O at low 
temperatures is shown 
in Figure 6. In this 
figure, the time 
required for C O 
reaction is taken as the 
reaction time to reach 
a level of 10 ppm 
(10"5 mol fraction) 
after the methane has 
been full reacted. The 
reaction time required 
to reach 10 ppm CO is 
shown to increase 
rather abruptly at 
temperatures below 
1100°C, requiring 50 
ms to obtain 10 ppm 
CO. Since the desired 
emission level is 10 

ppm or lower, and the 
residence times in a 
typical gas turbine 
combustor are in the 
range of 10 to 30 ms, 
f i n a l r e a c t i o n 
temperatures should be 
1100°C or higher. 

These data suggest 
another interesting 
factor, that is, that the 
equilibrium CO level is 
dependent on the final 
temperature. This can 
be seen from Figure 5 
where at 1400°C the 

CO concentration levels off at about 2x10~6 mol fraction while at lower temperatures 
the equilibrium CO level is substantially less. The effect of equilibrium on the 
achievable CO level is shown in more detail in Figure 6 where the equilibrium CO 
level at final combustor temperatures from 1000 to 1500°C is shown for pressures 
from 1 to 20 atm. These data were calculated using a standard energy minimization 
program combined with the JANAF thermochemical data base. At 1500°C and low 
pressures, levels of 10 ppm CO may be difficult to achieve. However, at 
temperatures below 1400°C, levels below 10 ppm should be quite accessible. If the 
target CO level is below 5 ppm and the system operates at low pressure, the 
combustor temperature should be 1300°C or lower. 

1000 1100 1150 1200 1300 1400 
Final combustion temperature, °C 

Figure 6. Calculated reaction time to achieve a CO 
concentration of 1x10"^ mol fraction for final 
combustor temperatures from 1000 to 1400°C. 
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These data establish several criteria for catalytic combustion systems using the 
design shown in Figure 2b: 

• If significant oxidation of fuel occurs after the catalyst, then high post catalyst 
temperatures are required to rapidly oxidize the intermediate CO. 

• Below a combustor temperature of 1100°C, CO oxidation by radical 
homogeneous chemistry is so slow that it would not be possible to achieve CO 
emissions targets of 10 to 20 ppm CO without unreasonably large combustor 
systems. 

• The equilibrium CO level can be significant at combustor outlet temperatures 
above 1300°C and at low pressures. 

The above discussion has concentrated on the effect of combustor temperature on 
CO reaction. In all model test cases the catalyst exit temperature was maintained at 
950°C and as shown in Figure 5 and under the range of methane concentrations 
studies with combustor outlet temperatures ranging from 1000 to 1400°C, the delay 
time before rapid C H 4 reaction is relatively constant. Changes in the catalyst exit 
temperature by changing the fraction of C H 4 reacted within the catalyst will change 
the time required to achieve complete C H 4 reaction. This can be a substantial effect 
but was not dealt with here because it has a negligible effect on the CO reaction 
profile. 

The homogeneous modeling calculations also provide insight to the requirements 
for a catalytic system such as that described schematically in Figure 2a. In such a 
system, the major portion of methane is reacted in the catalyst. If complete reaction 
is not obtained in the catalyst and post catalyst homogeneous combustion is to be 
used to further lower the CO level, then the outlet gas temperature must be above 
1100°C. This would require that the catalyst operate at temperatures above 1100°C. 
At temperatures this high, sintering of high surface area supports and active 
components would be greatly accelerated. In addition, the vapor pressure of many 
catalytic materials becomes significant at these high temperatures and vaporization 
loss will become a significant problem (I). For this reason, such combustion systems 
would probably only be workable at lower temperatures and would have to react all 
of the fuel and CO within the catalyst via surface reaction. 

CO Selectivity on a Supported Pd Catalyst 

The selectivity of methane oxidation to CO and C O 2 was measured at several gas 
flow rates and total pressures for 1.5% C H 4 in air at 600°C inlet temperature to the 
monolithic catalyst, corresponding to an adiabatic combustion temperature of 950°C. 
The catalyst temperature was measured with three thermocouples placed 5 mm inside 
the monolithic structure at the catalyst outlet.. A low level of C H 4 was selected to 
limit the maximum temperature of the catalyst. These data are shown in Table I. 

Since the measurement of the CO concentration is of prime importance to the 
interpretation of these results, it is important to consider whether the sampling 
technique used here can lead to errors. One process that could lead to a low CO 
measurement is further reaction of CO by either homogeneous gas phase reaction 
while at high temperature before the gas temperature is quenched in the probe. A 
second mechanism of CO loss is by catalytic oxidation to C O 2 on the sampling probe 
walls. The gas temperature at the catalyst exit where the sample probe is located is in 
the range of 840 to 945°C. As can be seen in the results presented in Figure 5 above, 
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Table I. CO concentration from a Pd monolithic catalyst during C H 4 oxidation 

Run Air 
flow 

Press Gas temperature 

Inlet Outlet 

Catalyst 
temp 

(outlet) 

Gas 
velocity 

Residence 
time 

CO 
mol 

fraction 
SLPM atm °C °C °C m/s sxlO5 x l 0 G 

1 6000 9.5 599 738 945 19.3 1.9 7 

2 8000 9.5 600 707 940 25.3 1.4 8 

3 6000 2.4 596 658 860 56.5 6.4 8 

4 8000 3.1 596 668 840 75.7 4.8 9 

at temperatures below 1000°C, homogeneous CO oxidation is very slow. At 950°C, 
reaction times of 10 to 20 ms would be required before significant CO would be 
oxidized. The gas is cooled to less then 300°C in 1 to 2 ms by a combination of 
expansion cooling and heat transfer from the probe walls. The possibility of 
significant CO oxidation on the probe walls is low since the probe is water cooled and 
the metal wall temperature is less then 100°C. 

It is interesting to note that the CO concentration is approximately 7-9 x 1 0 - 6 

mol fraction (7-9 ppm) at all the conditions evaluated. The linear velocity varied 
from 19.3 m/s to 75.7 m/s, corresponding to residence times of 1.4 and 4.8 
milliseconds, respectively. The space velocity for these runs varies from 2 to about 
6 x l 0 6 hr~l. From the methane conversion measured in the experimental runs, the 
selectivity of the catalytic reaction can be calculated. This is shown in Table II where 
C O 2 selectivity, the desired product, is defined as [C02]/{[C02]+[CO]}. The 
selectivity to C O 2 ranges from 99.2 to 99.8% for the four runs. 

Table II. Measured methane conversion and CO and 
C O 2 selectivity from C H 4 reaction on Pd 
monolithic catalyst 

Run C H 4 conversion CO 
mol fraction 

Selectivity 
to C 0 2 

% xl0° 

1 19 7 0.998 
2 15 8 0.996 
3 9.1 8 0.994 
4 7.9 9 0.992 
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44 HETEROGENEOUS HYDROCARBON OXIDATION 

Kinetic Modeling of Heterogeneous Methane Combustion 

The concentration of CO within the channels of a monolithic catalyst can be 
estimated assuming a surface reaction in a system with significant mass transfer 
resistances. In excess oxygen, the methane oxidation reaction on a catalytic surface 
can be treated as a series reaction 

C H 4 )CO K Z ) C 0 2 (1) 

where k l and k2 are the rate constants for the reaction of methane with oxygen to 
give CO, and for the oxidation of CO, respectively. 

Consider a system consisting of an active catalytic surface with reactants 
diffusing from a homogeneous gas phase through a stagnant boundary layer to react 
on the catalytic surface, as shown in Figure 7. 

Bulk gas flow • 

Figure 7. Sketch of the model and parameters used 
to simulate the surface reaction process. 

Assuming the oxidation of methane is first order in methane, the rate of consumption 
of methane can be written 

r =rj k l [ C H 4 ] Q (2) 

where 77 is an effectiveness factor 

77 = -
1 + 

kl_ 
km 

(3) 

Here km is the mass transfer coefficient defined as the ratio of the molecular diffusion 
coefficient for methane to the boundary layer thickness: 

km = -j? (4) 
o 
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3. DALLA BETTA & LOFFLER Selectivity in Methane Catalytic Combustion 45 

Equation (2) shows that the rate of consumption of methane is a function of the 
reaction rate constant and the boundary layer thickness. 

The products of the oxidation of methane are CO and CO 2- The selectivity to 
CO depends on the ability of this species to escape from the catalytic surface. 
Consequently, diffusion limitations will lower the selectivity of production of CO 
below that obtained under kinetically controlled conditions. 

The selectivity for CO production is given by 

CH„ consumed-CO,, produced 
S = 4 ^ (5) 

C H ^ consumed 

where 

C H 4 consumed = km { [ C H ^ ^ - [ C H ^ ^ } 

C 0 2 produced = fc2[CO]surface 

The carbon atom mass balance can be written 

C H ^ consumed = CO produced + C 0 2 produced 

in symbols 

to <rC H4Wgas-rC H4Wace> = ^ ^ ^ 

(6) 

After introducing the assumptions 

[ C H 4 ] bulk gas > : > [ C H4 ]surface 

^surface » [ C 0 W gas 

equation (6) is reduced to 

[ C H 4 W gas = ^ W a c e + ^ s u r f a c e ( 7 ) 

and the amount of methane consumed is 

C H , consumed « k m r C H A t 1 (8) 4 L 4 Jbulkgas 

Substituting (7) and (8) in (5) we obtain 
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46 HETEROGENEOUS HYDROCARBON OXIDATION 

km[CO] , + k2[CO] , -k2[CO] , S = Jsurface L Jsurface L Jsurface 
km[CO] - +k2[CO] -L Jsurface L Jsurface 

S = (10) 
1 + — 

km 

With the assumptions above, the selectivity for production of CO depends only on the 
ratio k2/km. It does not depend on the rate constant of the oxidation of methane. 

Using the model described above and the kinetic rates reported by Landry et al 
for CO oxidation on Pd (5) and the rate of C H 4 oxidation on Pd reported by Ribeiro 
et al (6), the expected CO concentration in the product stream from the experimental 
runs reported in Tables I and II above can be calculated. The results are reported in 
Table III. 

Table HI. Calculated CO Concentrations for operating 
conditions similar to those in experimental runs 

Air flow Pressure CO 
mol fraction 

Selectivity 
to C O 2 

SLPM arm x l 0 ° 

6000 9.5 1.6 0.9993 
8000 9.5 2.0 0.9993 

6000 3 5.2 0.9956 
8000 3 6.4 0.9953 

In spite of the assumption that a gas phase CO intermediate was assumed, the model 
predicts a very low CO concentration exiting the catalyst at these very high space 
velocities. The low CO concentration is due to the very fast catalytic oxidation rate 
for CO at the temperatures used in this work. In addition, the model suggest a strong 
inverse pressure dependence. This results from the assumed first order dependence of 
CO oxidation which results in an increase in rate as the total pressure increases. The 
mass flux of CO through the boundary layer into the bulk flow, however, is 
independent of total pressure. 

The calculated CO concentration presented in Table III can be compared with the 
measured values reported in Table II. The measured values are somewhat higher, 
with 7 to 8 ppm CO measured at 9.5 atm while the model calculated values are 1.6 to 
2 ppm. At 3 atm pressure, the agreement is somewhat better, with a measured value 
of 8 to 9 ppm and a calculated value of 5 to 6 ppm. This level of agreement is quite 
good considering the difficulty in measuring such low levels of CO. The trends are 
predicted correctly, with CO concentration increasing as the gas velocity is increased 
(residence time decreased). The model predicted strong effect of pressure is not seen 
in the measured data. The reason for this discrepancy is not understood. 
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3. DALLA BETTA & LOFFLER Selectivity in Methane Catalytic Combustion 47 

Conclusions 

The selectivity of methane catalytic combustion processes to C O 2 must be very high 
since the required CO emissions level is very low, < 10 ppm. On supported Pd 
catalysts, the measured CO concentration at the outlet of the catalyst is very low, in 
the range of 7 to 9 ppm, surprising for a system operating at such high space 
velocities, 2-6xl0 6 h r 1 . The kinetic model of the surface reaction shows that the 
probable cause of the low CO level is that CO oxidation on Pd is so fast that the CO 
reacts before it can diffuse into the bulk flow. The calculated selectivity to C O 2 can 
be very high, in excess of 99.9% at practical pressures with monolithic catalysts 
operating with residence times in the range of 1.5 ms. This is supported by the 
experimentally measured C O 2 selectivity of 99.8%. 

For processes that utilize homogeneous oxidation of a portion of the methane, the 
selectivity to C O 2 can also be very high if the final combustion temperature is 
maintained above 1100°C. Below this temperature, the rate of CO oxidation is 
sufficiently slow that the time required to achieve a low CO level would require a 
large combustor volume and would not be viable in a gas turbine application. These 
results also show that a catalytic combustion process that is designed to react most of 
the methane within the catalyst cannot expect post catalyst homogeneous reactions to 
aid in the combustion of CO unless the gas temperature is above 1100°C. This would 
require the catalyst to operate at temperatures above 1100°C, placing severe thermal 
stresses on the catalyst system. 
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Chapter 4 

Ignition and Extinction of Hydrogen—Air 
and Methane—Air Mixtures over Platinum 

and Palladium 

F. Behrendt, O. Deutschmann, R. Schmidt, and J. Warnatz 

Interdisciplinary Center for Scientific Computing, Universität Heidelberg, 
Im Neuenheimer Feld 368, D-69120 Heidelberg, Germany 

Ignition and extinction of hydrogen-oxygen as well as methane
-oxygen mixtures flowing towards resistively heated platinum or pal
ladium foils are experimentally investigated. The ignition temperatures 
and the hysteresis observed between ignition and extinction are 
compared with time-dependent simulations. The simulation is per
formed for the coupled system of surface and gas phase utilizing ele
mentary reaction mechanisms for both phases. Comparison of 
experimental and numerical results for ignition and extinction at 
platinum shows a very good agreement with respect to temperature as 
well as its temporal development during ignition. Due to deficiencies 
regarding kinetic data for the surface reactions on Pd, the results here 
do not compare as well as for Pt. 

Extensive experimental and theoretical attention has been given to catalytic combu
stion in the past decade. The potential of heterogeneous processes for reducing emis
sion of pollutants, improved ignition, and enhanced stability of flames has been reco
gnized. Here, catalytic ignition as a sudden transition from a kinetically controlled 
system to one controlled by mass transport is of special interest (1-4). Its description 
needs a detailed knowledge of both the elementary reaction steps at the gas-surface 
interface and the gas phase as well of the transport processes between surface and gas 
phase. 

In the present work, mixtures of hydrogen or methane with oxygen (for some of 
the measurements diluted by nitrogen) at atmospheric pressure are utilized. These 
mixtures flow slowly through a tube towards a platinum or palladium foil, which is 
heated resistively. When the foil is heated to a sufficiently high temperature, 
heterogeneous reactions start and the reactants are consumed at the metal surface. 

To simulate the catalytic ignition under the given conditions the above 
mentioned transition from kinetic to transport control requires a closely coupled 
solution of the governing equation for the gas phase and the surface processes (9,15). 
The set of differential equations describing this coupled system is discretized and 
solved using a time exact solver (10,11). This numerical code, originally developed 
for the simulation of gas phase combustion processes (8), applies a detailed 
description of the elementary chemical processes occurring at the gas-surface 
interface, and couples them to the reactive flow in the surrounding gas phase. 

0097-6156/96/0638-0048$15.00/0 
© 1996 American Chemical Society 
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4. BEHRENDT ET AL. Ignition & Extinction ofH-Air & CH4~Air Mixtures 49 

The ignition temperature is calculated as a function of the fuel concentration, and 
is compared with the experimental results. The surface chemistry is described by a 
detailed reaction mechanism including adsorption, desorption, and surface reactions. 

Experiment 

The experimental setup is shown in Figure 1. The catalyst is mounted in a rectangular 
tube with a cross section of 28 x 38 mm 2 and a length of 16 cm. This catalyst is a 
polycrystalline foil of either platinum or palladium with a purity of 99.95 % for Pt 
and 99.9 % for Pd. The thickness of the Pt foil is 0.027 mm and that of the Pd foil 
0.025 mm, the outer dimensions of both are 25 by 5 mm. Before each experiment the 
foil is cleaned following a procedure described by Keck et al. (16). After several 
ignition/extinction cycles a irreversible deactivation of the foil is observed, and it has 
to be replaced. 

Constant 
current 
generator 

i Ii 1 

Gas inlet 
~(H2, O2, N2) 

Figure 1. Experimental Setup 

The foils are mounted on two copper rods so that the flow is directed towards the 
foils (stagnation point flow configuration). Through these rods the electrical current 
used to heat the foil is supplied. Additionally, two thin platinum wires are attached to 
the foil to measure the temperature dependent electrical resistivity of the foil, and 
thus, the temperature. Compared to the application of a spot-welded thermocouple 
this method is simpler to use, it is very responsive even to fast changes of the foil 
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50 HETEROGENEOUS HYDROCARBON OXIDATION 

temperature, and does not introduce additional catalytically active material to the 
system. 

After passing through a mixing chamber filled with glass spheres the gas mixture 
flows towards the foil. The fuel content of the mixture is defined as a = 
Pfue/(Pfuei+Poxyffen) a n c * * s v a r i e d between 0.25 < a < 0.75 for hydrogen and 0.28 < a 
< D.96 for metnane. The combined partial pressure of fuel and oxygen for mixtures 
diluted by nitrogen is introduced as 8 = (Pfuei+POXygen^Ptotar ^ n e ^ o w v e l ° c i t y * s 8 
cm/s. 

Model and Simulation 

The experiment is simulated using a one-dimensional stagnation point flow model 
with time and distance from the foil as independent variables. By confining the at
tention to the centre of the surface, edge effects can be neglected. Details of this ap
proach are discussed by Warnatz et al. (4). 

The dependent variables (density, momentum, temperature, and mass fraction of 
each gas phase species) depend only on the distance from the foil. The system is clo
sed by the ideal gas law. The boundary-value problem that has to be solved has been 
stated by Evans and Greif (5) and by Kee et al. (6). This set of governing equations is 
analogous to that used for simulation of laminar counterflow diffusion-flames (7,8). 

The solution of the gas-phase problem is coupled to the surface properties and 
the surface reaction mechanism. Therefore, the surface boundary-conditions become 
more complex compared with the pure gas-phase problem. In a time-dependent for
mulation the mass fraction of a gas-phase species at the surface is determined by the 
diffusive and convective processes as well as the creation or depletion rate of that 
species by surface reactions. The temperature boundary-condition is derived from 
energy contributions at the interface. Included are the conductive, convective, and 
diffusive energy transport in the gas phase, the chemical heat release at the surface, 
radiation, and the resistive heating of the foil. Furthermore, the heat capacity of the 
platinum foil and the dependence of the specific resistance of the foil on temperature 
are taken into account. Details on the governing equations and boundary conditions 
can be found in Behrendt et al. (9,15). 

To solve this stagnation flow problem numerically, a computer code originally 
developed to simulate counterflow diffusion-flames is adapted. This code computes 
species mass fraction, temperature, and velocity profiles, and fluxes at the gas-surface 
interface as a function of time. The program accounts for finite-rate gas-phase and 
surface chemical kinetics. A simplified multicomponent molecular transport model is 
used. 

The Navier-Stokes equations describing the gas phase together with the boundary 
conditions represent a differential-algebraic equation system. Discretization bases on 
a finite-difference scheme using a statically adapted non-equidistant grid. The 
resulting systems of algebraic and ordinary differential equations is solved by the 
extrapolation solver L I M E X (10,11). 

The chemistry is modelled by a set of elementary reactions in the gas phase as 
well as on the surface. The gas-phase reaction data are taken directly from modelling 
work on flame chemistry (12,13). Its validity has been established through extensive 
studies of various combustion systems, and is applied here without modification. The 
surface rate data can be found in (9). This set of detailed reaction steps including O 
and H atoms, OH, H 2 0 , CO, and C H (i = 0, 3) molecules is based on several 
publications (17-18). The rate coefficients for the reverse reactions as well as the 
reaction enthalpies of the surface species are calculated from the thermochemical data 
for the H 2 /0 -system as stated in (4) extended for CO and CH. (i = 0, 3). 

The only adjustable parameter to the simulation is the heat loss to the supporting 
copper rods. This loss is determined experimentally using inert gas and accounted for 
in the simulation. 
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4. BEHRENDT ET AL. Ignition & Extinction ofH-Air & CHj-Air Mixtures 51 

In a previous paper (75) experimental data on the ignition of methane-air 
mixtures published by Schmidt et al. (17) have been used to evalute the recation 
mechanism and the numerical code used here. 

Results 

Ignition of H2-O2 Mixtures. In Fig. 2 the surface temperature is plotted versus the 
current supplied to the foil. 

2a 550 

c-. 500 -

450 

400 

350 

-1 1 1 1 j -

300'— 
2.00 2.05 2.10 2.15 2.20 2.25 

Current [A] 

2.30 2.35 2.40 

2b 550 

500 

15 450 

400 

350 

300 
2.00 2.05 2.10 2.15 2.20 2.25 

Current [A] 

2.30 2.35 2.40 

Figure 2. Experimental (top, 2a) and numerical (bottom, 2b) ignition and extinction 
curve for hydrogen and oxygen on platinum (a = 0.5) 

Before ignition, the increase of foil temperature is due to this resistive heating, 
while during and after ignition the heat released by surface reactions contributes 
significantly to the foil temperature.The point of ignition is clearly marked by the 
sudden rise of the foil temperature. Figure 2a shows a typical experimental igni
tion/extinction curve for a hydrogen-oxygen mixture on platinum. 
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52 HETEROGENEOUS HYDROCARBON OXIDATION 

Before ignition, the foil is covered by hydrogen keeping oxygen from adsorption, 
and no surface reactions take place (see Fig.3). Elevating the foil temperature by 
electrical heating above a certain value leads to a shift of the adsorption/ desorption 
equilibrium of hydrogen towards desorption, thus liberating surface sites for 
dissociative oxygen adsorption. The oxygen atoms react with hydrogen atoms 
forming OH radicals and finally water. 

The heat released by the water formation leads to a further increase of the surface 
temperature, which in turn enhances the desorption of hydrogen. This self-accelerated 
process leads to ignition. During ignition the system undergoes a transition from 
kinetically controlled surface reactions to diffusion control, where the transport of 
reactants from the surrounding gas phase to the surface limits the reaction rate. 

After ignition, the current supplied to the foil is reduced until finally extinction 
occurs for a current much lower than that one needed for ignition. The heat released 
at the foil maintains enough free surface sites for the continued adsorption of either 
reactant until finally the surface is fully covered by hydrogen again. Figure 2b shows 
the results of calculations using the same parameters as in the measurement. The 
ignition temperature in both cases is 355 K. In the calculation no extinction is 
observed for these parameters, while in the experiment the surface reactions extin
guish again. The polycrystalline foil undergoes recrystallization during this heating 
and cooling cycle, an effect which cannot be accounted for in the simulation. 
Extinction is observed for calculations using smaller a. 

550 

500 

450 

400 

350 

300 

3 

40.0 60.0 

Time [s] 

100.0 

Figure 3. Time-resolved change of surface temperature and coverage for hydrogen 
oxidation on platinum (a = 0.5) 

The detailed time-resolved development of the surface temperature 
(experimental and calculated) and surface coverage (calculated only) is presented in 
Figure 3. Time zero here is the moment of last increase of the current through the foil. 
After ignition, most of the platinum sites are empty with about 15 % H atoms and 1 % 
water remaining. 
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4. BEHRENDT ET AL. Ignition & Extinction ofH-Air & CH4~Air Mixtures 53 

In Figures 4 (platinum) and 5 (palladium) experimental results for the ignition of 
nitrogen-diluted mixtures of hydrogen and oxygen are compared with simulations. 
For all cases 8 is kept at 0.059. In general, for a given value of a, the ignition tempe
rature on platinum is higher than on palladium. 

400 

a = P H 2 / ( P o 2 + P H 2 ) 

Figure 4. Measured and calculated ignition temperatures for hydrogen and oxygen 
diluted by nitrogen on Pt (8 = 0.059) (for a and b see text) 

The difference between both catalysts is more pronounced at the lower ignition 
limit. Below a = 0.3 for platinum and a = 0.26 for palladium significant differences 
are observed in experiment and simulation depending on the initial coverage of the 
metal surface, i.e., bistability is observed. Starting the calculation with a surface 
covered by hydrogen atoms (case a;using an initially pure hydrogen flow), ignition 
starts without external supply of heat for a smaller than 0.12 for platinum and smaller 
than 0.23 for palladium. Even at room temperature the desorption of hydrogen leads 
to a sufficient number of free sites allowing oxygen to adsorb, causing the onset of 
reactions at the surface. At low a, the lower sticking coefficient of oxygen is 
compensated for by the much higher concentration of oxygen in the gas phase. 

Above a = 0.12 and 0.23, respectively, hydrogen sticking becomes so efficient 
that external heating is required to create enough free sites, so that adsorption of 
oxygen remains competitive. The sticking coefficients for both oxygen and hydrogen 
are more than an order of magnitude larger for palladium than for platinum, thus 
extending the range of ignition without heating to higher values of a. 

When the surface is initially covered by oxygen atoms (case b; gas flow of pure 
oxygen), ignition without external heating is observed below a = 0.32 for both 
catalysts. Hydrogen has a higher sticking coefficient compared to oxygen and, at the 
same time, is more mobile on the surface. Consequently, on an oxygen-covered 
surface, even at room temperature, hydrogen will be able to adsorb and react to form 
water. This releases some heat, leading to more free sites and finally to ignition. 
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54 HETEROGENEOUS HYDROCARBON OXIDATION 

The discussion above conclusively shows the platinum and palladium surface to 
be covered initially by hydrogen for sufficient high a, i.e., a larger than 0.32 for the 
present conditions. 

400 I • ' ' 1 1 1 1 1 ' • 1 1 • 1 " 1 " ' r 

5f 380 " 

a = P H 2 / ( P 0 2 + P H 2 ) 

Figure 5. Measured and calculated ignition temperatures for hydrogen and oxygen 
diluted by nitrogen on Pd (5 = 0.059) (for a and b see text) 

Ignition of CH4-O2 Mixtures. Experimental ignition temperatures for mixtures of 
methane and oxygen diluted by nitrogen on platinum as a function of a are shown in 
Figure 6. The relative partial pressure of methane a = p m e t ^ n e / (P m e t han^Poxy g en) i s 

varied between 0.28 and 0.96, while the dilution by nitrogen for all a is given by 0 = 
(Pmetiiane+Poo^ygen^Ptotal = 0-059. . 

The ignition temperatures for methane-oxygen mixtures are much higher com
pared with hydrogen-oxygen mixtures. Remarkable is the reversed dependence of 
ignition temperature on a. While for hydrogen-oxygen mixtures the ignition tempe
rature increases with increasing a, here a decrease of the ignition temperature is ob
served. In contrast to the hydrogen-oxygen system, the platinum surface is initially 
covered by oxygen instead by the fuel. So, the reaction is initiated by the desorption 
of oxygen, offering free sites for the adsorption of methane. 

For small a, i.e., a high concentration of oxygen in the gas phase, adsorption of 
oxygen on these free sites is more likely than of methane. For higher temperatures 
more free sites are generated, resulting in a higher probability of adsorption of 
methane leading to ignition. With increasing a, the larger mole fraction of methane in 
the gas phase increases the chance of methane to adsorb, thus lowering the 
temperature needed for ignition. 

Figure 7 shows a complete calculated ignition-extinction cycle for a methane-
oxygen mixture at a = 0.5. Compared to the same kind of cycle for a hydrogen-
oxygen mixture as shown in Figure 2, the difference between ignition and extinction 
temperature is much larger. Additionally, for the oxidation of methane a reduction of 
electrical power supplied to the foil after ignition causes the surface temperature to 
decrease about 300 K before the system extinguishes. 
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E 

l 1 

• 
y > 

< 

•< >. 

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 

a = pMethane / (pMethane + pOxygen) 

Figure 6. Experimental ignition temperatures for methane-oxygen mixtures diluted 
by nitrogen on platinum 

900 

4.0 

Current [A] 

Figure 7. Numerical ignition and extinction curve for methane and oxygen on 
platinum (a = 0.5) 
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In Figure 8 the calculated time-resolved surface coverage for platinum, oxygen, 
and CO as well as the temperature are plotted. At stated above, the surface is 
dominantly covered by O atoms before ignition. At ignition, enough free sites become 
available for methane to adsorb. The mechanism used here assumes a fast lost of H 
atoms from methane and subsequent oxidation of the C atom to CO following the 
work of Hickmann and Schmidt (14). After ignition, the surface is dominantly co
vered by CO (about 80 %). Reduction of the electrical power supplied to the foil does 
not extinguish the surface reactions until the final step of the reaction sequence, the 
oxidation of the CO, is suppressed. 

CD o> 
CO 

CD 
> 
o 
O 

n 820 

" 800 

780 5 

760 

740 
100.0 

8 
CD 

CD 

3 

CD 

Figure 8. Time-resolved change of surface temperature and coverage for methane 
oxidation on platinum (a = 0.5) 

Conclusions 

The present study shows that the ignition experiments for hydrogen-oxygen and 
methane-oxygen mixtures on two important catalysts, platinum and palladium, can be 
interpreted in terms of elementary reaction steps on the metal surface. After ignition, 
the catalytic system is controlled by a transport limitation for the reactants. Therefore, 
to describe catalytic ignition, the instationary simulation of the coupled surface/gas-
phase system is required. 

The analysis so far is based on the mean field approximation neglecting 
structural effects (e.g., island formation of adsorbates) on the surface. For higher 
temperatures this assumption holds due to the high mobility of the adsorbates on the 
surface. The influence of spatial inhomogenities on the surface reaction rates, and 
thus on ignition temperatures, will be investigated in future work. 
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Chapter 5 

A New Class of Uranium Oxide Based 
Catalysts for the Oxidative Destruction 

of Benzene and Butane Volatile Organic 
Compounds 

Graham J. Hutchings1, Catherine S. Heneghan1, Ian D. Hudson2, 
and Stuart H. Taylor1 

1Leverhulme Centre for Innovative Catalysis, Department of Chemistry, 
University of Liverpool, P.O. Box 147, Liverpool L69 3BX, 

United Kingdom 
2Company Research Laboratory, BNFL, Springfields Works, Salwick, 

Preston PR4 OXJ, United Kingdom 

The oxidative destruction of two typical volatile organic compounds 
(VOCs), benzene and butane, have been investigated by uranium oxide 
based catalysts. A new range silica supported uranium oxide catalysts 
have also been synthesised and tested under industrially relevant 
conditions.. 
Catalytic activity studies have shown that U3O8 is an active catalyst for 
the destruction of both compounds at high gas hourly space velocity. 
Comparison with Co3O4, a known active combustion catalyst, showed 
that U 3 O 8 was more active under the majority of our experimental 
conditions. The silica supported catalysts also showed high activity for 
benzene and butane destruction.. Doping the supported catalyst with 
chromium considerably enhanced the activity for butane destruction. 
These studies have demonstrated that under commercially realistic 
operating conditions, catalysts based on uranium oxide show high 
activity for the oxidative destruction of benzene and butane, which are 
considered to be representative of two types of very different common 
volatile organic compounds. 

In recent years it has become essential to reduce the emissions of volatile organic 
compounds (VOCs) from chemical installations. VOCs are a wide ranging class of 
compounds commonly occurring in commercial waste streams and constitute a major 
source of air pollution. Several VOC abatement technologies have been proposed, 
these include thermal oxidation and catalytic oxidation [/]. Thermal oxidation is carried 
out at high temperature, typically >1000°C, and is relatively insensitive to space 

0097-6156/96/0638-0058$15.00/0 
© 1996 American Chemical Society 
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5. HUTCHINGS ET AL. Up8-Based Catalysts for Benzene & Butane VOCs 59 

velocity and to the composition and concentration of the waste gases. Whereas, 
catalytic oxidation involves combustion at lower temperatures, typically 400-600°C, 
but is greatly affected by space velocity, waste gas composition and concentration. In 
general, it is expected that catalytic VOC destruction efficiency will increase with 
increased temperature and decreased space velocity [2]. The lower temperatures 
required for catalytic combustion results in a lower fuel demand and can therefore be 
more cost effective than a thermal oxidation process. The catalytic process also exerts 
more control over the reaction products and is less likely to produce toxic by-products, 
such as dioxins, which may be produced by thermal combustion. A combination of the 
two methods has been proposed and it is claimed that this process gives increased 
VOC destruction efficiency [3]. 

Catalytic oxidation using an air oxidant therefore provides a convenient route for 
VOC destruction. The relative ease of destruction of VOCs by catalytic oxidation 
varies according to the class of compound and follows the general order, alcohols > 
aldehydes > aromatics > ketones > acetates > alkanes > chlorinated alkanes [3]. 
Various catalysts have been proposed and these fall into two broad categories, noble 
metals and metal oxides [4,5]. Noble metal catalysts, which are often used in the 
supported form, show high intrinsic combustion activity, however, they are relatively 
expensive, susceptible to poisoning even at low levels and in some cases show poor 
stability [5]. The oxides of cobalt, copper, chromium, manganese and nickel have all 
been used for VOC destruction [6-8] and it would be expected that oxide catalysts 
could tolerate higher levels of poisons, however the activity shown by these oxides is 
generally lower than noble metal catalysts. It is therefore evident that if high activity 
oxide catalysts can be developed for VOC destruction these will be preferred. 

Uranium oxides have previously been used as catalysts both in pure form and as 
catalysts components. The oxide U 3 O g was shown to have appreciable activity for the 
oxidation of CO by molecular oxygen [9]. Whilst uranium oxides have also been used 
as major catalyst components in dual oxide systems, such as uranium-antimony for 
propylene ammoxidation [10,11] and uranium-bismuth catalysts for oxidative 
demethylation [12]. 

This study has been undertaken to investigate the efficiency of uranium oxide and 
uranium oxide based catalysts for the destruction of model VOCs in the vapour phase. 
The classes of compounds investigated in this study include aromatics and alkanes. 
These were chosen because aromatics have been ranked intermediate and alkanes low 
based on their ease of destruction [3]. The specific compounds benzene and butane 
were selected as typical compounds within these groups, and are also common VOC 
pollutants. A characterisation study has also been undertaken to investigate the nature 
of the supported uranium oxide species and the stability of uranium oxide under typical 
reaction conditions. 

Experimental Details 

Thermal Analysis Thermal gravimetric analysis (TGA) and differential scanning 
calorimetry (DSC) were used to investigate the nature of the chemical and physical 
transformations during the catalyst preparative calcination procedures. Analysis was 
performed using a Perkin Elmer series 7 thermal analysis system. Thermal gravimetric 
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analysis was carried out in a stream of flowing air. Typically a 10-20 mg sample was 
used and this was heated from 40°C to 800°C at a linear heating rate of 40°C min"1. 

Differential scanning calorimetry experiments were performed in flowing 
nitrogen, air and static air atmospheres. Sample weights were in the range 10-20 mg 
and were encapsulated in aluminium sample pans with a perforated lid, to permit 
sample exposure to the atmosphere. Transformations were investigated in the 
temperature range from 40°C to 550°C with a linear temperature ramp rate of either 
20°C min"1 or 40°C min"1. The ramp rate selected was dependent on the requirement 
for increased resolution or sensitivity. However, the temperature for transformation 
remained independent of the chosen ramp rate. 

Powder X-ray Diffraction. Powder X-ray diffraction patterns were recorded using a 
Phillips X-PERT MPD double goniometer system. The system consisted of a 
conventional goniometer and a second goniometer equipped with a high temperature 
Anton Parr X R K in-situ reaction chamber and a 15° scanning position sensitive 
detector (PSD). Both goniometers were housed on a common X-ray tube generating 
Cu Koc X-rays. 

Analysis of catalysts ex-situ was performed over the angular range 5° < 20 >-75° 
with the source operated at 40 KeV and 50 mA. Patterns were processed using Phillips 
software and phases were identified by matching to standard samples and entries in the 
JCPDS powder diffraction file. 

Studies in-situ used an X-ray source of lower intensity (30 KeV, 40 mA) in order 
not to saturate the PSD which was used in a scanning mode from 18° to 60° 20. The 
in-situ reaction cell was designed so that gases flowed through the catalyst sample 
which was heated from ambient to 600°C. Experiments were carried out with a flow of 
dry air and an air stream containing ca 4% water. Typical analysis times at each 
temperature were in the region of 1.5 min. 

Catalyst Preparation and Testing. The single oxide catalysts, U 3 0 8 and C o 3 0 4 (ex 
Johnson Matthey 99.999%) were used as supplied. A silica supported catalyst, denoted 
U/Si0 2 , was prepared by an incipient wetness impregnation technique followed by 
drying at 100°C for 24 hours, the active loading was 10 mol% (U:Si0 2). A range of 
silica supported catalysts were also prepared by doping a 9 mol% uranyl nitrate 
precursor with 1 mol% loadings of cobalt, chromium, iron and copper via the nitrate 
solutions. These catalysts were calcined at 300°C for 1 hour and then for a further 3 
hours either at 600°C or 800°C in static air. 

Catalytic activity was determined in a stainless steel microreactor. Benzene was 
fed into the reactor system via a syringe pump whilst butane was introduced by a mass 
flow controller. Air was used as the oxidant and flow rates controlled using a mass 
flow controller. Typical reaction conditions used in these studies employed a 1 % VOC 
concentration the balance being air. The catalysts were pelleted to a particle size range 
of 425-600|im and were secured in the reactor tube by plugs of silica wool. The 
catalyst bed was packed to a constant volume for all experiments, which were 
performed using a gas hourly space velocity of 70,000 h"1. 
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Product and reactant analysis was carried out on-line using a Hiden quadrupole 
mass spectrometer and a Varian 3400 Gas Chromatograph with a thermal conductivity 
detector. 
Results and Discussion 

Thermal Analysis. The results obtained from DSC experiments in flowing air are 
shown for pure uranyl nitrate (U0 2 (N0 3 )2 .6H 2 0) and the pre-calcination silica 
supported catalyst precursor in figure 1. 

Pure uranyl nitrate showed four endotherms below 265°C, these being at 82°C, 
113°C and 262°C, with a very broad peak at 145°C, these endotherms corresponded to 
the loss of water from the hydrated uranyl nitrate starting material. Peaks identified at 
294°C and 307°C (shown in figure 1.), and 404°C and 518°C (not shown), were due to 
the endothermic decomposition of the nitrate ion. The product from this decomposition 
is U 0 3 which reduces endothermically to U 0 2 9 at 590°C and ultimately to U 3 O g via an 
endothermic transition at 630°C [13]. In our experiments the furnace temperature was 
limited to 550°C by the use of aluminium sample pans and it was therefore not possible 
to observe these higher temperature transitions. 

Studies to investigate the silica supported catalyst pre-cursor showed somewhat 
different results. The major feature was the endotherm at 244°, corresponding to the 
decomposition of the nitrate ion. The process of supporting uranyl nitrate on silica 
destabilised the nitrate, as it decomposed at a temperature approximately 55°C lower. 
The same effect has previously been observed and has been shown to extend to other 
supports such as A1 2 0 3 , T i 0 2 and MgO [13]. Two other minor peaks were also 
evident, these were related to the loss of water and were located at 115°C and 162°C, 
which were at similar temperatures to those of the pure uranyl nitrate. 

Thermal gravimetric results showing the % weight loss and the 1st derivative of 
this loss are shown in figures 2 and 3. TGA of the pure uranyl nitrate showed an 
overall weight loss of 41%, which was complete around 600°C. The mass loss at 81°C, 
and in the region of 150°C were due to water loss, whilst the mass loss at 279°C, 
305°C, 381°C and 533°C were due to nitrate decomposition. The peaks at 381°C and 
533°C were not shown in the DSC figures but are clearly visible in the TGA results. 
The peak temperatures for transformations obtained from DSC and TGA result were in 
good agreement. 

The TGA of the supported catalyst pre-cursor showed an overall weight loss of 
14%, considerably lower than the pure uranyl nitrate, as a consequence of the silica 
support. The overall weight loss was also completed around 600°C. The T G A peak at 
249°C confirmed the destabilising effect of the support on the nitrate. A major TGA 
peak was observed at 201°C, this was not evident in the DSC studies, but it is this 
temperature region is likely to be due to the loss of water. 

DSC and T G A studies were also carried out under static air and nitrogen 
atmospheres, no significant differences between these studies and the studies 
performed under flowing air were apparent. From the results presented in this section it 
was evident that nitrate decomposition was complete below 540°C and therefore the 
silica supported catalyst precursor was ultimately calcined at 600°C and 800°C. 
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Powder X-ray Diffraction. Powder X-ray diffraction studies of the silica supported 
catalyst pre-cursor dried at 100°C showed that the dihydrate and hexahydrate uranyl 
nitrate phases were crystalline and intact on the support. The identification of these 
phases on the catalyst pre-cursor validates the use of the pure uranyl nitrate as a model 
compound for thermal analysis studies. A colour change from pale yellow to a darker 
mustard colour was observed on calcination of the catalyst pre-cursor at 600°C and 
X R D results showed no diffraction peaks. Such an observation does not necessarily 
indicate the absence of a crystalline uranium oxide crystalline phase as the considerable 
X-ray line broadening associated with a highly dispersed phase would produce similar 
results. The X R D pattern for the catalyst pre-cursor calcined at 800°C is shown along 
with that of a standard U3O8 reference in figure 4. The comparison clearly indicates 
that the supported phase produced on calcination at 800°C was U 3 O 8 . The supported 
U 3 0 8 crystallite size was in the region of 120A determined by line broadening analysis. 
No phase changes after use were detected for the U/SiC>2 catalyst, however line 
broadening analysis showed that the particle size increased to 150A. The increase in a 
particle size was consistent with a sintering process at the higher reaction temperatures. 

The silica supported catalysts doped during preparation with cobalt, chromium, 
iron and copper were also investigated by XRD. The Cr/U/SiC>2 catalyst showed a very 
similar diffraction pattern to the U/Si0 2 catalyst. The catalysts doped with cobalt, iron 
and copper all exhibited asymmetrically shaped diffraction peaks corresponding very 
closely to the d-spacing observed for U/SiC>2. These features can be best interpreted as 
a second minor peak, at a slightiy higher diffraction angle, not fully resolved from the 
major diffraction peaks of U 3 0 8 . The origin of these secondary peaks cannot be 
unequivocally identified, but a possible explanation is that the dopant component ions 
may to some extent be incorporated into the U 3 0 8 lattice, distorting the unit cell to 
produce a new set of diffraction peaks. The distortion caused by low levels of 
incorporation would probably be small and so the shift in peak position would also be 
small. The ionic radii of the dopant ions are all smaller than U 5 + and U 6 * in U 3 0 8 and 
substitution into the lattice would result in a unit cell contraction which is concordant 
with our observations. 

After use U 3 0 8 was the major phase identified on the silica supported doped 
catalysts, peak widths were reduced after use mirroring the increase in particle size of 
the used U/SiC^ catalyst. The decrease of peak width increased peak resolution 
confirming the asymmetric peak in the diffraction patterns of the unused catalysts 
doped with cobalt, iron and copper were in fact due to a new set of diffraction peaks. 

In-situ X R D studies were carried out using U 3 0 8 to investigate the phase stability 
under realistic operating conditions. Increasing the sample temperature from ambient to 
600°C in a flowing air atmosphere showed that U 3 0 8 was stable. A slight loss of 
resolution was observed as the temperature was increased however this was expected 
as peak broadening occurs due to increased thermal motion within the sample. The 
catalyst was maintained at 600°C and then cooled in 50°C steps down to 200°C with 
no detectable phase changes. A certain degree of confusion exists over the phase 
diagram of uranium oxides, a transition from the U 3 0 8 phase to a mix of y-U0 3 and 
U 3 0 8 around 500°C has been reported [14] but no evidence for this bulk 
transformation was observed. 
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The role of water is known to have an important affect on the oxidation of 
uranium [75] and since water was a major reaction product and potential VOC 
destruction catalysts may have to operate under wet conditions, U 3 0 8 phase stability 
was investigated in a flowing air stream saturated with water at ambient temperature 
and pressure. The diffraction patterns from these studies are shown in figure 5. The 
results indicated that no change in the initial U3O8 phase occurred, even up to 600°C. 
Some thermal broadening and loss of peak resolution were observed but even after 
approximately 7 hours at elevated temperature patterns were superimposable with 
those obtained under ambient conditions. 

Performance of Uranium Oxide Catalysts for VOC Destruction. 
Benzene Destruction. The destruction of benzene was primarily investigated 

over U 3 0 8 , initial catalytic activity was observed at 380°C with trace benzene 
conversion. The conversion increased markedly as the temperature was raised, reaching 
100% at 400°C. The sole reaction products were the carbon oxides CO and C O 2 , 
produced with selectivities of 27% and 73% respectively. The sharp rise in conversion 
can be attributed to the increase in the temperature of the catalyst bed during the highly 
exothermic benzene combustion reaction (AH298 = -3302 kJ mol"1). The temperature of 
the gas stream close to the exit from the catalyst bed was consistently in the region of 
30°C higher than the reactor furnace temperature when the catalyst showed high 
conversion. 

A hysteresis effect was evident for the catalytic activity when the reaction 
temperature was decreased from 400°C. Decreasing the temperature to 350°C resulted 
in a slight drop in benzene conversion to 95% whilst the CO and C 0 2 product 
selectivities remained approximately constant. When the temperature was decreased 
further to 300°C the catalyst was inactive. 

A comparison of the U 3 0 8 combustion activity was made with Co 304, a known 
highly active combustion catalyst for the destruction of benzene and other organic 
substrates [16]. C o 3 0 4 was active at 350°C, 50°C lower than U 3 0 8 , benzene 
conversion increased with temperature but even at 450°C it was only 90%. Although 
C o 3 0 4 was less active than U3Os the former catalyst showed the advantage of 100% 
selectivity towards C 0 2 , the preferred product. 

A new class of uranium oxide catalysts based on a uranium oxide silica supported 
system has been developed. The benzene conversion over U/Si0 2 was 100% at 400°C, 
CO and C 0 2 were produced with selectivities of 27% and 73% respectively, and 
similar to those observed over U3Os. The activity of the U/Si0 2 catalyst was similar to 
U 3 0 8 , however a large hysteresis effect in the benzene conversion was particularly 
evident over the U/Si0 2 catalyst (figure 6). 

A gradual decrease in the benzene conversion was observed on decreasing the 
reaction temperature from 400°C. The conversion decreased to 93% at 200°C. This 
hysteresis effect can be explained by local heating within the catalyst bed, due to the 
exothermic nature of the combustion reaction. Once the ignition temperature for the 
reaction has been exceeded this local heating effect is significant, maintaining the 
catalyst bed temperature above the ignition temperature, even when the temperature of 
the external heating source was considerably lowered. Although the actual bed 
temperature was not measured directly, the temperature of the exit gas stream from the 
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Figure 6. Benzene conversion hysteresis over U/Si0 2 at GHSV = 70,000h~] 

• increasing temperature, • decreasing temperature. 
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catalyts bed was 325°C when the external furnace temperature was only 200°C, 
providing an indication as to the extent of the exothermic heating effect. Once initated 
the reaction was not autothermal, as decreasing the furnace temperature to 150°C 
resulted in a total loss of activity as the bed temperature decreased below the ignition 
temperature. The temperaure of the exit gas stream also deccreased to within ±2°C of 
the furnace temperature. 

The uranium oxide supported catalyst has been developed further by the addition 
of cobalt, copper, chromium and iron dopant ions. The addition of cobalt to the U/Si0 2 

system depressed the benzene conversion relative to the undoped catalyst. The 
conversion over Co/U/Si0 2 at 400°C was 91%, increasing steadily with temperature 
and reaching 100% at 500°C. The CO and C 0 2 selectivities were not significandy 
affected by the addition of the cobalt component. The activity of the Cr/U/Si0 2 catalyst 
was similar to that observed with Co/U/ S i0 2 as. benzene conversion was slightiy 
suppressed. At 500°C the Cr/U/Si0 2 catalyst did not completely destroy benzene, as a 
trace quantity was still present in the reactor effluent. The CO and C 0 2 selectivities 
were not affected by the addition of chromium. Doping U/Si0 2 with iron suppressed 
the benzene conversion significantly as the conversion was only 4% at 400°C 
compared to 100% for the undoped material. However, the benzene conversion did 
increase significantly to 100% at 500°C. CO and C 0 2 selectivities were similar to those 
observed for Co/U/Si0 2 and Cr/U/Si0 2 . The addition of copper did not decrease the 
conversion of benzene when compared to the U/Si0 2 system as the conversion was 
100% at 400°C. The results of benzene conversion at 400°C and GHSV = 70,000 h"1 

are summarised in figure 7. Comparison is made at high conversion as this is the regime 
that VOC destruction must operate under. 

The addition of copper had an extremely beneficial effect on the product 
distribution, as the selectivity towards C 0 2 was increased across the entire temperature 
range. The C 0 2 selectivity over the Cu/U/Si0 2 catalyst was at least greater than 99%, 
with only trace quantities of CO detected at 400°C and 450°C. 

The activity of the empty reactor tube and the Si0 2 support at high space 
velocity were negligible, showing only 1% conversion over S i0 2 at 500°C. The low 
activity in these blank reactions indicated that the destruction of benzene was a 
heterogeneously initiated process, it also showed that the uranium oxide phase was the 
catalytically active component of the silica supported system. 

Butane Destruction. Studies at GHSV = 70,000 h"1 to investigate the activity 
of U 3 0 8 showed that the temperature for initial activity was 450°C. The maximum 
butane conversion was 80% at 600°C. CO and C 0 2 were produced simultaneously at 
all catalytically active temperatures. CO was a major reaction product with a selectivity 
of 20% at 550°C decreasing to 14% at 600°C, the remaining product was C 0 2 . 

A comparison of the destruction of butane has also been made with C 0 3 O 4 at 
equivalent gas hourly space velocity. The C o 3 0 4 catalyst was active 150°C lower than 
U 3 0 8 , as initial activity was observed at 350°C. However, maximum butane conversion 
over C 0 3 O 4 was 75% compared to 80% obtained over U 3 0 8 . The maximum butane and 
oxygen conversions over C o 3 0 4 were at 500°C, increasing the temperature to 600°C 
resulted in a decrease of both conversions. These observations suggest that whilst 
increasing the reaction temperature above 600°C would increase the butane conversion 
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over U3O8 it would have an adverse effect on C03O4, which may deactivate at high 
reaction temperatures. 

The U/Si0 2 catalyst previously tested for benzene destruction has also been 
examined for the destruction of butane. At 500°C over U/Si0 2 butane conversion was 
100%, this activity was significantly higher than that shown by U 3 0 8 which was only 
80% conversion at 600°C. The hysteresis in conversion which was characteristic for 
benzene combustion was also evident for butane combustion. Decreasing the 
temperature below 500°C caused the butane conversion to drop below 100%, however 
conversion remained above 70% down to 400°C but was inactive at 350°C. The 
hysteresis effect with butane was less pronounced than that observed with benzene, this 
effect may be related to the local heating in the catalyst bed during the combustion 
process. This heating effect would be greater for benzene as the combustion reaction 
is more exothermic, A H = -3302 kJ mol"1, compared to butane, A H = -2878 kJ mol"1. 

The addition of cobalt to U/Si0 2 considerably suppressed butane conversion 
compared to the undoped material. At 500°C the Co/U/Si0 2 catalyst only showed 66% 
conversion against 100% over U/Si0 2 . The conversion did increase as the temperature 
was raised but it was still only 82% at 600°C. Little change in the CO and C 0 2 

selectivities were observed relative to U/Si0 2 . The Cr/U/Si0 2 catalyst showed 
considerably enhanced activity compared to all the other catalysts tested. This 
enhancement was significant at 400°C as butane conversion over Cr/U/Si0 2 was 93% 
whilst the U/Si0 2 catalyst was inactive. Butane conversion over Cr/U/Si0 2 increased 
steadily above 400°C reaching 100% at 550°C. The CO selectivity produced over 
Cr/U/Si0 2 was greater than the U/Si0 2 system. Doping with iron depressed butane 
conversion in a similar manner to the Co/U/Si0 2 catalyst although the effect was less 
pronounced. The CO and C 0 2 selectivities remained relatively unchanged by the 
addition of iron. The Cu/U/Si0 2 catalyst showed a significant butane conversion of 
95% at 450°C compared to 7% for U/Si0 2 , this level of conversion over Cu/U/Si0 2 

was equivalent to the Cr/U/Si0 2 catalyst (94%), although at the lower temperature of 
400°C conversion over Cu/U/Si0 2 was only 3% compared to 93% over Cr/U/Si0 2 . A 
comparison of butane conversion at 400°C and GHSV = 70,000 h"1 is summarised in 
figure 8. 

The incorporation of the components cobalt, copper, chromium and iron into the 
U/Si0 2 system decreased the temperature for initial butane combustion activity by at 
least 50°C, although ultimately the cobalt and iron doped catalysts were less active. 

As was observed for the destruction of benzene over the copper containing 
system the same enhancement in the C 0 2 selectivity was also evident for butane 
destruction. C 0 2 selectivity over Cu/U/Si0 2 was greater than 97% at all temperatures, 
and was 100% at low conversion and at 550°C. CO oxidation studies using U3O8 and 
the silica supported catalysts showed that oxidation rates over Cu/U/Si0 2 were 
considerably higher than any of the other uranium oxide based catalysts. The most 
active catalyst for CO oxidation was Co 3 0 4 . Therefore the two most active CO 
oxidation catalysts also produced the highest C 0 2 selectivities during VOC destruction, 
suggesting that sequential CO oxidation was an important factor for the increased C 0 2 

production. 
The activity for butane destruction in an empty tube and over S i0 2 was negligible 

and similar conclusions to those for benzene destruction can also be drawn, that is the 
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Figure 8. Butane conversion summary at 400°C and GHSV = 70,000 h' 1. 
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destruction of the substrate was initiated by the catalyst and the uranium oxide phase 
was the active component for butane destruction. 

The destruction of benzene over U3O8 is a more facile process than for butane. 
This indicates that the interaction of benzene with the sites active for combustion on 
the oxide surface are different from those of butane, possible due to the electron rich 
character of the aromatic compound. However, similarities exit between the two 
processes as combustion is dominant with no partial oxidation products formed. 

The addition of Cr and Cu clearly have an important enhancing effect on the 
catalytic activity of the supported catalyst for butane destruction. The same 
enhancement in activity was not observed for benzene destruction. The reasons for this 
enhancement are not clear, but electronic dopant effects modifying the combustion 
sites of U 3 O 8 may play an important role for alkane destruction. Further studies using 
XPS techniques are now required to elucidate more fully the effects of the dopants. 

Conclusions 

U 3 0 8 is an active catalyst for the destruction of benzene and butane, and generally 
showed higher activity than C 0 3 O 4 . The high activity of U3O8 detailed in these studies 
is significant particularly when compared to the combustion activity of C 0 3 O 4 , which is 
known to be highly active for many substrates [16]. In-situ X R D studies of U 3 0 8 under 
typical operating conditions of dry and wet flowing air showed that U 3 0 8 was stable up 
to 600°C. 

A catalytic system based on silica supported uranium oxide has been synthesised 
and tested for the destruction of benzene and butane. Thermal analytical techniques 
showed that supporting uranyl nitrate on silica destabilised the nitrate compared to the 
pure starting material. Calcination of the silica supported catalyst at 800°C produced a 
dispersed U 3 0 8 phase, which showed an increase in crystallite size on use. The 
conversion of benzene over U/Si0 2 matches the performance of U 3 0 8 , showing 100% 
conversion at 400°C. A significant hysteresis in benzene conversion over U/Si0 2 has 
also been observed, decreasing the temperature from 400°C maintained a conversion 
greater than 93% down to 200°C. This effect is explained by considering the local 
heating of the catalyst bed by the highly exothermic combustion reaction. 

Relative to U 3 O 8 , the activity for butane destruction was enhanced considerably 
by supporting the uranium oxide on silica, U 3 0 8 was still the active phase and the 
increased activity was most likely due to the higher surface area of the catalytically 
active component. 

Doping U/Si0 2 with cobalt, chromium and iron suppressed the conversion of 
benzene and did not significantly alter the selectivity towards CO and C 0 2 . Similar 
effects were also observed for butane destruction when the U/Si0 2 system was doped 
with cobalt and iron. This suppression of conversion may be due to the formation of 
distorted U 3 O 8 supported phases, as indicated by X R D characterisation studies, 
although it appears that such a phase produced by copper doping is at least as active as 
the undoped supported U 3 0 8 catalyst. The addition of chromium to U/Si0 2 enhanced 
the butane conversion considerably, which was 93% at 400°C. Doping the U/Si0 2 

catalyst with copper also had a beneficial effect for butane destruction and was the only 
dual component supported catalyst which did not suppress benzene conversion. The 
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major effect associated with copper addition was to increase the selectivity towards 
C 0 2 which was >99% for benzene and >97% for butane destruction. The increase in 
C O 2 selectivity during VOC destruction was due to secondary oxidation of CO. 
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Chapter 6 

Partial Oxidation of Methane on Low-
Surface-Area SiO2—Si-Supported Vanadia 

Catalysts 

Miguel A. Bañares1, Luis J. Alemany1, Francisco Martin-Jiménez2, 
J. Miguel Blasco2, Manuel López Granados1, Miguel A. Peña1, 

and José L. G. Fierro1,3 

1Instituto de Catálisis y Petroleoquimica, Consejo Superior 
de Investigaciones Cientificas, Campus Universitario de Cantoblanco, 

28049 Madrid, Spain 
2Departamento de Ingenieria Quimica, Universidad de Málaga, 

29071 Málaga, Spain 

Partial oxidation of methane (POM) has been carried out on a very low 
surface area and non-porous V2O5/SiO2-Si catalyst at atmospheric pressure. 
The influence of a reactor dead volume before the catalyst bed as well as the 
role of radical initiators (NO) in the gas phase are discussed for the 
performance of the POM reaction. Mixing volume and/or addition of NO 
promote production of C1 oxygenates and C2+ hydrocarbons at 
temperatures below 950 K. The catalyst provides a heterogeneous route for 
the production of C1 oxygenates (methanol and formaldehyde) and C2+ 
hydrocarbons from methane. The extent of the latter reaction increases with 
increasing reaction temperature, C H 4 + O2 mixing volume, and/or NO 
added. When NO addition increases the reactivity of methane and the yield 
of all the products, the reaction equilibrium is shifted to more oxidized 
products. 

During the last decade the catalytic partial oxidation of methane (POM) to formaldehyde 
and methanol attracted a great deal of attention (see, e. g., 1-3). Many kinetic studies 
have been carried out on high surface area silica-supported redox oxides of M0O3 (4-6) 
and V2O5 (7-9), oxometallate precursors (10), and bare silica (11,12) using either 
oxygen or nitrous oxide as the oxidant, although very few of these attempted to correlate 
catalytic activity with catalyst structure and texture. In general, activity and formaldehyde 
yields reported by different research groups appear to be controversial and not 
particularly encouraging. Moreover, several authors have questioned the catalytic nature 
of the P O M reaction (11,13,14). Indeed, it has been stated that the yields for 
formaldehyde obtained using catalysts are lower than those found from the purely gas-
phase reaction (13). In addition, a heterogeneous-homogeneous reaction scheme that 
predicts the formation of formaldehyde on catalyst surface has been proposed (14). The 
production of C\ oxygenates is limited and the degradation to CO dominates, due both to 
3Corresponding author 

0097-6156/96/0638-0078$15.00/0 
© 1996 American Chemical Society 
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6. BANARES ET AL. SiGL—Si-Supported Vanadia Catalysts 79 

catalyst surface reactions (13,15-17) and to homogenous degradation in the hot zone 
downstream from the catalyst bed (6,18). The chemical formulations for a coupling 
catalyst to yield C2+ hydrocarbons and a catalyst for the conversion of methane to 
oxygenates are, in general, quite different. However, we have recently observed a close 
link between methane coupling and conversion to Cj oxygenates on vanadium oxide 
based catalysts (15). From the literature it is evident that most catalysts require a high 
surface area silica support to promote methane activation, but this is detrimental to the 
selectivity of the reaction due to the relative ease with which C i oxygenates and C2+ 
hydrocarbons are oxidized by the high surface area of the silica carrier. The use of a 
catalytic system combining a large dead volume upstream from the catalyst bed with a 
very low surface area, such as that for non-porous silica-silicon supported vanadia 
catalysts, has proved to be active and selective for the production of Cj oxygenates 
(methanol and formaldehyde) and C2+ hydrocarbons, decreasing the amount of non
selective C O x products by ca. 50% compared to high surface area X^OySiC^ catalysts 
(15). A close relationship is observed between C O x and C2+ hydrocarbon production. 
The appearance of C O x (predominantly CO) is largely due to the participation of a deep 
side oxidation reactions of C2+ hydrocarbon precursors in the gas phase and on the silica 
surface. C2+ hydrocarbons appear to be produced on large surface area catalysts but are 
readily oxidized to CO as a consequence of the large surface area. In the present paper, 
the role of NO, a well known chemical radical initiator, and the thermal homogeneous 
activation vs. heterogeneous activation on non-porous V205/Si02-Si catalysts are 
studied and their effects on activity and selectivity are discussed. 

Experimental 

Materials. A non-porous silicon wafer with small amounts of boron (0.04 ppm B) 
was used as a carrier precursor. This carrier was calcined in air at 923 K in order to 
develop a layer of silica. The resulting silica-silicon material was impregnated with a 
vanadyl acetylacetonate solution in methanol, with the concentration selected to obtain a 
vanadium loading of 21 ppm (equivalent to 11% surface coverage as determined by 
XPS). Owing to the non-porous texture of the B-doped silicon material, vanadium 
oxide is deposited on the outer surface of the crystals, and its concentration can only be 
revealed by surface sensitive techniques, such as photoelectron spectroscopy. The 
impregnated V-precursor was then dried at 383 K for 12 h and finally calcined at 823 K 
for 2 h. The catalyst is referred to as 21V, where 21 denotes the vanadium loading 
expressed in ppm. The catalyst was crushed and sieved in the particle size range of 
0.250-0.125 mm. 

Experimental Methods. The catalysts were characterized by a variety of physical 
techniques. Powder X-ray diffraction patterns were recorded with a Philips PW 1010 
vertical diffractometer using nickel filtered CuKoc radiation (X = 0.1538 nm), under 
constant instrumental parameters. For each sample, Bragg angles between 5 and 80° 
were scanned at a rate of 2°/min. Fourier transform IR spectra were recorded with a 
Nicolet 5ZDX spectrophotometer working with a resolution of 4 c m - 1 from self-
supporting wafers of 3% sample in KBr. Raman spectra were obtained using a Bruker 
FT Raman instrument with a 1064 nm exciting source. The samples were placed in a 
stationary sample holder and kept at room temperature and exposed to air. The power 
was fixed in the range of 20-40 mW in order to avoid sample vaporization. 

The morphological study and chemical identification were carried out with a 
scanning electron microscope (SEM) Jeol model JSM-840 coupled to a silicon/lithium 
detector and a Kevex processor for energy dispersive X-ray analysis. Photoelectron 
spectra were acquired with a Fisons E S C A L A B 200R spectrometer equipped with a 
hemispherical electron analyzer and a MgKa X-ray source (h.v = 1253.6 eV) powered 
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at 120 watts. A PDP 11/04 computer from DEC was used for collecting and analyzing 
the spectra. Finely divided samples were pressed into small copper holders and then 
placed in the pretreatment chamber. The samples were outgassed or calcined in the 
pretreatment chamber of the spectrometer at 873 K prior to being moved into the ion-
pumped analysis chamber. The base pressure in the analysis chamber during data 
acquisition was maintained below 2xl0" 9 Torr (1 Torr = 133.33 Pa). The spectra were 
collected for 30 to 100 min, depending on the peak intensities, at a pass energy of 10 eV 
(1 eV = 1.602 x 10"1 9 J), which is typical of high resolution conditions. The intensities 
were estimated by calculating the integral of each peak after smoothing and subtraction 
of the "S-shaped" background and fitting of the experimental peak to a combination of 
Lorentzian and Gaussian curves. A l l binding energies (BE) were referenced to the Si 2p 
peak at 103.4 eV. This reference gave BE values within an accuracy of ± 0.2 eV. 

Activity Measurements. Activity experiments were performed in a flow quartz 
microreactor (9 mm i.d.) working at 1 bar (105 Pa) total pressure. Samples of 200 mg 
and a methane pseudo-residence time of 4 gh/mol (CH 4 flow = 50.0 mmol/h) were used 
in all of the experiments. The reactor was designed so that there was a very low dead 
volume present downstream of the catalyst bed to prevent further decomposition of 
partial oxidation products (1,6,18). A variable mixing volume reactor was used (19) so 
that methane and oxygen could be fed separately. The oxygen feed entrance could be 
regulated in order to control the volume of the mixture of methane and oxygen, thus 
providing a variable mixing volume reactor. The temperature profile inside the reactor 
dead volume is essentially isothermal upstream of the catalyst bed except near the ends 
of the furnace where heat exchange with the environment occurs. Blank reactions for 
dead volume and no dead volume configurations on S i0 2 -S i substrate, inert packing 
SiC and on the empty reactor have been reported (15). No significant differences in 
results could be observed between these and the empty reactor (15). 

The radical initiator NO (SEO-Air Liquide, 900 ppm in nitrogen) was cofed by 
means of mass flow controllers. The NO concentration in the reaction feed was 0.03% 
molar. Reaction feed consisted of C H 4 + 0 2 + (900 ppm NO in N 2 ) = 50.0 + 25.0 + 35 
mmol/h. The concentration of oxygen and methane was the same for experiments in the 
absence of the NO additive. In this case, the reaction feed was: CH4 + 0 2 + He = 50.0 
+ 25.0 + 35.0 mmol/h. The pressure was measured upstream of the catalyst bed and did 
not increase more than 0.15 atm above atmospheric pressure during the catalytic 
experiments (total pressure below ca. 1.1 atm). Under these conditions homogeneous 
conversion of methane to methanol and formaldehyde is negligible (13). 

Safety considerations. The feed consisted mainly of a mixture of C H 4 and 0 2 . This 
mixture is flammable at methane concentrations below 46% C H 4 (53% 0 2 ) and above 
20% C H 4 (80% 0 2 ) . This was taken into consideration when the reaction mixture was 
changed. Once the catalytic experiment was completed, the reaction feed was switched 
to helium. 

Toxic or dangerous reaction products were treated accordingly. CO causes 
haemoglobin disfunction with a threshold limiting value of 500 ppm in air, and is lethal 
at a concentration above 0.2 % vol. The threshold limiting value for methanol is higher 
(200 ppm), but long-term inhalation causes severe headache, vomiting and visual and 
digestive disorders. Finally, formaldehyde is also toxic and a carcinogenic agent 
(threshold limit value of 1 ppm), and inhalation and contact must be avoided. 
Consequently, a cold trap was placed at the exit of the on-line analytical system, 
intended for the removal of formaldehyde and methanol. After the cold trap, a catalytic 
cartridge (Hopcalite) converted the CO in the out-stream to C 0 2 . The resulting purified 
gases were emitted outside of the laboratory. The residue was properly disposed of after 
the experiments. 
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Results 

Structure of the materials. X R D patterns of the V 2 0 5 / S i 0 2 - S i catalyst and the 
S i0 2 -S i substrate show sharp diffraction peaks at theta 28.51 (I = 100), 47.34 (I = 52), 
and 56.2 (I = 23), characteristic of the silicon space group FD3m crystallized in a cubic 
system (JCPDS file # 27-1402). No other diffraction peaks than those arising from the 
silicon substrate could be observed on the V 2 05/S i0 2 -S i catalyst. Therefore, the silica 
layer that developed on top of the silicon crystal is either amorphous or not large enough 
to produce a diffraction pattern. The absence of any diffraction pattern of vanadium 
oxide excludes the formation of large V2C>5 crystals. S E M micrographs display the 
existence of Si (111) developed from Si (100) as a consequence of high temperature 
treatments. E D X analysis revealed the presence of vanadium on the catalyst but no 
crystalline vanadia is observed. At very low surface loadings on silica, highly dispersed 
surface vanadium oxide species are observed (20,21). 

An infrared spectrum from framework vibration modes of reference silica 
(Degussa Aerosil 200) shows bands at 1085, 795, and 460 cm" 1 , which are 
characteristic of Si-O-Si modes (22,23). The band at 1085 cm - 1 is the most intense, and 
that at ca. 460 cm - 1 is broad and weak. Similar bands are observed on the silica-silicon 
substrate but they are shifted to lower energies (1060, 770, and 469 cnr 1 ) . The 
V2C>5/Si02-Si catalyst presents an intermediate situation (1080,785, 460 cnr 1). The IR 
bands are least sharp on the S i0 2 -S i substrate, sharper on the V 2 0 5 / S i 0 2 - S i catalyst, 
and sharpest on the reference silica. The precise frequencies of Si-O-Si modes on silica-
silicon materials are a function of the thickness of the silica film (22). A linear function 
between this shift and silica film thickness (22) was used in the present work to estimate 
a thickness for the silica layer of 500 nm. Bands of the V 2 05 /S i0 2 -S i catalyst are better 
defined, as expected from the second calcination of the silica-silicon substrate after 
impregnation with the vanadium oxide precursor. We have also observed that the silica 
layer is further developed during methane oxidation experiments (19). 

Further information on the silica layer can be obtained using the surface sensitive 
photoelectron spectroscopy technique where the Si2p core level displays a single 
component at 103.4 eV, typical of S i 0 2 , and no features were recorded at 99.3 eV 
where metallic silicon is expected to appear. Thus, XPS measurements indicate that the 
silicon substrate must be covered by a layer of silica thicker than 2 nm, which is in 
agreement with the infrared estimate. It is important to emphasize in this respect that the 
catalyst still has a metallic appearance, indicating that the particles consist of a silicon 
core covered by a silica layer several nm thick. 

The V 2p core level spectra of the catalysts show the characteristic spin-orbit 
splitting in the 520-516 eV binding energy (BE) range. Their profile is complex above 
ca. 519 eV as a consequence of overlapping of the less intense V 2pj/ 2 peak and the O 
Is satellite arising from the non-monochromatized M g K o ^ radiation used as the 
exciting source (Figure 1). The BE of a V 2p3^ core level spectra of a fresh and a used 
V 2 0 5 / S i 0 2 - S i catalyst is at 517.2 eV, which indicates that V(y) is the dominant species 
(24). The high V/Si atomic ratio determined by XPS should also be noted , despite the 
low bulk loading of vanadium oxide (21 ppm V2C>5) (Table I). Due to the high surface 
sensitivity of the XPS technique, the observation of a rather intense vanadium XPS 
signal clearly suggests that vanadium oxide species remain preferentially on the surface. 
The very low surface area of the silica-silicon substrate also accounts for the rather high 
V/Si atomic ratio determined by XPS. The further development of the silica layer during 
reaction, as evidenced by infrared spectroscopy, may be responsible for the significant 
decrease in the V/S i atomic ratio after catalytic experiments. Vanadium oxide 
evaporation during reaction, due to the high temperatures used or diffusion into the 
silica layer, might also occur. It is also worth noting that the surface area is expected to 
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Figure 2. FT-Raman spectra of V20s/Si02-Si catalyst under ambient conditions, 
(a), Si02-Si; (b), V 2 0 5 / S i 0 2 - S i catalyst fresh; and (c), V 2 0 5 / S i 0 2 - S i used in a 
reaction. 
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increase during silica layer development, with the subsequent increase in the number of 
silicon sites "visible" by XPS, thus decreasing the V/Si XPS atomic ratio. 

Table I. Photoelectron spectroscopic characterization of the materials 
Catalyst Condition B E V 2 p 3 / 2 ( e V ) 

V 205/Si02-Si Fresh 0.119 517.3 
V 2 05/Si0 2 -Si Used 0.022 517.2 

Raman spectra of V 2 0 5 / S i 0 2 - S i and silica-silicon substrate are presented in 
Figure 2. The sharp band at 520 cm - 1 corresponds to the first order Raman band of 
silicon, and those at ca. 430, and 300 cnr 1 are characteristic of second order Raman 
modes (25, 26). The Raman bands at ca. 970-960, 800, and 430 cm"1 can be assigned 
to the silica layer (20). The incorporation of vanadium leads to very weak Raman 
features at ca. 677, 418, and 321 cm - 1 , which are characteristic of hydrated, surface-
dispersed vanadium oxide species on silica (20). These also show a Raman band at ca. 
990 cm - 1 , which cannot be observed due to interferences with the Raman bands of the 
silicon substrate. After catalytic experiments, no differences are observed in the Raman 
bands. The change observed in baseline curvature is probably associated with further 
development of the silica layer. 

Catalytic performance. To effectively assess the role of gas-phase reaction 
initiation, experiments were performed with different mixing volumes and temperatures. 
Since methane does not react in the absence of oxygen at temperatures used in our 
experimental conditions (27), regulation of the C H 4 + 0 2 mixing volume is a good 
means of controlling the extent of gas-phase activation of methane. Consequently, 
methane and oxygen were fed into the reactor through two independent concentric 
quartz tubes so that the position of the inner quartz tube determines the extent of 
homogeneous methane activation. NO was also used as an additive in the reaction feed 
to generate radicals in order to better evaluate their role in methane activation. Since the 
effect of variable C H 4 + 0 2 mixing volume was already determined (19), we only use 
two extreme configurations for this study: no-mixing volume and maximum mixing 
volume (0 and 9 mL, respectively). Additional generation of radicals by NO was carried 
out on both reactor configurations. During catalytic experiments formaldehyde and 
methanol (Cx oxygenates), CO and C 0 2 (CO x products), and C 2 H n , C 3 H n , and trace 
amounts of C 4 H n ( C 2 + hydrocarbons), along with water were the only products 
observed. The effect of these variables on methane conversion and yield of the three 
groups of products: Ci-oxygenates, C 2+ hydrocarbons, and non-selective oxidation 
products C O x is presented in Figure 3. 

As expected, any increase of catalyst temperature increases methane conversion. 
In agreement with previous studies (15,19) an increase of the C H 4 + 0 2 mixing volume 
increases methane conversion. The use of NO also increases methane conversion and 
the combined use of NO and the C H 4 + 0 2 mixing volume results in the largest increase 
in methane conversion. However, oxygen limiting conversion conditions prevent a 
further increase in methane conversion above ca. 900 K for this reaction configuration. 
The conversion of methane rendered by the combination of NO additive and C H 4 + 0 2 

mixing volume is larger than the simple sum of methane conversions recorded for NO 
promoted and C H 4 + 0 2 mixing volume promoted reactions, over the reaction 
temperature range (Table II). This must be indicative of a synergetic effect originating 
from the radical character of methane activation and subsequent chain reactions. The 

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
O

ct
ob

er
 1

0,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
3,

 1
99

6 
| d

oi
: 1

0.
10

21
/b

k-
19

96
-0

63
8.

ch
00

6

In Heterogeneous Hydrocarbon Oxidation; Warren, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



84 HETEROGENEOUS HYDROCARBON OXIDATION 

750 850 950 1050 750 850 950 1050 

750 850 950 1050 750 850 950 1050 

Reaction Temp./ K Reaction Temp./ K 

Figure 3. Methane conversion and yield to different groups of product on 
V205/Si02-Si catalyst. (•), reaction with NO; (0), reaction mixture diluted in 
helium. Open symbols stand for configuration with mixing volume and solid 
symbols for the configuration with no mixing volume. Reaction conditions: 
Methane residence time: 4 g.h/Mol; CH4/02=2 molar; mixing volume = 9 mL. 
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same trend is observed for Cpoxygenate products. Maximum yield of Ci oxygenates is 
shifted to lower temperatures in the presence of both the C H 4 + 0 2 mixing volume and 
the NO additive. At medium reaction temperatures (ca. 900 K), production of C 2 + 

hydrocarbon is equivalent for the NO promoted reaction and for the mixing volume 
promoted reaction. Combined radical generation, by NO initiator and CH4 -1- 0 2 mixing 
volume, increases production of C 2+ hydrocarbons by ca. an order of magnitude. 
However, as reaction temperatures increase, production of C 2 + hydrocarbon products in 
the presence of NO, for any C H 4 + 0 2 mixing volume configuration, increases at a 
lower rate. The origin of the higher activity for NO promoted reactions can easily be 
understood from the yields of non-selective oxidation products, which dramatically 
increase at high reaction temperatures. As stated above, the conversion of methane is 
promoted by either C H 4 + 0 2 mixing volume and/or NO additives, but the generation 
of radicals by homogenous reaction of C H 4 + 0 2 yields smaller quantities of non
selective C O x oxidation products. It is interesting to note, however, that NO additives 
promote and increase C i oxygenates production by a factor of ca. 3 (NO additive only) 
and a factor of ca. 6 (combined NO additive and C H 4 + 0 2 mixing volume). The fact 
that the yield of Ci oxygenates reaches a maximum in the presence of NO suggests that 
the degradation of C^-oxygenates is also promoted by the NO additive, particularly at 
higher reaction temperatures. 

Table II. Methane conversion for different conditions 

Reaction 
Temp. 

(K) 

% CH4 Molar Conversion Added CH4

a 

Conversion 

(NO) + (MV*>) 

Reaction 
Temp. 

(K) NO MV& (NOandMVb) 

Added CH4

a 

Conversion 

(NO) + (MV*>) 
803 0.0 0.0 2.4 0.0 
823 0.8 0.3 7.9 1.1 
863 5.6 1.5 33.9 7.1 
903 18.9 6.2 40.4 25.0 
923 21.9 7.1 44.0 29.1 
963 24.2 18.2 44.1 42.4 
aAddition of methane molar conversion values from 2nd and 3rd column. 
b M V : C H 4 + 0 2 mixing volume 

To further understand the effect of the NO additive on methane conversion, 
selectivity vs. conversion plots are presented in Figure 4 for all of the experimental 
conditions. For the sake of clarity selectivities to C3 and C4 hydrocarbons have been 
eliminated due to their very low values as a consequence of dilution. Reaction in the 
absence of all promoters (Figure 4A) does not result in a high conversion of methane 
(Figure 3). The high temperatures required to convert methane result in the elevated 
production of non-selective CO. Further oxidation to C 0 2 can be observed at higher 
methane conversion (higher reaction temperature). Ethylene selectivity is always lower 
than that of ethane, which is oxidized to CO. A very small amount of methanol (ca. 1% 
molar selectivity) is produced. When CH4 + 0 2 mixing volume (9 mL) is present 
(Figure 4B) production of ethane is significantly higher and, as methane conversion 
increases, its oxidative dehydrogenation to ethylene becomes dominant. The selectivity 
to methanol at low reaction temperature is also higher than in the absence of mixing 
volume. The selectivity to the complete oxidation product C 0 2 is always low, and CO 
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10 2 0 3 0 

% CH4 Conversion 

4 0 10 2 0 3 0 

% CH4 Conversion 
4 0 

Figure 4. Selectivity vs. methane conversion with the following reaction 
configurations: (A), He, (B), He-Vol, (C), NO, and (D), NO-Vol . Reaction 
conditions as in Figure 3. (•), CO; (•), C 0 2 ; (•), C 2 H 4 ; (0), C 2 H 6 ; (A), HCHO; 
(A), C H 3 O H . 
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selectivity flattens off, with no further degradation of CO being observed at increasing 
reaction temperature. When the reaction is promoted by NO additive only (Figure 4C) 
methane conversion increases but selectivity is essentially dominated by the non
selective CO product. C 2 + hydrocarbon selectivity is largely decreased compared to the 
reaction promoted by C H 4 + 0 2 mixing volume. At low methane conversion 
formaldehyde is the main oxidation product and methanol production is also significant. 
The selectivity to C 0 2 increases to values near 50% molar selectivity, as methane 
conversion increases. Finally, when methane conversion is promoted by both NO and 
C H 4 + 0 2 mixing volume (Figure 4D), the selectivity to Cj oxygenates, formaldehyde 
and methanol, is dominant at low methane conversion. Selectivity to C 2 H n is moderate 
at any methane conversion for this configuration and CO is the main product at medium 
and high conversion of methane. Methanol and formaldehyde are promoted in the 
presence of NO at low conversion. The non-selective oxidation product CO is dominant 
at the expense of C 2 + hydrocarbons at methane conversions higher than ca. 5 % 
compared to promotion by the C H 4 + 0 2 mixing volume. 

Figure 5 illustrates the relative conversion of oxygen vs. that of methane as a 
function of reaction temperature. Only ratios calculated at methane molar conversions 
above 1 % are presented. In the absence of any promotion of the reactivity, the 0 2 / C H 4 

conversion ratio is ca. 2. When reaction is promoted by gas-phase activation of methane 
by oxygen, the O^CIfy conversion ratio decreases to ca. 1.3 and does not increase at 
higher reaction temperatures. On the contrary, promotion of the reactivity by the NO 
additive increases the 0 2 / C H 4 conversion ratio to almost 3. Combined promotion of 
methane activation by the NO additive and the C H 4 + 0 2 mixing volume results in an 
intermediate situation (ca. 2). If the activity originates from the catalyst alone or by 
promotion with NO additive, higher oxygen consumption is observed, corresponding to 
a decrease in selectivity and a higher production of C^-oxygenates at low methane 
conversion (Figure 4). However, as reaction temperature increases, non-selective C O x 

products are dominant (Figures 3 and 4). The participation of the C H 4 + 0 2 mixing 
volume gas-phase activation of methane decreases oxygen consumption to ca. half of 
that observed for the presence of the NO additive alone. Combined activation yields an 
intermediate situation, reflected in a selectivities to oxidative coupling products. 

Discussion 

The catalyst used in the present work has a silicon core, which is completely covered by 
a thin layer of silicon dioxide developed by calcination treatments. This silica layer is of 
an amorphous nature as no diffraction patterns of silica crystalline phases were 
observed. Vanadium oxide deposited on top of this silica layer must be present as 
essentially dispersed surface vanadium oxide species since the diffraction pattern and 
Raman features of crystalline vanadia were absent. The V/Si XPS atomic ratios 
recorded are equivalent to those observed for silica-supported vanadium oxide catalysts 
with vanadium oxide loadings below the monolayer coverage (28). Although the 
vanadium oxide loading is in the range of ppm, significantly lower than that of 
traditional high surface area silica-supported vanadium oxide catalysts (5,28,29), the 
surface area is also lower (ca. 1 m 2/g vs. typically 100-200 m2/g). Surface vanadium 
oxide loading is essentially identical to that of high surface area silica based catalysts. 
Consequently, vanadium sites on the silica-silicon substrate equivalent to those on silica 
supports are expected to be formed. Although the surface of V 2 0 y S i 0 2 - S i is essentially 
identical to classical silica-supported vanadium oxide catalysts, surface area 
differentiates both types of catalysts. Traditionally, catalytic reactions are promoted by 
high surface area supports, which increase the exposure of the active sites and promote 
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4 

o 

0 L i . I 
800 875 950 1025 

Reaction Temperature/ K 

Figure 5. Molar conversion of 0 2 vs. that of CH4 plotted against reaction 
temperature. Reaction conditions as in Figure 3. (•)» reaction with NO; (0), 
reaction mixture diluted in helium. Open symbols stand for configuration with 
mixing volume and solid symbols for the configuration with no mixing volume. 
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activation of the reactants. The same method has also been used in methane conversion. 
However, it is now evident that the catalyst not only promotes methane activation, but 
also the degradation of reaction intermediates (13,15-19,30,35,36). The use of different 
supported oxides has shown that better selectivites are achieved on less reactive systems 
(31). It does appear that the most important handicap for selectivity for methane 
conversion is the surface area itself (15,19,32,35,36), which seems to imply that there 
is no possibility to improving this reaction. However, the heterogeneous-homogeneous 
nature of the methane activation (15,19,30,35-37) permits us to avoid the problem of 
surface area. Radicals should be generated by means other than surface area and this 
additional generation of radicals proves to be a very interesting option (16,30,33,35). It 
can be done in a heterogeneous way by a double-bed catalyst design (33) or by gas-
phase production of radicals by addition of a radical initiator, like NO (16), Since 
methane is converted to radicals by its reaction with oxygen in the gas phase, a simpler 
and inexpensive method to activate methane is to provide void volume before catalyst 
bed (dead-volume reactor configuration), so that a radical rich reaction mixture reaches 
the catalyst. We have already shown that gas-phase activation of methane by means of a 
C H 4 + 0 2 mixing volume upstream the bed of the very low surface area V 2 05 /S i0 2 -S i 
catalysts converts methane to a similar extent as on high surface area silica-supported 
vanadium oxide catalysts (15, 19). However, a key difference has been observed: the 
decrease in surface area from ca. 200 m2/g to ca. 1 m 2/g not only decreases the yield of 
CO to ca. one half, but also increases the yield of C 2 + hydrocarbons in a complementary 
way, and doubles C i oxygenate production, as we have previously reported (15). 
Results were identical using an empty reactor and a reactor S i 0 2 / S i support and 
correspond to gas phase reactions (15). Methane conversion at 863 K increases from 
2.0% using a reactor with 9 mL void volume before the bed of the S i0 2 -S i substrate to 
21.6% in the same reactor with 9 mL of void volume before the bed of the V 2 0 5 / S i 0 2 -
Si (15), showing the relevance of vanadium oxide on the S i 0 2 - S i substrate for the 
conversion of methane. Supported vanadium may provide local activation of oxygen 
thus increasing its reactivity and its ability to homolytically split peroxy radicals 
providing a route to methyl radicals (15,19). The most remarkable feature of the 
V 2 0 5 / S i 0 2 - S i catalyst in a reactor with void volume before its bed was the very high 
yield of C 2 + hydrocarbons and the presence of methanol. The absence of significant 
amounts of C 2 + hydrocarbons in high surface area catalysts seems to be due to their 
further oxidation to CO on the high surface area catalysts (15,36). A decrease in the 
oxidizing capacity of supported oxides on high surface area silica-supported oxides has 
proved to have a slight beneficial effect on C 2 H n products vs. CO (31). This beneficial 
effect suggests that non-oxygenated intermediates are formed on the silica-supported 
catalysts during methane conversion. Clearly, a very important factor determining 
selectivity for methane conversion to C i oxygenates is the surface area of the support 
(15,19,32,35,36). Surface area promotes the degradation of reaction intermediates by 
further oxidation resulting from collisions with the catalyst surface. 

The effect of additional activation by adding NO provides further insight into the 
reaction mechanism. Figure 3 clearly shows the increase of methane conversion by 
generation of radicals. However, different methods of generating radicals do not result 
in the same catalytic performance. Promotion by gas-phase activation of methane by 
oxygen requires higher temperatures than is required by the presence of NO. A similar 
level of methane conversion is recorded at ca. 60 K higher in the absence of NO. Gas-
phase activation of methane by CH4 + 0 2 mixing volume requires high reaction 
temperatures and enough mixing volume to be effective on V 2 05/S i0 2 -S i catalysts (19). 
The incorporation of NO into the reaction feed with mixing volume provides an 
additional source of radicals that, as observed, increases methane conversion to a large 
extent. Due to the radical character of the reaction and chain reaction propagation, the 
combined production of radicals by gas-phase CH4 + 0 2 mixing volume and added NO 
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is larger than the addition of each individual initiator (Table H). Undoubtedly, additional 
generation of radicals increases methane conversion, but the effect on the different 
groups of products (Cj oxygenates, C 2 + hydrocarbons, and non-selective C O x ) 
requires some additional comment. 

C\ oxygenates are promoted to a larger extent by NO than by C H 4 + 0 2 mixing 
volume. In addition, the combined generation of radicals by NO and CH4 + 0 2 mixing 
volume yields larger amounts of C\ oxygenates. However, the maximum amount is 
reached at temperatures lower than those for the reaction promoted by NO. The loss of 
C i oxygenates as reaction temperature increases must be due to further oxidation 
promoted by the radical rich reaction medium present. Profiles for C 2 + hydrocarbons 
show different patterns, depending on whether NO is present or not. If the reaction is 
promoted by both NO and CH4 + 0 2 mixing volume there is a significant increase in the 
C 2 + hydrocarbons yield. As reaction temperature increases the yield of C 2 + 

hydrocarbons tends to increase at a more moderate rate in the presence of NO. In the 
absence of the CH4 + 0 2 mixing volume, the NO additive yields the same C 2 + 

hydrocarbon product profile as the reaction promoted by combined NO and CH4 + 0 2 

mixing volume, but values are significantly lower. In both cases, oxygen limiting 
conversion occurs at high temperatures to complicate catalytic analysis. More activation 
occurs from the CH4 + 0 2 mixing volume than from added NO, but more 
oxygenates are observed from added NO. In addition, as reaction temperature increases, 
the yield of C 2 + hydrocarbons increases at a higher rate in the absence of NO. The yield 
of non-selective C O x oxidation products is maximum for the reaction initiated by both 
NO and the C H 4 + 0 2 mixing volume. The presence of a C H 4 + 0 2 mixing volume 
shows a moderate increase for C O x products (2.6% molar yield to C O x at 923 K), 
which is more important for the NO promoted reaction (18.1 % C O x molar yield at 923 
K). In the presence of both NO and a CH4 + 0 2 mixing volume the molar yield goes up 
to 36.0 % C O x at the same temperature. 

There is a very important difference between promotion of the reaction by NO and 
a C H 4 + 0 2 mixing volume. The increase of reactivity induced by NO is associated with 
a shift of the selectivity trends to oxygen containing products. The production of C 2 + 

hydrocarbons requires an increase of CH4 + 0 2 mixing volume. The increased reactivity 
by CH4 + 0 2 mixing volume is largely associated with an increase of partial oxidation 
products. CO is not the main oxidation product for the CH4 + 0 2 mixing volume 
promoted reaction at medium reaction temperatures, but becomes important, although 
not the principal oxidation product, at very high reaction temperatures. Selectivity plots 
clearly highlight the remarkable increase of CO in the presence of NO (Figure 4) while 
the added mixing volume produces a general increase in all of the products, especially 
the selective C 2 + hydrocarbon products. 

There is an intermediate product distribution when NO and mixing volume are 
both present. Oxygen insertion is promoted by NO but C 2 + hydrocarbons also increase. 
As a whole, the system is less selective, but yields of the C^ oxygenates and C 2 + 

hydrocarbons partial oxidation products also increase. The shift to further oxidation 
promoted by NO is also reflected by the distribution of C 2 H n hydrocarbons where a 
larger fraction of ethane is dehydrogenated to ethylene. For instance, at 923 K the 
reaction promoted by a C H 4 + 0 2 mixing volume yields 1.11% C 2 H 4 , 2.73% C 2 H 6 , 
and 0.24% C 3 H n , whereas yields increase to 3.28% for C 2 H 4 , 2.94% for C 2 H 6 , and 
0.48 % for C 3 H n when NO is present. Consequently, NO not only promotes C 2 + 

hydrocarbons at intermediate reaction temperatures, but also increases oxidative 
dehydrogenation of ethane to ethylene to such an extent that ethylene becomes the main 
coupling product. Promotion of oxygen insertion by NO is also indicated by the 
increased presence of methanol, equivalent to that of formaldehyde. Unfortunately, as 
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the reaction temperature increases, CO production becomes dominant in the presence of 
NO. 

In agreement to previous results with variable mixing volumes and different 
surface areas, a general reaction scheme has been proposed (Figure 6). Methane can be 
activated via gas-phase or heterogenous means, which produces methyl radicals. Methyl 
radicals are in equilibrium with methyl peroxy radicals (18,35) and this equilibrium is 
shifted to CH302* below 950 K at atmospheric pressure (18). The presence of NO shifts 
selectivity trends towards oxygen insertion. Little activity is recorded in the absence of 
vanadium sites. The presence of vanadium on a Si02-Si substrate yields a remarkable 
increase in the production of C i oxygenates and C2+ hydrocarbons (15). Most likely, 
interaction of CI^O* with vanadium sites yields methyl radicals, which may desorb and 
then couple in the gas phase. This step will compete with further oxidation of the 
radicals on the surface. As surface area increases, further oxidation to C O x becomes 
dominant at the expense of C2+ hydrocarbons and C i oxygenates. The reaction scheme 
for C i oxygenates is oversimplified since methanol and formaldehyde originate from 
different steps. As a whole, gas-phase activation of methane is desirable vs. 
heterogeneous. The use of a catalytic system combining gas-phase activation with a 
very low surface area catalyst lowers heterogeneous activation for methane, but at the 
same time, further oxidation of the reaction intermediates is minimized. Results reported 
here demonstrate that the presence of NO certainly increases gas-phase activation of 
methane, but also shifts the equilibrium to non-selective oxidation products thus 
decreasing the selectivity of the system. The larger conversion of oxygen for a given 
conversion of methane attained in the presence of NO seriously limits the yields of 
partial oxidation products at high conversion levels of methane. 

Conclusions 

Partial oxidation of methane on a very low surface area V205/Si0 2 -Si catalyst at 780-
950 K can be promoted by increasing gas-phase reactions, which demonstrates the gas-
phase-heterogeneous nature of catalytic methane oxidation. Radicals are formed and can 
either be oxidized to C i oxygenates or coupled to C2+ hydrocarbons. The yield of C i 
oxygenates consists of formaldehyde and methanol in similar amounts. Although 
literature studies do not report production of methanol at atmospheric pressure, the 
observation of methanol in the present study must be due to the very low surface area of 
the catalyst employed. The reactivity increases with increasing reaction temperature, 
CH4 + 62 mixing volume, and/or a NO additive, i . e. with the generation of more 
radicals. On the whole, activation by NO promotes reactivity at much lower 
temperatures, but it also promotes the formation of deep-oxidation products, thus 
decreasing overall selectivity. This limits the maximum methane conversion due to 
oxygen limiting conversion. In any case, the combined promotion by added NO and 
mixing volume generates a remarkable increase in C2+ hydrocarbons at intermediate 
reaction temperatures, and a larger fraction of ethane produced is oxidized to ethylene 
due to the oxidative character of NO. With respect to the yields, production of ethylene 
is significantly increased. 
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Homo (02, NO) 

Het. (0 2 surf.) 
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Figure 6. Reaction scheme for methane conversion. Solid line stands for gas-
phase processes, dashed lines for heterogeneous ones and dotted lines for surface 
and/or NO promoted processes. 
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Chapter 7 

Transient Study of the Function of Oxygen 
in Methane Coupling over the Conductive 

Ceramics Li0.9Ni0.5Co0.5O2-x 

D. Qin, A. Ovenston, A. Villar, and J. R. Walls 

Department of Chemical Engineering, University of Bradford, 
West Yorkshire, BD7 1DP, United Kingdom 

Partial oxidation of CH4 to C2H4 and C2H6 (CH4 coupling) over a non-
stoichiometric catalyst Li0.9Ni0.5Co0.5O2-x , in which Li+ cations and 
lattice oxygen anions are mobile under certain conditions, was 
investigated. The reaction spectrum was recorded dynamically and 
illustrated a considerable quantity of C2H4 and C2H6 formation above 
700°C. Activation energies up to 800°C were estimated based on the 
Arrhenius empirical model. The results of both TPRS (temperature 
programmed reaction spectrum) and TPSR (temperature programmed 
surface reaction) indicate that active surface oxygen leads to the 
production of C2H4 and C2H6, while CO2 is produced from both 
gaseous and surface oxygen. The spectra also suggest that at least two 
types of lattice oxygen are responsible for the formation of C2s. TPR 
(temperature programmed reduction) showed two H2 consumption 
peaks. However, TPO (temperature programmed oxidation) of 
pre-reduced samples showed five oxidative peaks, none of them 
representing metallic Ni or Co. The active site is proposed to contain 
lattice oxygen. 

Since the pioneering work by Keller and Bhasin (7), the oxidative coupling of methane 
(OCM) to ethane, ethylene and higher hydrocarbons has attracted the attention of 
many scientists from academia and industries, as shown in a number of review papers 
(2-4). The kinetics and mechanism of O C M on a wide variety of catalysts have been 
the subject of many publications in recent years (5-8). It is generally agreed that C 2 H 6 

formation occurs via dehydrogenation of the C H 4 molecule on the catalytic active site, 
followed by gas phase coupling of the resulting methyl radicals. The types of active 
sites involved in the reaction vary with the catalysts and determine the reaction 
pathway for the formation of the undesired deep oxidation products CO and C 0 2 (9-
11). Furthermore, since the C H 4 molecule can be activated via adsorbed oxygen, lattice 

0097-6156/96/0638-0095$15.00/0 
© 1996 American Chemical Society 
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96 HETEROGENEOUS HYDROCARBON OXIDATION 

oxygen, or gas-phase oxygen, different catalytic models are expected to be applicable 
to different catalytic systems. 

Li/MgO catalysts have been extensively investigated and the work of Lunsford 
and co-workers has been particularly influential with regard to identification of 
catalytically active surface/lattice oxygen species and the overall reaction mechanism 
(5,9,12-13). Another useful class of materials includes transition metal oxides in which 
the metal ions exhibit variable valence and its doped-ions are reversibly removable 
under certain conditions. Li x Nii_ y Co y 0 2 _5, studied originally for use as an anode in 
solid state lithium batteries, is one such material; its L i ions can move with relative ease 
under an applied DC voltage (14). It is possible that the catalytic chemistry in such 
systems is significantly different from that of non-transition metal oxide catalysts (75-
18). 

Previous work in our laboratory has focused on the thermal stability, 
crystallographic structure and AC conductivity of Li x Ni 1 _ y Co y 0 2 _5 as a function of 
stoichiometry (19). Li x Ni 1 _ y Co y 0 2 _5 has the same crystallographic structural 
framework as that of L i C o 0 2 , which can be described as a close-face-centred-cubic 
packing of oxygen ions, where the octahedral sites are alternately occupied by L i + and 
Co 3 4 " , making up alternate (111) layers of L i -0 and Co-O. The substitution of Ni for 
Co does not change the structural framework of L i C o 0 2 . This fact suggests that Ni 
will occupy the same octahedral sites as Co. The substitution of Ni for Co also 
increases the thermal stability of the structural framework of L i C o 0 2 . Some of the L i 
in the structure may be easily removed or exchanged with other ions and hence result in 
non-stoichiometric proportions of the alkali component. The L i content will affect the 
volume of the lattice cell and the conductance but not the structural framework. In this 
report the compound previously found to be the most stable and possess optimum 
conductivity, L i 0 9Nio 5Coo 502_5, is considered (19). 

L i is well known as a promoter for O C M and for its ability to create active sites 
(9-13, 20). N i and Co are active catalysts for hydrocarbon activation. Therefore, 
L i 0 9Ni() 5C00 502_5 was expected to be a catalyst for OCM. Others have previously 
shown that L i N i 0 2 is an active catalyst for OCM, but with a poor yield (16-18, 21). 
The non-stoichiometric material L i 0 9 N i 0 5C00 s02_5 was expected to have better 
performance as a catalyst for OCM. The kinetics of reaction and the AC conductivity 
changes during reaction will be presented elsewhere. Transient techniques in catalytic 
research are often used to gain insight into the reaction mechanism and kinetics of 
complex reactions (22-25). Frequently used methods include temperature programmed 
reaction spectra (TPRS), temperature programmed reduction/oxidation (TPR/TPO), 
temperature programmed desorption (TPD) and temperature programmed surface 
reaction (TPSR). O C M over Li x Ni 1 _ y Co y 0 2 _5 w a s investigated using transient 
techniques, and the roles of surface and gaseous oxygen are discussed in this paper. 

Experimental 

L i 0 9 N i 0 5 C o 0 502_s was prepared by mixing Li 2 C03, NiO and C03O4 in stoichiometric 
proportions, firing for two hours at 773 K and fusing for 48 hours under 0 2 at 1273 K 
(19). X-ray diffraction (XRD) measurements were carried out using a Siemens 
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7. QIN ET AL. Oxygen in CH4 Coupling over Conductive Ceramics 97 

Diffractometer 5000 with Cu-Ka radiation at room temperature. The surface area was 
measured by Micromeritics ASAP 2000 equipment using N 2 as adsorbate. The results 
are summarised in Table I 

Table I Properties of L i 0 9 N i 0 5C00 502_5 

Surface area 3.8 m 2/g 

X R D crystallographic data 

hkl 003 101 102 006 104 105 009 
d 4.65^ 2.393 2.335 2.297 1.999 1.839 1.548 

Experiments were carried out in a quartz micro-reactor within a Carbolite 
CST-12/50 furnace controlled by a Eurotherm programmed temperature controller. 
The flow rates of the gases were controlled by Brooks digital mass flow meters. The 
total space velocity was l x l O 5 h ' 1 and 250 mg of catalyst were used for each 
experiment except where indicated. C H 4 and 0 2 , with Ar as inert gas, were mixed at a 
pre-set ratio (between 1 and 4) before being introduced to the micro-reactor. Any 
steam in the effluent was condensed in a cold-trap, part of the remaining effluent was 
directed to a VG-SXP 800 quadrupole mass spectrometer (QMS) on the multi-channel 
ion-monitoring mode for on-line monitoring and any remaining gaseous species were 
burnt off. Ar, 0 2 , C H 4 , C 0 2 , H 2 , CO, C 2 H 4 and C 2 H 6 were monitored, using the 
mass numbers 40, 32, 15, 44, 2, 28, 27 and 30 respectively. Mass number 28 arises 
from an overlap of signals from CO, C 2 H 4 , C 2 H 6 and a trace of C 0 2 and mass number 
27 represents a mixture of both C 2 H 4 and C 2 H 6 , the relative partial pressures of C 2 H 4 

and CO were determined by subtracting the total intensity from the contributions of 
other species, respectively. There was no evidence for the production of C 2s. A 
software package was used to analyse the data using the procedure described by Bao et 
al (26). The relative intensities of the fragments of the components for each species 
were taken into account and the sensitivity for each gas was estimated by using a 
calibration gas mixture containing Ar, C 0 2 , CO, C H 4 , C 2 H 4 , and C 2 H 6 . Hence 
concentrations for each species could be estimated and conversions and selectivities 
determined. The following formulae were used: 

(2P£* + P£ +PZ*) 
CH.conversion^/*) = —^—, c°2 , , * 100% and 

pc%+(2Pc:;+pc%+pcy) 

2 p°ut 

C1s..selectivity(%) = - ^ - * 1 0 0 % 

Since the measurement of ion currents were made under real reaction 
conditions, the background of each of the components was higher than that expected in 
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02 ' " ^ H f > « 

•a E 

"12 

CO+ / "S ft 1A 

V T A . ' 

. a 

° 2 

CH4 

H2 Z./"" 

.„G23.„ 

,̂;;,X ,̂cat 
\ n C02 

M 
j . V ^ . - . C 2 H 6 

^^v^w H2 
>ha C2s 

Li-Ni-Co-0 power off 

600 700 800 

Temperature (°C) 

Figure 1. Temperature programmed reaction spectrum (TPRS) for the reaction 
of C H 4 - 0 2 over Li-Ni-Co-0 catalyst. A r : 0 2 : C H 4 = 1:1:1 at a space velocity of 
105 h"1. Temperature ramp of 30 °C/min. 
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a high vacuum chamber. In the absence of a catalyst, there was no reaction between 
C H 4 and 0 2 until combustion occurred at about 800 °C. Care was taken to avoid the 
danger of combustion which could occur between C H 4 and 0 2 within specific limits 
depending on the C H 4 / 0 2 ratio chosen. 

On-line computer controlled Shimadzu DTA-50 equipment was used for 
differential thermal analysis (DTA). Experiments were conducted on powdered samples 
(10 mg) using a platinum crucible with a-Al 2 03 as a reference. A temperature range of 
20 °C-900 °C with a rate of increase of 20 °C/min. was employed. 

Results 

TPRS and Activation Energies for the Reaction of CH4 and O2. For a C H 4 / 0 2 

ratio 1:1, the temperature programmed reaction spectrum (TPRS) of C H 4 and 0 2 over 
Li-Ni-Co-0 shows some production of C 2 H 4 and C 2 H 6 between 700-800°C (Figure 
1). Initially, up to 700 °C, some complete oxidation of C H 4 to C 0 2 and CO took 
place. Thus, above 700 °C, another mechanism apparently provided for partial 
oxidation with a higher C H 4 conversion. C 2 H 4 and C 2 H 6 exhibited significant increases 
but with an almost simultaneous increase in CO. C 0 2 showed a rapid increase from 
about 650 °C, below that for the C 2 H 4 and C 2 H 6 increases. Above 800 °C, 
homogeneous combustion occurred with oscillations. 

In contrast, a NiO catalyst co-precipitated with MgO shows negligible activity 
towards O C M (Figure 2). CO and C 0 2 were the dominant products throughout the 
temperature range investigated. There were no evidence for the formation of C 2 H 4 and 
only a slight indication of C 2 H 6 . C 0 2 formed above 380 °C and its formation rate 
increased significantly at 420 °C. CO increased sharply at 420 °C. Below 420°C, C 0 2 

is formed from adsorbed oxygen in small amounts due to the very low surface area. 
During this stage, C H 4 conversion is negligible so its signal remained almost constant. 
The observations indicate that a different mechanism is involved in the reaction below 
and above 420°C (27). There was no evidence for the production of C 2 s at 
temperatures up to 800 C. Thus C H 4 coupling is negligibly small over the NiO-MgO 
catalyst. 

Since the reaction is highly exothermic, some of the heat of reaction caused the 
true catalyst temperature to be higher than that of the programmed furnace 
temperature. To avoid this problem, a stepwise temperature program ( 5°C/min ramp, 
holding temperature for 5 minutes every 20°C ) was used to determine the C H 4 

conversion and C 2 s selectivities as functions of temperature for different C H 4 / 0 2 

ratios. As shown in Figure 3, the highest yield of C 2 s was achieved between 780 and 
840°C using a C H 4 / 0 2 ratio of 4:1 ( about 13% 0 2 in feedstock). The concentrations 
of the product species depended on reciprocal temperature in Arrhenius fashion, with 
activation energies as shown in Table II. Further discussion about the effects of 
temperature and C H 4 / 0 2 ratio on C H 4 conversion, selectivities and activation energies, 
along with reaction kinetics, will be presented elsewhere. The main purpose of this 
paper is to consider the function of oxygen in the reaction. 
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* -I 

C 
E 

£ -9 

53 -10 
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- ^ W / ^ W / A W ^ V ^ W C2H6 

$ 2 * ^ ^ C2s 
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Figure 2. Temperature programmed reaction spectrum (TPRS) for the reaction 
of C H 4 - 0 2 over NiO-MgO catalyst. A r : 0 2 : C H 4 = 1:1:1 at a space velocity of 
105 h"1. Temperature ramp of 30 °C/min. 

100 

600 700 800 900 
Temperature (C) 

Figure 3. C H 4 conversion and C 2 s selectivity as functions of temperature and 
C H 4 / 0 2 ratio. Space velocity of 105 h - 1 . S: selectivity to C 2 s ; C: conversion of 
C H 4 . The number following S or C represent the C H 4 / 0 2 ratio in the feedstock. 
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Table II Activation energies of products between 680 and 780 °C * 

Products C 2 H 4 C 2 H 6 CO C 0 2 

kJ/mol 343 ± 5 105 ± 3 197 ± 4 254 + 3 

*: Space velocity l x l O 5 h _ 1 . The error was calculated to a 95% confidence limit 

Comparison between Coupling and Combustion of C H 4 # By maintaining the 
reactor temperature at 680 °C, significant increases in the formation of C 2 s were 
observed (Figure 4a, using a C H 4 / 0 2 ratio of 1:1). C 0 2 showed two significant peaks. 
One corresponded to the formation of C 2 H 4 , and another occurred before this peak. A 
temperature jump of the catalyst bed to 726 °C was recorded at the peak point due to 
the release of exothermic heat (i.e. 2 C H 4 + 0 2 ^ C 2 H 4 + 2 H 2 0 AH° 2 5 = -282 
kJ/mol). This temperature increase was not detected during reaction at higher 
temperatures between 700-800 °C when a stepwise temperature program was used. 

By setting the reactor temperature to 795 °C, combustion of C H 4 was observed 
for a C H 4 / 0 2 ratio of 1:1. During combustion, the propagation of radicals converts all 
hydrocarbons into C O x and the TPRS spectrum shows oscillations (28) as were 
observed in Figure 1. One cycle of such an oscillation is demonstrated in Figure 4b. 
Consequently, C H 4 and 0 2 decreased significantly while C O x became dominant. No 
new C 2 s peaks were observed during or prior to the combustion process. Combustion 
was terminated by switching off the power to the furnace. 

Temperature Programmed Surface Reaction (TPSR). TPSR was carried out in 
order to investigate the role of lattice oxygen. The experiments were divided into two 
parts, a) reaction of surface lattice oxygen with gaseous C H 4 and b) reaction of 
adsorbed C H 4 with gaseous 0 2 . The first part consisted of two steps, i.e. pre-treatment 
and surface reaction. Ar (at 50 ml/min) was passed over a fresh sample of catalyst (1.6 
g) for 30 minutes at 200 °C. The Ar was then replaced by 0 2 at a flow rate of 50 
ml/min. The sample was then heated in this atmosphere up 750 °C, and maintained at 
this temperature for 30 minutes in order to achieve a saturated oxidized state. Finally, 
in order to remove any physical and weakly-bonded chemically adsorbed oxygen, Ar 
was allowed to replace the 0 2 for 30 minutes at 750 °C. It was believed that most of 
the molecular oxygen had been removed by this pre-treatment (Step I in Figure 5). The 
backgrounds of 0 2 were showed in Step I and II of Figure 5, which represented 0.5 
and 0.1 volume %, respectively. The high background, compared with that of a high 
vacuum chamber, was due to the desorption of 0 2 from the inside-wall of the rig and 
was impossible to reduce since the measurement was carried out under real reaction 
conditions. 

The surface reaction started at 750 °C after introducing C H 4 at 20 ml/min with 
Ar at 30 ml/min to replace Ar alone (Step II in Figure 5, CO signal is not shown in 
Figure 5). The formation of C 0 2 ,CO and C 2 s was immediately observed. Since the 
gaseous 0 2 concentration was very low, it does not interfere with the observation of 
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a) 680C b) 795C 
Power o f f 

021 CH4 

CO^ 

C2s 
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Figure 4. Temperature programmed reaction spectrum (TPRS) for comparison 
of C H 4 coupling reaction and combustion of over Li-Ni-Co-O. Ar:02:CH 4 = 
1:1:1 at a space velocity of 105 h"1. Temperature set at a) 680 °C and b) 795 °C, 
respectively. 
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Figure 5. Temperature programmed surface reaction (TPSR) at 750 °C over L i -
Ni-Co-O. Stage I, Ar flow (50 ml/min); Stage II, Ar and C H 4 flow (30 and 20 
ml/min); and stage III, 0 2 flow (50 ml/min). 
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surface oxygen of the catalyst. C 2 s exhibited two peaks with respect of time. C 0 2 

exhibited three, two corresponding to the formation of C 2 s and one preceding these 
peaks. The observation probably represents different lattice oxygen sites associating 
with different activities. The decrease of the formation of C 0 2 and C 2 s indicates the 
depletion of active surface oxygen during the process. 

The second part of the experiment was for the reaction of adsorbed C H 4 with 
0 2 . Following step II, 0 2 was allowed to replace the C H 4 and Ar at a flow rate of 50 
ml/min (Step III). 0 2 would react with adsorbed C H 4 and any remaining gaseous C H 4 . 
C 0 2 formation was again significant but C 2 s formation was negligible. That in the 
observation indicated that gaseous 0 2 produced only C 0 2 (and CO, not shown in 
Figure 5) singnificantly. The total extent of reaction was far less than Step II, indicating 
that there was an insignificant amount of C H 4 remaining on the catalyst. 

Temperature Programmed Reduction (TPR). TPR and TPO techniques were used 
to investigate the lattice oxygen species in the sample. Before the TPR experiment, 50 
ml/min Ar was flushed through a fresh sample for 30 minutes at 200 °C in order to 
clean adsorbed moisture and gases from the surface. The sample temperature was then 
decreased to room temperature whilst maintaining the Ar flow. The TPR experiment 
was operated at a temperature ramp of 30°C/ min up to 800°C using 25% H 2 in Ar 
with a total flow rate of 50 ml/min. 

The H 2 consumption was recorded during the temperature ramp (Figure 6). H 2 

consumption did not change below 400°C and exhibited two significant peaks at 480°C 
and 635°C. For the TPR experiment, the peaks indicated that some reduction of the 
sample had occurred. Since Ni and Co hydrides are not stable under these conditions, 
only lattice oxygen in the sample could react with H 2 . The two peaks in Figure 6 
indicated that there were at least two types of lattice oxygen. The first sharper peak 
illustrates a more rapid reaction with H 2 . The area between the baseline and the curve 
represents the amount of H 2 consumed for each specific type of oxygen. The area ratio 
of the first peak to that of the second was about 1, thus the amount of each type of 
lattice oxygen is probably of similar magnitude. 

Temperature Programmed Oxidation (TPO). TPO experiments were conducted 
using separate samples pre-reduced at 650 °C at different H 2 partial pressures for 4 
hours. Since the sensitivity of the micro reactor-QMS was not sufficiently high to 
distinguish several reduced species, DTA (Differential Thermal Analysis) was used. Air 
with a flow rate of 15 ml/min was used as the oxidant and a temperature ramp of 
20 °C/min was employed. 

Several exothermic peaks were observed between 180°C and 480°C (Figure 7). 
The higher H 2 partial pressures resulted in more pronounced peaks. Two significant 
peaks appeared between 350 °C and 400 °C. The partial pressure of H 2 during 
pre-reduction strongly affected the appearance of some peaks, e.g. peaks 2 and 5, or 
the height of peak 3. It is significant to note that there was no clear correlation of these 
peaks with that expected for metallic Ni (about 300 °C) or Co (The first peak for Co is 
at about 500 °C, not shown in Figure 7.). Hence the samples were not easily reduced 
to a metallic state under these pre-reducing conditions. 
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1 

0 -I 1 1 1 1 1 1 1 1 1 

3 0 0 3 5 0 4 0 0 4 5 0 5 0 0 5 5 0 6 0 0 6 5 0 7 0 0 7 5 0 

Temperature (C) 

Figure 6. Temperature programmed reduction (TPR) over Li-Ni-Co-O. Sample 
weight 1.6 g. 25% H 2 in Ar at total flow rate of 50 ml/min. Temperature ramp of 
30 °C/min. 

O T A 
uV 

0 500 1000 
Temp[C] 

Figure 7. Temperature programmed oxidation (TPO) over pre-reduced Li -Ni -
Co-0 using DTA. Sample weight 10 mg, air as active gas (15 ml/min). 
Temperature ramp of 20 °C/min. Samples were pre-reduced in H 2 a) 58%, b) 
53%, c) 33% and d) 13% (balanced by Ar). e) fresh Li-Ni-Co-O, f) Ni metal 
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The endothermic peak at 860°C arises from the collapse of the Li xNi 1. yCOy0 2_§ 
structure and a release of 0 2 (19). The appearance of the peak for each case indicated 
that the structure was not destroyed by the reduction and oxidation processes. Thus 
catalyst could be safely used below 860 °C without decomposition. 

Discussion 

Active centre for OCM. Li x Ni 1 _ y Co y 0 2 .§ consists of alternate (111) layers of L i - 0 
and Ni/Co-O. L i , Ni and Co can freely form Li-O-Co, Li-O-Ni, Ni-O-Ni, Co-O-Co or 
Ni-O-Co superstructures. The oxidation state of Co could be either +3 or +4, and that 
of Ni could be either +2 or +3 (18-19). The variable oxidation state of these two 
transition metals enables easy exchange or transfer of electrons. The internal redox 
reaction is also able to supply oxygen for catalytic oxidation. This process can be 
represented thus, 

12 Li 0 > 9 Coo .5 3 + Nio .5 3 + 0 L 9 5 6 NiO + 2 C o 3 0 4 + 2 0 2 + 5.4 L i 2 0 

In order to conserve the electronic and mass balances, the oxidation state C o 3 + 

or N i 3 + is used in the formula. The reverse reaction enables regeneration of the original 
structure or replenishment of the lattice oxygen. The lattice oxygen in Li xNii_ yCo y0 2_§ 
may be exchanged with gaseous 0 2 and is active for O C M (21, 25). 

Otsuka et al (21) suggested that lattice oxygen would promote the C H 4 

dissociative adsorption on a N i 3 + - 0 2 " centre for a L i N i 0 2 catalyst and O C M would 
proceed via a redox mechanism. The process could be described as follows (21, 24, 
II), 

U—QH3 *f C H 3 

2 L T - O - N i - O • 2 L ! - 0 ~ » N i - 0 • H 2 0 + QjH 6+ L i 2 0 + 2NiO 

The N i 3 + - 0 2 - centre activates C H 4 and produces C 2 H 6 , which is then 
dehydrogenated to C 2 H 4 . L i 2 0 and NiO will be regenerated by gaseous 0 2 . The 
Li x Ni 1 _ y Co y 0 2 .§ catalyst has N i 3 + - 0 2 " centres and produces C 2 H 4 and C 2 H6 in 
addition to CO x , while the NiO-MgO catalyst has N i 2 + - 0 2 - centres and produces only 
CO and C 0 2 . However, since NiO is one of the intermediate products, it may catalyze 
C O x production. This is one of the reasons why C O x is simultaneously observed during 
the production of C 2 H 4 and C 2H5. Co could also form a similar structure to Ni. Hence, 
there would be two types of active centres as observed by the two peaks for C 2 H 4 and 
C 2 H5 formation in Figure 5. 

C O 2 Formation and Oxygen. The undesirable production of C 0 2 is a key factor 
controlling the selectivity and yield of C 2 H 4 and C 2 H 6 . Since there are two peaks for 
C 0 2 formation simultaneous to those of C 2 H 4 and C 2H6, it is possible that there is a) 
deep oxidation of C 2 H 4 and C 2 H 6 and/or b) NiO formed during the oxidative coupling 
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process catalyses C H 4 deep oxidation. It was also found that CO2 is formed well 
before any production of C 2 H 4 and C ^ (Figure 1) and the formation of C 0 2 

precedes a peak before those for C 2 H 4 and (Figure 4a & 5). These observations 
indicate that the formation of C 0 2 can be either independent of or dependent upon C 2 

production. The experiments also illustrated that C 0 2 was formed from both surface 
and gaseous reactions, which agrees with the report of Wolf et al (25) that C 1 6 0 1 6 0 , 
C 1 8 0 1 6 0 and C 1 8 0 1 8 0 were observed when using a 1 8 0 1 8 0 reaction with C H 4 over a 
L i N i 0 2 catalyst. Thus, the excess of gaseous 0 2 should be avoided in order to 
suppress C 0 2 formation. 

Surface lattice oxygen is an active species responsible for the formation of 
C 2 H 4 and C 2H£. During the reaction, it is gradually consumed and needs to be 
replenished from gaseous 0 2 or bulk lattice oxygen. The latter is only a limited source 
and replenishment from gaseous 0 2 remains necessary. If there is not enough active 
lattice oxygen, the reaction will cease, as was observed in TPSR (Figure 5). An 
increase of the proportion of oxygen will increase the chance of replenishment of lattice 
oxygen but also increase the risk of complete oxidation. As shown in Figure 3, 
experiments with lower C H 4 / 0 2 ratios exhibited reduced selectivity to C 2s. According 
to the isotope exchange experiments on L i N i 0 2 (27), the rate of replenishment of 
lattice oxygen is not particularly fast; the exchange rate of oxygen between gaseous 0 2 

and lattice oxygen did not instantly reach equilibrium. This implies that gaseous 0 2 

always exists in the reactor no matter what the rate of formation of C 2 H 4 and C 2 H5 is. 
This is harmful to the coupling reaction since the reaction of gaseous 0 2 with surface 
species apparently makes no significant contribution to the formation of C 2s. 

Even at the optimum situation, in which all gaseous 0 2 is transformed into 
lattice oxygen, the selectivities to C 2 H 4 and C 2 H 6 will, according to the result of TPSR 
in Figure 5, still be limited by the formation of C 0 2 . 

Some feasible ways of increasing the selectivities to C 2 hydrocarbons are by 
separating C H 4 / 0 2 feeds using a membrane reactor (29) and by modifying the 
chemistry and the surface structure of the catalysts. 

TPR and TPO. The use of active lattice oxygen is responsible for the production of 
C 2 H 4 and C 2 H 6 , as well as C 0 2 and CO; the reaction of gaseous oxygen with surface 
species results in deep oxidation products alone. Among the types of active lattice 
oxygens, two were identified to be active for OCM. It is important when designing a 
good catalyst for high O C M activity to distinguish the types of lattice oxygen and their 
functions. 

The TPR profile showed two H 2 consumption peaks, which implied there were 
at least two types of lattice oxygen. Coincidentally, the surface oxidation profile 
(Figure 5) also showed two peaks for C 2 H 4 and C 2 H 6 formation. However, The TPO 
profile showed more than five peaks for samples which had been subjected to different 
pre-reduction conditions. The reduction is thought to occur as follows, 

12 L i 0 9 C o 0 . 5 3 + N i 0 5

3 + 0 ! 9 5 + 4 H 2 ^ 6 NiO + 2 C o 3 0 4 + 4 H 2 0 + 5.4 L i 2 0 

However, it seems the L10.9C00 5 N i 0 5 0 2 _ x structural framework is stable and 
not destroyed by pre-reduction since the typical exothermic peak at 860°C was 
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observed for each sample. The peaks in TPO may represent different superstructures 
such as Ni-O-Ni, Co-O-Co, Co-O-Ni, Li-O-Ni, Li-O-Co, etc. N i and Co can have 
different valences which result in more complicated superstructures such as N i 3 + - 0 2 " . 
The major peaks were located between 300 and 500 °C. This range is lower than that 
for the H 2 consumption peaks observed in the TPR profile. This is due to high 
thermodynamic stability of Ni or Co oxides. The Gibbs free energies at 25 °C (298 K) 
(30) of Ni or Co oxidation may be compared to those of NiO or C02O3 reduction thus: 

Ni + 0 2 NiO A G ° 2 9 8 = 211 (kJ/mol) 

Co + 2/30 2 ^ C03O4 A G ° 2 9 8 = 258 (kJ/mol) 

NiO + H 2 ^ Ni + H 2 0 A G ° 2 9 8 = 17 (kJ/mol) 

C03O4 + 4 H 2 3Co + 4 H 2 0 A G ° 2 9 8 = 47 (kJ/mole) 

The A G ° 2 9 8 data above can only be used as references for oxidation and 
reduction, since thermodynamic data for the more complex superstructures are not 
available. Further work is necessary to identify each peak with a specific superstructure 
and correlate it with O C M reactivity. 

Conclusions 

A non-stoichiometric ceramic Li 09C00 5 N i 0 s 0 2 . x , in which L i + cations and lattice 
oxygen anions are mobile under certain conditions, was investigated for the partial 
oxidation of C H 4 to C 2 H 4 and C2H^ ( C H 4 coupling) using transient techniques. TPRS 
was recorded and showed that a considerable quantity of C 2 H 4 and C 2 H5 was formed 
at temperatures above 700°C. Yields of C 2 s above 20% were obtained for a C H 4 / 0 2 

feedstock ratio of four. In-situ transient techniques indicated that surface centres like 
N i 3 + - 0 2 - might be responsible for C H 4 activation and C 2 H 4 and C 2 H5 production. C 0 2 

is formed from reaction of both surface and gaseous oxygen, and could be either 
independent of or dependent upon C 2 H 4 and C 2 H6 production. TPR and TPO suggest 
many superstructures such as Ni-O-Ni, Co-O-Co, Co-O-Ni, Li-O-Ni, Li-O-Co, etc. 
with variable valences of Ni and Co could exist during reduction. Lattice oxygens in 
specific environments may be active for partial oxidation. 
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Chapter 8 

Oxidative Coupling of Methane by Adsorbed 
Oxygen Species on SrTi1-xMgxO3-δ Catalysts 

Keiichi Tomishige, Xiao-hong Li, and Kaoru Fujimoto 

Department of Applied Chemistry, Graduate School of Engineering, 
University of Tokyo, Hongo, Bunkyo-ku, Tokyo 113, Japan 

It was found that ethane was formed by the stoichiometric reaction 
between methane and an adsorbed oxygen species on SrTi1-xMgxO3-δ 

with high selectivity (> 80 %) at much lower temperatures 
(550-750 K) than those typically used for the catalytic reaction. 

The properties of the adsorbed oxygen species were investigated by 
means of temperature programmed desorption, and the role of Mg2+ 

was studied using XRD, BET, and the measurements of the exchange 
rate between lattice oxide ions and gas phase oxygen. The added 
Mg2+ ions seem to be located at the surface and bulk Ti4+ site of 
Sr-Ti mixed oxides, where oxide ion defects are formed because of 
differences in ion charges. Surface oxide ion defects play an important 
role in oxygen adsorption, while bulk defects promote the mobility 
of oxide ions. SrTi0.5Mg0.5O3-δ was initially active for oxidative 
coupling of methane at low temperature (873 K), but combustion of 
methane predominated under steady state conditions, due to a change 
in adsorbed oxygen species induced by the adsorption of CO2. 

Oxidative coupling of methane to produce C 2 hydrocarbons has been recognized as 
a promising route for the direct conversion of methane to C 2 hydrocarbons, and this 
reaction is very important in terms of the chemical utilization of natural gas. This 
is because methane is the main component of natural gas, whose reserve is comparable 
to that of petroleum. Numerous metal oxides have been known to be effective 
catalysts for the oxidative coupling of methane. Much research on the reaction 
mechanism and the active site for the oxidative coupling of methane has shown 
that the activation of methane molecule to the methyl radical plays an key role in 
this reaction, and that certain kinds of oxide ion species are responsible for the 
activation of methane to the methyl radical (1, 2, 3). These results indicate that 
activation of molecular oxygen is as important as activation of methane in the 
oxidative coupling of methane. On some alkali and alkaline earth metal oxides the 
surface O species has been reported to be responsible for the activation of methane, 
and oxide ion vacancies were the active sites for the activation of oxygen molecules 
to the O " species (4, 5, 6). Superoxide ions (0 2

2~) were recognized to be active 
for the coupling reaction from the investigation on N a ^ , Ba0 2 , and Sr0 2 (7, 8) 

0097-6156/96/0638-0109$15.00/0 
© 1996 American Chemical Society 
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110 HETEROGENEOUS HYDROCARBON OXIDATION 

catalysts, and it has been suggested that on alkaline earth metal oxides, an oxygen 
molecule interacted with a coordinately unsaturated lattice oxide ion O 2 - to form 
the 0 2

2 species (9). 
Itis well known that in perovskite-type oxide (ABO3) systems, the replacement 

of A and/or B site cations by other metal cations often brings about the formation 
of lattice defects (10, 11). Perovskite oxides with lattice oxide ion defects can 
adsorb and activate oxygen for the oxidative coupling of methane. It was reported 
that compounds related to perovskite with the formula SrTi^Mg^O^ have the 
ability to adsorb oxygen, and that these can be utilized as lean-burning oxygen 
sensors (72). In addition, we recently found that the adsorbed oxygen species on 
SrT i^Mg^C^ had the ability to activate methane at much lower temperatures than 
the usual conditions for this catalytic reaction, to form ethane with high selectivity 
(75). 

In the current study the properties of the oxygen species adsorbed on SrTij. 
x M g x 0 3 6 catalysts which are active for oxidative coupling were investigated. The 
formation of and role of the lattice oxide ion defects which occur by replacing Ti 4 * 
with M g 2 + ions were studied by means of temperature programmed desorption of 
adsorbed oxygen species and the exchange reaction between lattice oxide ions and 
1 8 0 2 oxygen in the gas phase. 

Experimental 

SrTi0 3 , Sr 2 Ti0 4 and SrTi^Mg^O^ (X= 0.1, 0.3, 0.5) catalysts were prepared by 
calcining the proper stoichiometric mixture of powdered SrC0 3 (Wako Pure Chemical 
industries), T i 0 2 (Aerosil), and MgO (Koso Chemical) at 1473 K in air for 2h. 
MgO and SrO were prepared by calcining MgO and SrC0 3 , respectively, under the 
same conditions. Crystal structures were investigated by X-ray diffraction (Rigaku 
RINT2400, Cu K ^ . Surface areas were measured by the BET method. 

Temperature programmed desorption (TPD) of 0 2 was obtained using a 
closed circulating system equipped with a quadrupole mass spectrometer. After 
the sample was evacuated at 1123 K for 0.5 h, 6.7 kPa of oxygen gas (Takachiho 
Trading, 99.9%) was exposed to the sample ( sample weight: 0.65 g) at a particular 
temperature, and then the sample was cooled to room temperature under an 0 2 

atmosphere. Under the 6.7 kPa of oxygen used, the amount of 0 2 adsorption 
reached a saturation level. TPD spectra were measured by heating the oxides at the 
heating rate of 10 K/min after evacuation at room temperature. The desorbed 0 2 

was analyzed by the mass signal intensity of m/e=32. 
The amount of 0 2 adsorption was measured by a volumetric method using 

the vacuum line (with a dead volume of 45 cm3). The sample weight was 1.0 g in 
this experiment. The evacuation treatment was carried out at 1123 K for 0.5 h and 
oxygen adsorption conditions were the same as those used for the TPD experiment. 

The exchange reaction rate between the lattice oxide ions and the 1 8 0 2 

oxygen (Isotec Inc, 98.5 atom% l s O) in the gas phase was measured in a closed 
circulating system (with a dead volume of 190 cm3) equipped with a quadrupole 
mass spectrometer. The sample (sample weight: 0.40 g) was evacuated at 1123 K 
for 0.5 h, cooled down to the reaction temperature, then the 1 8 0 2 gas was introduced 
into the sample. The isotopic distribution of gas phase oxygen was estimated by 
the mass signal intensities of m/e=32, 34, and 36, and the exchange reaction rate 
was calculated from the concentration of 1 6 0 (2 1 6 0 2 + 1 6 0 1 8 0) in the gas phase. 
The reaction pressure was 2.0 kPa, and the reaction temperature was 473 — 673 K. 

Temperature programmed reaction (TPR) of methane with adsorbed oxygen 
species on the catalysts was carried out in a fixed bed flow reaction system equipped 
with an FID gas chromatograph. The 0 2 adsorption was done at 1123 K and then 
the sample was cooled to 373 K under flowing air. Next, C H 4 (Takachiho Trading, 
99.99%) diluted with Ar (Takachiho Trading, 99.995%) was passed through the 
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reactor with a partial pressure of methane of 20 kPa. The sample weight was 0.50 
g. The TPR of methane was measured in the range of 373— 773 K at first, then 
TPD spectra were recorded by heating in an Ar flow after the reactor was purged 
once with Ar in order to analyze the adsorbed product in the range of 773 —1200 
K. The amounts of the products were analyzed by using FID gas chromatograph 
equipped with methanator which converted CO and C 0 2 into methane. We used 
the Porapak QS was used as the separating column. Selectivity was calculated 
using by the TPR result combined with the TPD result. For the series of these 
experiments the heating rate was 6.3 K/min. 

Catalytic oxidative coupling of methane was carried out in the same apparatus 
as that used for TPR measurement. Reaction conditions were a total pressure 0.1 
MPa, C H 4 : 0 2 : N 2 : Ar= 5: 1:4: 20, a total flow rate 30 ml/min, a sample weight 
0.5 g, and a reaction temperature of 873 K. 

Results and Discussion 

Crystal Structure and Surface Area. Figure 1 shows the X R D patterns of 
SrTi0 3 , SrTi 1 . x Mg x 0 3 ^ (X=0.1, 0.3, 0.5), and Sr 2 Ti0 4 . The structure of SrTi0 3 

was found to be the perovskite type, whereas that of Sr 2 Ti0 4 was K jhh^ type. For 
these oxides no impurities were observed. In contrast, SrTi1_ JSMgx03_a (X=0.1, 0.3, 
0.5) oxides seem to consist of more than two phases. For SrTi 1 . x Mg x 0 3 ^ (X= 0.3, 
0.5), the peak at the diffraction angle 26 =62.3° which was attributed to MgO was 
especially clearly observed. This indicates that all the M g 2 + ions were not incorporated 
into the Sr-Ti mixed oxides. In the diffraction angle range of 26 = 31.0°-33.0°, 
Sr-Ti mixed oxides have characteristic strong peaks with diffraction angles for the 
samples in Figure 1 listed in Table 1. The positions of the diffraction peaks are 
highly dependent on the amount of the additive M g 2 + ions and the atomic ratio of 
Sr*+ to T r \ If all of the additive M g 2 + ions replaced the B sites of SrTi0 3 , only the 
peaks at the same positions as those of SrTi0 3 would be observed. But fact new 
peaks not observed in the X R D pattern of SrTi0 3 were observed in the X R D of 
SrTi 1 . x Mg x 0 3 . 6 (X=0.1, 0.3, 0.5). This is the consistent with the presence of MgO 
which was not incorporated. According to the JCPDS data, the peaks at 31.39° 
and 32.41° are from Sr 4 Ti 3 O 1 0 , and the peaks at 31.59° and 32.53° are correspond to 
Sr 3 Ti 2 O r From the comparison between these standard data and the results in 
Table 1, SrTi a 9Mg )_ 10 3 . f t phase probably consists of SrTi0 3 as the major phase and 
Sr 4 Ti 3 O 1 0 , as the minor phase, and SrTi 0 5 Mg Q 5 O 3 . 6 consists of Sr 2 Ti0 4 as the major 
phase and Sr 3 Ti 2 0 7 as the minor one. This interpretation can explain the position 
of the peaks smaller than the characteristic peaks in the diffraction angle range 26 
= 31.0°-33.0°. 

Table 1. The diffraction angle in the X R D patterns of SrTi0 3 , 
S rT i^MgP^ , Sr 2 Ti0 4 oxides. 

Samples Diffraction angle 261 degree* 
SrTi0 3 32.42 
SrTi 0 9 Mg 0 1 O 3 . 6 

SrTi 0 7 Mg 0 3 O 3 . 6 

SrTi 0 5 Mg 0 5 O 3 . 6 

Sr 1TiQ 4 

31.38 
31.28 
31.31 

31.79 32.39 
31.74 32.41 
31.67 32.44 

32.53 
* Cu K a X R D . 
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112 HETEROGENEOUS HYDROCARBON OXIDATION 

Figure 1. Powder X-ray diffraction patterns of (a) SrTi0 3 , (b, c, d) SrTij x M g x 0 3 

(x= 0.1,0.3,0.5), and (e)Sr2Ti04. 
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In addition, each peak width observed on X R D patterns of S rT i 0 5 Mg 0 5 O 3 ^ was 
much broader than those for SrTiO, and Sr 2 Ti0 4 . The BET surface area of these 
three oxides was so small (< 3.3 m g"1) and was not so different from each oxide 
listed in Table 2. Therefore this peak broadening does not seem to be due to the 
size of crystallites. We think the partial substitution of M g 2 + (with an ionic radius: 
0.066 nm) for T i ^ w i t h an ionic radius: 0.068 nm) in Sr-Ti mixed oxides distorts 
the crystal structure. We do not understand clearly why the relative peak intensity 
of the first and second maximum peaks on SrTi 0 5 Mg 0 5 O 3 , & and Sr 2 Ti6 4 is different. 

Table 2 shows the BET surface area of the oxides. The oxides except for 
MgO have very low surface areas. The surface area of the S r T i ^ M g P ^ (X=0.1, 
0.3,0.5) oxides was a little higher than that of SrTi0 3 and Sr 2 Ti0 4 . This phenomenon 
is probably due to the MgO impurity in the S r T i ^ M g ^ ^ (X=0.1,0.3,0.5) oxides, 
each major phase seems to have a lower surface area than that listed in Table 2. 

Table 2. Surface areas and the amounts of oxygen adsorption. 
Oxides Surface area The amount of oxygen adsorption 

/ m 2 g l a ) / ^ m o l g l b ) 

SrTiO, 2.0 not determined 
Sr 2 Ti0 4 0.7 3.5 
SrTi 0 9 Mg 0 1 O 3 . 6 3.3 1.6 
SrTi 0 7 Mg 0 3 O 3 . & 3.1 5.8 
S r T i ^ M g ^ 2.5 8.2 
MgO 16.5 not determined 
SrO 0.4 5.6 
a) The surface area was estimated by the BET method. 
b) The amount of oxygen adsorption was determined by the volumetrical method. 
The temperature at which 6.7 kPa of oxygen gas was exposed to the 1.0 g sample 
was 1123 K. 

Oxygen Adsorption and Temperature Programmed Desorption. Table 2 shows 
the amount of oxygen adsorption for each oxide. The amount of oxygen adsorption 
on the S r T i t x M g x 0 3 6 oxides increased with increased amounts of Mg 2 + . While 
the amount of oxygen adsorption on MgO is too small to be determined by the 
volumetric method even though MgO had rather a high surface area, SrO adsorbed 
a large amount of oxygen. Oxygen adsorbed on Sr 2 Ti0 4 , but it did not adsorb on 
SrTiO,. 

Figure 2 shows temperature programmed desorption of adsorbed oxygen on 
SrTi 1 . xMg x0 3 . 6 (x=0.1,0.3,0.5), SrTiO, (Figure 2a), Sr 2 Ti0 4 , MgO, and SrO (Figure 
2b). TPD profiles on SrTij xMg x0 3_& (x=0.1, 0.3, 0.5) were very different from 
those on Sr 2 Ti0 4 and SrO. Oxygen species on SrT i^MgP^ (x=0.1, 0.3, 0.5) 
desorbed at temperatures of 400- 850 K with a maximum at about 620 K , while 
oxygen on Sr 2 Ti0 4 desorbed at 550-850 K with a maximum at about 720 K. 
SrTi 0 5 Mg 0 5 O 3 . 6 was found to contain the Sr 2 Ti0 4 phase from X R D results, but the 
oxygen desorption temperature on SrTi 0 5 Mgj 5 O 3 _ 6 was about 100 K lower than 
that on Sr 2 Ti0 4 . This indicates that the surface structure of S rT i 0 5 Mg 0 5 O 3 . 6 was 
different from that of Sr 2 Ti0 4 though they have similar bulk structures. This 
difference of the surface structure is caused by the addition of Mg 2 + . The amount 
of oxygen adsorption on SrTij Mgfi^ (x=0.1, 0.3, 0.5) is highly dependent on 
the amount of the additive M g 5 + ions, but the oxygen desorption temperature is 
independent of the amount of Mg 2 + . These results strongly suggest that similar 
oxygen adsorption sites were formed on SrTi 1 . x Mg x 0 3 ^ (x=0.1, 0.3, 0.5) oxide 
surfaces, though they have different bulk structures as indicated by their X R D 
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300 400 500 600 700 800 900 1000 .1100 

Temperature / K 

(b) 

300 400 500 600 700 800 900 1000 1100 

Temperature / K 

Figure 2. Temperature programmed desorption profiles of adsorbed oxygen on 
samples, (a) the dependence on the amount of M g 2 + on SrT^ xMg^C^ 
x=0.5 ( ), 0.3 (- ), 0.1( ) and SrTi0 3 (- -). 
(b) Sr 2 Ti0 4 ( ), SrO ( ) and MgO ( ).Sample weights: 
0.65 g except for SrO and MgO (0.30 g), heating rate: 10 K/min, temperature 
samples were exposed to oxygen gas : 1123 K , pressure: 6.7 kPa. 
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patterns. We think that the replacement of surface T i 4 * sites of Sr-Ti mixed oxides 
of various compositions by M g 2 + forms the oxygen adsorption site. In this case, 
oxide ion defects are formed because of the ion charge difference between Mg 2* 
and Ti 4 *, and this oxide ion defects seem to be involved in oxygen adsorption. The 
total of mass signal intensities for each oxides is almost proportional to the amount 
of oxygen adsorption for each, as determined by the volumetric method. 

Figure 3 shows the TPD profiles of adsorbed oxygen on S r T i 0 5 M g 0 5 O 3 6 , 
and its dependence on the temperature at which oxygen gas is exposed to the 
sample. The TPD profiles for samples exposed at temperatures 573- 1123 K are 
almost the same. When the exposure temperature was 523 K or 473 K , the amount 
of oxygen adsorption was about 65% and 33% of the saturation amount, respectively. 
From these results it appears that most adsorbed oxygen species are formed in the 
temperature range of 473 - 573 K , indicating that oxygen adsorption has as activation 
energy. This activation energy is probably due to electron transfer from the lattice 
oxide ion (02~) to the oxygen molecule in order to form an adsorbed oxygen ion 
species. According to Figure 2a, the temperature range of the desorption peaks 
were found to be very wide, indicating that some kinds of oxide species were 
present on the surfaces on these oxides. The peak can be divided into three parts, 
the first low temperature peak (peak top: 450 K), the second large peak (peak top: 
620 K), and the third part which is at temperatures above 650 K. The existence of 
the third part seems to make this TPD profile broad. The largest peak is attributed 
to the oxygen species adsorbed on the oxide ion defect. As the temperature range 
of the third peak apparently agrees with the TPD profile of adsorbed oxygen of the 
Sr 2 Ti0 4 , this is attributed to the oxygen species adsorbed on the Sr 2Ti0 4-like surface 
of the SrTi 0 5Mg 0 SO3_ 6

 o x i de . In addition, this peak temperature range agrees with 
that of oxygen desorption from SrO. It has been reported that oxygen interacts 
with coordinatively unsaturated oxide ions of alkaline earth oxide surfaces, or 
surface basic sites (9). We think that oxygen adsorption occurs on a surface basic 
site of Sr 2 Ti0 4 . We do not clearly understand the cause of the lowest temperature 
peak on S r T ^ J v l g p ^ (x=0.1,0.3,0.5). 

Exchange Reaction between 1 80 2in the Gas Phase and Lattice Oxide Ions. 
Figure 4 shows the Arrhenius plot of the exchange reaction between 1 8 0 2 i n the gas 
phase and lattice oxide ions on SrTi 0 5 Mgj 5 O 3 . 6 , S r 2 Ti0 4 , and SrTi0 3 . It was 
found that the activity of the oxygen exchange reaction on SrTi 0 5 Mg 0 ^O 3 . 6 is much 
higher than that on Sr 2 Ti0 4 and SrTi0 3 . The activation energy of this reaction was 
41, 54, and 60 kJ mol 1 on S r T i ^ M g ^ O ^ , S r 2 T i 0 4 , and SrTi0 3 , respectively. 
The addition of M g 2 + decreased the activation energy for the exchange reaction. 
The amount of surface oxide ion can be estimated from the lattice constant (a0) and 
the BET surface area (5), assuming that the surface is the (001) face. The calculated 
amount of the surface oxide ion is 2.7 x 10 s mol g-caf1 on S r H ^ M g ^ O ^ (5=2.5 
m 2 g \ <z<f=0.388 nm, this lattice constant is thought to be same as that of Sr 2Ti0 4), 
7.7 x 10* mol g-cat1 on Sr 2 Ti0 4 (5=0.7 m 2 g 1 , a^O.388 nm), and 2.2 x 10 s mol 
g-cat"1 on SrTi0 3 (5=2.0 m 2 g"1, « 0=0.390 nm). In each experiment, the initial 
amount of l s O was 3.0 x 10"4 mol per 0.4 g-cat. The atomic ratio of 1 6 0 in the gas 
phase oxygen after reaction at 623 K for 0.5 h was 61% (4.6 x 10"4 mol g-cat"1) on 
SrTi 0 5Mg 0 5 O 3 . & , and 12% (9.0 x 10 s mol g-catx) on Sr 2Ti0 4 . As calculated based 
on this value, the lattice oxides ion of 17 and 11 layers in SrTi p 5 Mg 0 5 O 3 . f i and 
Sr 2 Ti0 4 , respectively, were exchanged with gas phase oxygen. This fact suggests 
that the addition of M g 2 + promotes diffusion of the bulk oxide ion by formation of 
oxide ion defects in the bulk. This is supported by reported decrease of resistivity 
with the addition of M g 2 + (72). The exchange reaction between 1 8 0 2 in the gas 
phase and lattice oxide ions proceeded even at low temperature. This indicates 
that the dissociation of the oxygen molecule easily proceeds on these oxides, and it 
is suggested that the oxygen is adsorbed dissociatively on the surface. 
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300 400 500 600 700 800 900 1000 1100 

Temperature / K 

Figure 3. The dependence of TPD profiles of adsorbed oxygen on SrTi 0 5 Mg 0 5 O 3 _ 6 

on the sample exposure temperature to oxygen gas. The exposing temperature of 
oxygen : 1123 K ( ), 673 K ( ), 573 K ( ), 523 K( ), 
473 K (- ).Sample weight: 0.65 g, heating rate: 10 K/min, oxygen pressure: 
6.7 kPa. 

-10 

-11 

o> -12 
c 
'E 
§ -13 
Q5 
a 

cf -14 

-15 

1.4 1.6 1.8 2.0 2.2 
1/7/10 3 K"1 

Figure 4. The Arrhenius plot of the exchange reaction between 1 8 0- in the gas 
phase and the lattice oxide ions on SrTiogMgoP^ ( • ) , S r 2 Ti0 4 ( A ) , and 
SrTi0 3 (#).The initial pressure of , 8 0 2 : 2.0 kPa, reaction temperature: 
473 - 673 K , Sample weight: 0.4 g. 
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Reaction between Methane and Adsorbed Oxygen Species. Figure 5 shows the 
results of the temperature programmed reaction of methane with adsorbed oxygen 
species on SrTi 0 S Mg 0 5 O 3 . 6 and S r 2 T i 0 4 , followed by temperature programmed 
desorption. The TPR product was only C^, and the amount of other products 
( C ^ , CO, C0 2 ) were below the detection limit. Only C 0 2 , which was probably 
produced by the oxidation of methyl radicals and the combustion of methane or 
ethane, was observed by TPD. The formation of C2l\ on SrTi 0 S Mgj 5 O 3 . 6 

proceeded at temperatures higher than 500 K and its maximum was at about 650 K , 
while for Sr 2 Ti0 4 i t proceeded at temperatures higher than 600 K and its maximum 
was at 700 K. This result indicated that methane was activated to methyl radical at 
much lower temperatures than those typically used for the catalytic reaction, and 
the activity on SrTi 0 5 M g , s 0 3 _ 6 was much higher than that on Sr 2 Ti0 4 . In addition, 
SrTi0 3 showed no activity for C 2 H 6 formation in the TPR experiment, because 
oxygen can not be adsorbed on SrTi0 3 . The temperature range of CJ16 formation 
by TPR was similar to that of oxygen desorption. This agreement suggests that 
the ethane was formed by the oxidative coupling of methane by adsorbed oxygen 
species. When methane was exposed to SrTi 0 JsAg^ 5 0 3 ^ without adsorbing oxygen 
species, no products were observed in this low temperature range. This supports 
the proposal that the methane was activated at this low temperature by adsorbed 
oxygen species on SrTi 0 sMg 0JD^ b. 

The total amounts of products and the selectivities of C 2 hydrocarbon 
formation on S r T i ^ M g ^ O ^ and Sr 2 Ti0 4 are listed in Table 3. The amounts of 0 2 

adsorption and the BET surface areas are shown together. From these results, C 2 

hydrocarbon formation by the reaction between methane and the adsorbed oxygen 
species on S rT i p 5 Mg 0 5 O 3 ^ and Sr 2 Ti0 4 was found to be highly selective. The 
amount of reactive oxygen estimated by the TPR products corresponded to that by 
the volumetric measurement of adsorbed oxygen very well. This supports the 
proposal that methane was oxidized by adsorbed oxygen species and that the reactions 
proceeded stoichiometrically. It has reported that weakly adsorbed oxygen species 
on perovskite oxides are involved in the combustion reaction, and oxygen species 
strongly bonded to the surface are effective for the formation of C 2 hydrocarbons 
(14, 15y 16). This is not true for the adsorbed oxygen species on S r T i 0 5 M g 0 5 O 3 . a , 
most likely because the kind of adsorbed oxygen species was different. Judging 
from the results that surface oxygen species on SrTij.^MgP^ have the ability to 
activate methane at about 600 K , and that gas phase oxygen can exchange with 
lattice oxygen ions, combined with the suggestion that the oxygen adsorption site is 
the oxide ion defect, the oxygen ion species may be the 0~ species. Further 
spectroscopic studies are necessary to elucidate the chemical state of this adsorbed 
oxygen species. 

Table 3. The total amounts and the selectivities to products by TPR of methane on 
SrTi 0 5 Mg 0 5 O 3 ^andSr 2 TiO 4 . 

Catalysts 
total amount of 

TPR products'0 

C.r^ CO z

 b ) 

C-jimol/g-cat 

s e l . o f C ^ 
formation 

% 

amount of O, 
adsorption^ 

jimol/g-cat 

sel. of 0 2 for C 2 

formation*0 

% 

SrTi 0 5 Mg 0 

Sr 2 Ti0 4 

p 3 . 6 11.2 2.5 
4.0 1.2 

82 
77 

8.2 (7.8)c 

3.5 (3.4)e) 

34 
29 

a) The formation of C 2 H 4 and CO was below the detection limit, b) The amount of 
C 0 2 was estimated by TPD after TPR. c) Measurement by the volumetrical 
method, d) The ratio of the 0 2 for C 2 formation to total adsorbed O r e) The 0 2 

consumption was estimated by the amount of products. 
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0.05 

Temperature / K 

Figure 5. The profiles of the TPR of methane with adsorbed oxygen species and 
TPD on SrT i 0 5 Mg 0 5 O 3 . 6 and Sr 2Ti0 4 . Sample weight: 0.50 g, heating rate: 6.3 
K/min, sample was exposed to 0 2 was at 1123 K. • : C 2 H 6 formation by TPR of 
S rT i 0 5 Mg 0 S O 3 6 , O : C 0 2 desorption from S r T i 0 5 M g o p 3 6 , A : C£i6 formation by 
TPR of Sr 2 Ti0 4 , <>: C 0 2 desorption from Sr 2 Ti0 4 . 

2.5 I 1 

0 10 20 30 40 50 60 70 
Reaction time / min 

Figure 6. The dependence of the formation rate of ( • ) , C 2 H 4 ( • ) , CO (O) 
and C 0 2 (^) for the oxidative coupling of methane over a SrTi 0 5 M g 0 5 O 3 . a 

catalyst on the reaction time. The reaction conditions: the total pressure 0.1 MPa, 
CH 4 : 0 2 : N 2 : Ar=5: 1: 4: 20, reaction temperature 873 K , total flow rate 30 ml/min, 
sample weight 0.5 g. 
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300 400 500 600 700 800 900 1000 1100 

Temperature / K 

Figure 7. TPD profiles of adsorbed oxygen on SrTi 0 5 Mg 0 5 Oj_ 5 preadsorbed with 
C 0 2 .(a) S i T i ^ M g ^ O ^ preadsorbed with C 0 2 , (b) S rT i 0 5 Mg 0 5 O 3 . 6 after 
evacuation at 1123 K. Sample weight: 0.65 g, heating rate: 10 K/min, oxygen 
pressure: 6.7 kPa, 0 2 exposure temperature: 873 K , C 0 2 pressure: 1.3 kPa, C 0 2 

adsorption temperature: 873 K. 
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Catalytic Reaction and Deactivation. The results of the TPR indicated that 
methane was activated by adsorbed oxygen species on SrTi 1 . x Mg x 0 3 ^ at higher 
temperatures than 800 K, and TPD results indicated that oxygen was activated and 
adsorbed at higher temperatures than 673 K. Based on these data, the catalytic 
oxidative coupling of methane on SrT i 0 S Mg 0 S O 3 . 6 catalyst at 873 K was studied. 
Figure 6 shows the reaction time dependence of the formation rate of the products. 
Initially the main products were C 2 hydrocarbons, and as CO was not observed, the 
selectivity of C 2 hydrocarbon formation seemed to be considerably high. But the 
rate of formation of C 2 hydrocarbons decreased gradually and that of CO and C 0 2 

increased drastically with the reaction time. In this experiment, the total amounts 
of C 2 H 6 and C 2 H 4 produced were 75 and 20 ujnol g-cat"1, respectively. In this 
case, 58 \imo\ 0 2 per 1.0 g of the catalyst was used for the oxidative coupling of 
methane. The turn over number per oxygen adsorbed was found to be 7.0. It is 
certain that the oxidative coupling of methane by adsorbed oxygen species proceeded 
catalytically. The change of catalytic properties with the reaction time was probably 
due to the adsorption of C 0 2 on the catalyst surface. To check this, TPD profiles 
of oxygen adsorbed on SrTi 0 S Mg 0 5 O 3 _ 6 on which C 0 2 was preadsorbed at 873 K 
were obtained and these are shown in Figure 7. The TPD profiles indicated that 
the properties of the adsorbed oxygen changed drastically with the C O ? adsorption, 
and that oxygen species on the surface of SrTi 0 5 Mg 0 5 O 3 . 6 onto which C 0 2 had 
been adsorbed was probably the active species for the combustion of methane. In 
this case, after C 0 2 was desorbed from SrTi 0 ^v lg^O^ by evacuating at 1123 K , 
the initial catalytic activity was reproduced. Therefore the structure of SrTi 0 5 M g 0 s 0 3 . 6 

did not irreversibly change by C 0 2 adsorption. At the present stage, it is certain 
that oxidative coupling of methane proceeded at lower temperature (873 K) than 
usual, and C 0 2 adsorption seemed to promote the formation of adsorbed oxygen 
species active for methane combustion, not oxidative coupling. In order for the 
selective oxidative coupling of methane to succeed at this low temperature, C 0 2 

adsorption on these catalysts must be inhibited. 

Conclusion 

1) Ethane was formed by the reaction between methane and adsorbed oxygen 
species on SrTi 0^Mg, 5 0 3 6 with high selectivities (> 80 %) at much lower temperatures 
(550 K-750 K) than those usually used for the catalytic reaction. 
2) The oxygen adsorption sites on SrTi, M g x 0 3 6 seem to be the surface oxide ion 
defects formed by the substitution of Mg 2 ^ for surface T i 4 * in Sr-Ti mixed oxides. 
3) The oxide ion mobility in S r T i l x M g x 0 3 6 was much higher than that in Sr 2 Ti0 4 

and SrTi0 3 , due to bulk oxide ion defects. 
4) SrTi 0 gMgo gOj.g catalysts are initially active for the oxidative coupling of methane 
at low temperature (873 K) , but the adsorption of C 0 2 on the surface of SrTi 0 5Mgo 5 0 3 . 6 

during catalytic reaction resulted predominantly in combustion of methane under 
steady state conditions. This is due to the change of the adsorbed oxygen species 
induced by the adsorption of C O r 
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Chapter 9 

Partial Oxidation of Butane at Microsecond 
Contact Times 

D. A. Goetsch, P. M. Witt, and L. D. Schmidt 

Department of Chemical Engineering and Materials Science, 
University of Minnesota, Minneapolis, MN 55455 

Using a single layer of woven Pt/Rh gauze as a chemical reactor for the 
oxidation of n-butane, we find it possible to achieve greater than 90% 
oxygen conversion with high selectivity to olefins and oxygenated 
hydrocarbons at contact times on the order of 100 μsec at atmospheric 
pressure. This reactor configuration operates by rapidly heating the 
reactants to temperatures greater than 800°C in about 5 μsec followed 
by rapid quenching to avoid homogeneous chain branching reactions 
between butane and oxygen. The highly transparent gauze allows most 
of the reactants to pass between the wires of the gauze without 
undergoing reaction or being appreciably heated. This gas then mixes 
with hot products produced on the wire surface or within the boundary 
layer about the wires to rapidly quench and preserve intermediate 
products. It is critical to quench the products to temperature around 
400°C within less than 1 msec to avoid successive homogeneous 
decomposition reactions of intermediates such as olefins and aldehydes. 
This process is capable of directly producing oxygenates and olefins at 
carbon selectivities of greater than 70%. 

Catalytic partial oxidation offers great potential converting abundant and 
inexpensive light alkanes into value added chemicals such as olefins and oxygenates. A 
crucial feature of such processes is the ability to attain high surface reaction rates to 
minimize contributions from non-selective homogeneous reactions and thus allow 
selective catalytic partial oxidation processes to dominate. Previously, we showed that 
porous oc-alumina foams coated with Rh [1,2] or with Pt [3] give essentially complete 
conversions of both fuel and O2 with residence times on the order of milliseconds. An 
essential factor of the reactor used is that gases remain at nearly ambient temperature 
until they enter the catalyst and are heated to temperatures in excess of 1000°C by the 

0097-6156/96/0638-0124$15.00/0 
© 1996 American Chemical Society 
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9. GOETSCH ET AL. Butane Oxidation at Microsecond Contact Times 125 

chemical reactions occurring on the catalytic surface. Autothermal operation 
combined with large axial Peclet number results in the gas being heated from 20 to 
1000°C in less than 0.1 msec. High mass transfer rates within the monolith favor 
radical termination via surface interactions at the expense of the non-selective 
homogeneous propagation and chain branching reactions, thus minimizing the 
contribution of non-selective free radical homogeneous chemistry. 

RESULTS AND DISCUSSION 

In the results reported here, we have replaced the metal coated 1 cm thick 
porous ceramic monolith with a single layer of woven gauze made of Pt-10%Rh wire 
(nominally 76 \im wire diameter and 81% transparency) such as that used for NH 3 

oxidation or HCN synthesis. [4] We find that the single gauze catalyst gives very 
different results compared to monoliths or multiple gauze layers. The superficial 
contact time (wire diameter divided by gas velocity at inlet conditions) was varied from 
10 to 500 usee. 

Reactions between n-butane and oxygen were carried out in a 15 mm diameter 
and 38 cm long quartz tube with a single layer of Pt-10%Rh gauze at 1.4 atm. The 
reactor was constructed by joining 15 mm ID and 18 mm ID quartz tubes together. 
The resulting seat was used in conjunction with a 15 mm ID quartz insert to hold the 
gauze in place. This arrangement avoids a sudden contraction or enlargement that 
might disturb flow over the gauze. A layer of alumina cloth was used to seal the space 
between the insert and reactor wall. Two layers of external insulation where used to 
minimize radial temperature gradients. The inner layer consisted of a 1.25 cm of 
Kaolin wool, while the outer layer consisted of 3.8 cm of fiberglass covered with a 
aluminum foil backed paper. The reactor was configured vertically and the feed gas fed 
from the bottom of the reactor. The feed gas could be preheated by using a heating 
tape wrapped around the first 10 cm of reactor length. Figure 1 shows a schematic of 
the reactor configuration. 

The n-butane to oxygen ratio was varied between 2:1 to 4.8:1 and the system 
was operated nearly adiabatically. As a result, changes in feed composition or feed 
rate result in different wire temperatures and mixed product gas temperatures. The 
wire temperature was determined by an optical pyrometer while the product gas 
temperature was measured by a chromel-alumel thermocouple sheathed in quartz. The 
pyrometer was calibrated by against a resistively heated sample of silicon under ultra 
high vacuum. The uncertainty in temperature measurement with the pyrometer was 
estimated to be ±20°C over the observed temperature range. The thermocouple probe 
was capable of axially traversing reactor to measure gas temperature as a function of 
distance downstream of the catalytic gauze. 

The partial oxidation of butane involves several reactions between butane and 
oxygen. Depending on the stoichiometry of the feed, conditions vary from complete 
combustion (1), to syngas formation (2), to olefin formation (3), and to oxygenate 
formation (4). 
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126 HETEROGENEOUS HYDROCARBON OXIDATION 

o o o o o o o o o 

ooooooooo 

FIGURE 1. Schematic of the reactor. A single layer of Pt/Rh gauze is 
held in place by a quartz sleeve that has the same internal diameter as the 
inlet section of the reactor (15 mm). A layer of fibrous alumina is used to 
seal the space between the sleeve and reactor wall. A heating tape wrapped 
around the inlet section of the reactor can be used to preheat the feed. 
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9. GOETSCH ET AL. Butane Oxidation at Microsecond Contact Times 127 

C4H 1 0 + 6.50 2 -> 4 C 0 2 + 5H 2 0 (1) 

C4H10 + 2 0 2 -> 4C0 + 5H 2 (2) 

C4H 1 0 + 0.5O2 -> C4H8 + H 2 0 (3) 

C4H10 + 0 2 -> C4H 8 0+ H 2 0 (4) 

The water-gas-shift reaction (5) also takes place at these conditions, but is kinetically 
rather than equilibrium limited. 

CO + H 2 0 -> C 0 2 + H 2 (5) 

In addition, at temperatures greater than 400°C, the ketones and particularly the 
aldehydes produced will undergo decarbonylation to give lower oxygenates such as 
formaldehyde and acetaldehyde which can also undergo decarbonylation to give CO. 
These reactions can be written as 

C4H8O -> .CHO + .C3H7 (6) 

•CHO + H . -> HCHO (7) 

•CHO -> CO + H . (8) 

.C3H7 -> C3H6 + H . (9) 

Similar reactions to equations 6-9 can be written for decomposition of the ketones 
produced from the partial oxidation of butane to give acetaldehyde, ethylene, and CO. 
Thus, the partial oxidation of butane produces parent oxygenates and olefins in 
addition to lower oxygenates and olefins. 

Figure 2 shows the conversion of butane and oxygen as function of the butane 
to oxygen ratio in the feed, and the corresponding downstream gas temperature for 
operation at 265 ^isec and 1.4 atm. At a butane to oxygen feed ratio of two, greater 
than 90% oxygen conversion and 40% butane conversion are achieved and the product 
gas exits the reactor at 530 °C. Increasing the butane to oxygen ratio from about 2:1 
to 3.5:1 results in little reduction in oxygen conversion but a significant decrease in 
butane conversion from 40% to about 10% and a corresponding decrease in exit gas 
temperature. Further increases in butane to oxygen ratio have little effect on the 
butane conversion but the oxygen conversion decreases from 90% to less than 70%. 
When the butane to oxygen ratio reaches 4.8, the reaction on the catalytic surface 
extinguishes. 

Product carbon selectivities are plotted as a function of butane to oxygen ratio 
in Figure 3. Olefins are selectively produced at butane to oxygen ratios of about 2:1. 
Increasing the butane to oxygen ratio decreased the olefin selectivity from 60% to less 
than 20% over the feed composition range studied. Altering the feed composition 

D
ow

nl
oa

de
d 

by
 U

N
IV

 M
A

SS
A

C
H

U
SE

T
T

S 
A

M
H

E
R

ST
 o

n 
O

ct
ob

er
 1

1,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
3,

 1
99

6 
| d

oi
: 1

0.
10

21
/b

k-
19

96
-0

63
8.

ch
00

9

In Heterogeneous Hydrocarbon Oxidation; Warren, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



128 HETEROGENEOUS HYDROCARBON OXIDATION 

0 1 2 3 4 5 

C 4 H 1 0 / O 2 

FIGURE 2. Butane conversion, oxygen conversion, and exit gas 
temperature as a function of butane to oxygen ratio in the feed at a contact 
time of 265 ^isec and 1.4 atm total pressure over a single layer of Pt-10%Rh 
gauze. 
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9. GOETSCH ET AL. Butane Oxidation at Microsecond Contact Times 129 

FIGURE 3. Carbon selectivities for total olefins, total oxygenates, CO, 
and CO2 as a function of butane to oxygen ratio in the feed at a contact time 
of 265 |isec and 1.4 atm total pressure over a single layer of Pt-10%Rh 
gauze. 
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130 HETEROGENEOUS HYDROCARBON OXIDATION 

from 2:1 to 3.5:1 decreased the olefin composition and increased the oxygenate 
selectivity from less than 20% to more than 40%. Further increases in butane to 
oxygen ratio resulted in decreased selectivity to oxygenates. Figure 3 shows that the 
C0 2 to CO selectivity ratio increases with increasing butane to oxygen ratio. This is 
not surprising since the exit gas temperature correspondingly decreases from 530°C to 
about 370°C. However, optical pyrometry shows that the wire temperature decreases 
from 850°C to 800°C which corresponds to approximately 20% less radiative heat loss. 
The C0 2 yield decreased from 3.4% to 2.2% over the same range of conditions. 
Although the CO selectively decreases slightly with increasing butane to oxygen ratio 
in the feed, the large decrease in butane conversion corresponds to a significant yield 
reduction in CO. Alternatively, the CO yield increases with increasing product gas 
temperature. These data suggest that C0 2 is primarily produced on the catalytic 
surface while CO is made by decarbonylation of oxygenate intermediates in the gas 
phase. This serves to emphasize the importance of rapid quenching in order to 
produce oxygenates selectively and in high yield. 

The olefins produced by oxidative dehydrogenation of butane consist of 1-
butene, cis and trans 2-butene, and lower olefins such as ethylene and propylene. 
Figure 4 shows that as the butane to oxygen ratio increases, the selectivity to lower 
olefins decreases. We observe a corresponding decrease in alkane selectivity, primarily 
the methane selectivity. Since the cracking of alkane C-C bonds is endothermic, the 
decrease in temperature results in a corresponding decrease in lower olefin selectivity. 
However, the decrease in cracked olefin selectivity can also be explained by reduced 
oxygen concentration at the wire surface to catalyze the oxidative dehydrogenation of 
butane and subsequent P-elimination that produces cracked olefins. 

Experiments were also conducted with a fixed feed composition (3.5:1 butane 
to oxygen ratio) to examine the effect of velocity on conversion, selectivity, and yields 
at 1.4 atm and a product gas temperature of 410°C. The exit gas temperature was 
maintained at 410°C by adjusting the amount of preheat. Figure 5 shows that the 
butane conversion decreased slightly with increasing contact time or decreasing 
velocity while the oxygen conversion increased slightly. The butane conversion results 
suggest that the reaction is initiated on the wire surface and that the reaction rate is 
mass transfer limited. 

Carbon selectivity data in Figure 6 show that oxygenate and olefin selectivity 
increases with decreasing contact time. Also, the ratio of olefin to oxygenate 
selectivity remains relatively constant over the range of velocities or contact times 
studied. Figure 7 shows the carbon selectivity among lower olefins and the butylenes. 
Unlike Pt coated monoliths which are selective to the lower olefins, a single layer of 
Pt-10%Rh gauze primarily produces butylene. [5] Comparison of the butylene 
selectivity to the oxygenate selectivity gives a constant ratio which suggests that the 
butylenes and the oxygenates are produced by a parallel reaction pathway. 

The oxygenates produced in this system consist of formaldehyde, acetaldehyde, 
methanol, ethanol, acetone, acrolein, methyl ethyl ketone, methyl vinyl ketone, butanal, 
and crotonaldehyde. Carbon selectivities for the various oxygenate products are 
shown in Figure 8. The predominate oxygenates are primarily formaldehyde and 
acetaldehyde. 

The high transparency (81%) of the gauze combined with short contact times 
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FIGURE 4. Butylene, Propylene, and Ethylene carbon selectivities as 
function of butane to oxygen ratio in the feed at a contact time of 265 [isec 
and 1.4 atm total pressure over a single layer of Pt-10%Rh gauze. D
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HETEROGENEOUS HYDROCARBON OXIDATION 

100 

Oxygen 

C 4 H 1 0 /O 2 = 3.5 
T = 410°C 
P = 1.4 atm 

Butane 

150 200 250 300 350 

Contact Time, \isec 

FIGURE 5. Butane and oxygen conversion as a function of superficial 
contact time over a single Pt-10%Rh gauze at 1.4 atm, 410°C, and C4Hi0:O2 

ratio of 3.4. D
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GOETSCH ET AL. Butane Oxidation at Microsecond Contact Times 

FIGURE 6. Carbon selectivities for total olefins, total oxygenates, CO, 
and CO2 as a function of superficial contact time over a single Pt-10%Rh 
gauze at 1.4 atm, 410°C, and GjHio^ ratio of 3.4. D
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FIGURE 7. Butylene, Propylene, and Ethylene carbon selectivities as a 
function of superficial contact time over a single Pt-10%Rh gauze at 1.4 atm, 
410°C, and C4H10.O2 ratio of 3.4. D
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FIGURE 8. Carbon selectivities for oxygenates produced from the partial 
oxidation of butane with a single Pt-10%Rh gauze at 1.4 atm, 410°C, and 
C4H10.O2 ratio of 3.4. D
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— H h — l o o p s 

— H h — 5|is 
800 r 

T,°C 400 -

z,t 
FIGURE 9. Sketch of temperature profiles for a single layer of gauze for 
gas flowing around single gauze wires and between gauze wires. Gas flowing 
close to the wire is rapidly heated (~5 [isec) to the wire surface temperature 
(~800°C), remains at this temperature for the contact time with the wire 
(-100 îsec), and is rapidly quenched to 400°C by mixing with 25°C gas 
flowing between the wires (-400 jisec). (Adapted from ref. 8) 
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leads to a significant amount of reactants passing between the catalytic wires. The 
high oxygen conversion achieved with a single gauze strongly suggests that significant 
homogeneous reaction takes place in the wake region behind the gauze wires. 
However, reaction products in the wake are rapidly quenched by the cold feed gas that 
by-passes the catalyst. 

We believe that butylene and aldehydes survive in the presence of greater than 
800°C catalyst surfaces because the products are rapidly quenched by the cold feed gas 
that by-passes the wire surface. The mixing of the hot reacted gases (contacting the 
wires) and the cold unreacted gases (passing between the wires) occurs within a few 
wire diameters downstream of the gauze, which is at >800°C, and cools the products 
to about 400°C within 200 p,sec. This allows selective production and survival of 
oxygenates and is shown in Figure 9. 

The Reynolds number varies between 1 to 3 over the range of experimental 
conditions. Under these conditions, boundary layer separation from a single wire in 
would not be expected. [6] However, the pressure gradient induced by the opening, 
the large temperature gradient between the wire and the gas, and the reduction in 
molecular weight all contribute to destabilize the boundary layer. [7] In addition, 
roughening of the wire surface with exposure time to reaction conditions introduces 
form drag further contributing to premature boundary layer separation. [8] The 
temperature of the gas within the boundary layer and the wake region behind the wire 
will be nearly the same as the wire surface while the gas passing between the wires will 
be significantly cooler. The difference in viscosity between the hot and cold gas results 
in shear boundary causing mixing of the hot and cool streams much in the same manner 
as a jet introduced into another medium. 

Increasing the number of gauze layers from one to five decreases the 
transparency from 81 to 13% and results in an increase in olefin selectivity from 36 to 
63% and a decrease in oxygenate selectivity from 40 to 14%, Table I. The exit gas 
temperature increased to 830°C and the inability to rapidly quench reaction products 
results in increased amounts of olefins by cracking reactions and decarbonylation of 
oxygenates. 

TABLE I 

Conversions and Selectivity in Single and Multiple Gauze Reactors 
For Butane Oxidation 

Conversion. % Carbon Selectivity. % Temperature. °C 

C4H10 0 2 CO C0 2 C 4

= <C4

= Oxygenates Catalyst Gas 

1 layer 10 90 4 20 27 9 40 800 400 

5 layers 38 >99 9 9 15 48 14 900 830 
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138 HETEROGENEOUS HYDROCARBON OXIDATION 

The data suggest that oxygenates are produced by a heterogeneously assisted 
homogeneous reaction mechanism. [9,10] The first step must take place on the 
catalyst surface since the feed gas enters at temperatures too low for significant 
homogeneous radical initiation to occur. However, within the wake region the gas is 
at temperatures high enough to allow homogeneous reaction. Reaction will continue 
to propagate in the wake region until enough cold feed gas has been entrained to 
reduce the temperature enough to stabilize the alkyl peroxides responsible for chain 
branching. 

The constant selectivity ratio between formaldehyde and acetaldehyde can be 
explained by an intramolecular reaction mechanism. For butane, the alkyl peroxy 
radical can attack at a contiguous secondary carbon forming a cyclic transition state. 
Following electron rearrangement the activated complex decomposes to acetaldehyde 
and an ethoxide radical. At temperatures greater than 360°C, the ethoxide radical can 
spontaneously decompose to formaldehyde and a methyl radical. [11] The methyl 
radical undergoes further reaction to give either formaldehyde, formic acid, CO, or 
C0 2 . Thus, the intramolecular pathway would produce formaldehyde to acetaldehyde 
in ratios between 2:1 and 1:1 depending on the reaction temperature. The reaction 
pathway can be represented as follows: 

^ + -CH3 

O O 

A H

 + » A H + ' C H 3 

(10) 

The alkyl peroxy radical can also abstract an internal hydrogen and then 
decompose to butylene and hydroperoxide radical. This is consistent with the constant 
selectivity ratio observed between oxygenates and butylene. 

SUMMARY 

Rapid chemical preheat coupled with rapid quench by unreacted gases by
passing the catalyst make single gauze catalysts uniquely capable of converting alkanes 
into useful chemicals with high selectivity and conversions at very high temperatures 
where reaction rates are extremely fast. These laboratory reactors produce about 20 
kg/day of aldehydes and butylene from butane, and a one foot diameter reactor should 
be capable of producing approximately 3.5 metric tons/day of these chemicals. The 
relative ease with which formaldehyde can be removed from the product stream by 
water washing should allow even higher yields by recycling unreacted products. The 
ability to directly produce valuable chemicals such as formaldehyde from natural gas 
could have significant impact on the practice of commercial partial oxidation reactions. 
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Chapter 10 

The Catalytic Activity of Wells—Dawson and 
Keggin Heteropolyoxotungstates in the 

Selective Oxidation of Isobutane to Isobutene 

Fabrizio Cavani1, Clara Comuzzi2, Giuliano Dolcetti2, Richard G. Finke3, 
Arianna Lucchi1, Ferruccio Trifirò1, and Alessandro Trovarelli2 

1Dipartimento di Chimica Industriale e dei Materiali, 
Viale Risorgimento 4, 40136 Bologna, Italy 

2Dipartimento di Scienze e Tecnologie Chimiche, Via Cotonificio 108, 
33100 Udine, Italy 

3Department of Chemistry, Colorado State University, 
Fort Collins, CO 80523 

The catalytic performance of the Wells-Dawson-type polyoxotungstate, 
K6P2W18O62, in the oxydehydrogenation of isobutane to isobutene 
has been studied, and compared with the activity of the corresponding 
Keggin compound, K3PW12O40. The Wells-Dawson compound is 
characterized by a lower activity than the Keggin salt, but by a 
remarkably higher selectivity to the olefin. The activity of the Wells-
Dawson catalyst is strongly dependent on the hydrocarbon content in 
the feed, and increases with increased partial pressure of isobutane. 
This unexpected autocatalytic behavior is explained by a proposed 
mechanism where the olefin product induces a modification of the 
catalyst surface, with the creation of more active sites. In addition, at 
the highest hydrocarbon content in the feed, the contribution of 
heterogeneously-initiated, homogeneous gas-phase reactions become 
important, thus favoring high selectivity to isobutene. 

Interest in heteropolyanions as catalysts for the liquid-phase and gas-phase oxidation 
of hydrocarbons has been growing rapidly in the last years (7,2). The unique features 
of these materials, their high acidity and tunable redox properties, make them ideal for 
a variety of applications. Heteropolycompounds have found industrial applications for 
many years as catalysts for the oxidation of methacrolein to methacrylic acid, and are 
well studied as catalysts for acid-catalyzed reactions (alkylation of isobutane, 
etherification) and as catalysts for the homogeneous and heterogeneous oxidation of 
olefins and paraffins (7,2). Their reactivity and selectivity can be fine-tuned, for 
example by modifying their composition and structure through incorporation of 
transition metal ions or alkali metal counterions. 

Among the different classes of heteropolyanions (Keggin, Anderson, Wells-
Dawson and Waugh), Keggin-type complexes account for the majority of studies and 
applications in homogeneous and heterogeneous reactions, probably because of their 

0097-6156/96/0638-0140$15.00/0 
© 1996 American Chemical Society 
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10. CAVANI ET AL. Selective Oxidation of Isobutane to Isobutene 141 

higher thermal stability under reaction conditions, their easy preparation, and the fact 
that the Keggin-anion structure has been known since 1934. However, the use of 
Wells-Dawson type polyoxoanions as oxidation catalysts has been limited to 
homogeneous, liquid-phase oxidation of olefins (3,4). More specifically, no example 
or application of a gas-phase, heterogeneous catalyst using a Wells-Dawson type 
polyoxoanion has previously been reported in the scientific literature. 

Among the organic substrates which are studied as raw materials for 
oxifunctionalization reactions, paraffins deserve particular attention. The oxidative 
activation of paraffins is a current challenge in catalysis: new low cost, widely 
available, raw materials for the petrochemical industry is the goal here (5). Among 
light paraffins, isobutane is one of the currently most interesting targets due to the 
increasing market for isobutene, which in turn is a raw material for the synthesis of 
oxidation products such as methacrylic acid (currently produced via the 
environmentally unfriendly acetone-cyanohydrin route), or for the synthesis of methyl 
t-butyl ether, an octane booster for reformulated gasolines. Heteropolyoxomolybdates 
have, for example, been investigated as catalysts for the one-step transformation of 
isobutane to mixtures of methacrolein and methacrylic acid (6,7). 

Herein we report the catalytic reactivity of Wells-Dawson-type and Keggin-
type heteropolyoxotungstates for the oxidation of isobutane. Potassium salts of 
(PW12O40) 3 - and of ( P 2 W 1 8 0 6 2 ) 6 - were prepared and characterized, since it is 
known that potassium salts exhibit a considerably enhanced structural stability with 
respect to the parent acid form, or in comparison to salts containing smaller cations 
CO. 

Preparation of Catalysts 

The Wells-Dawson compound of composition K ^ ^ W j g O ^ ' l O ^ O was prepared as 
detailed elsewhere (#); its purity and composition were checked by FT-IR, solution 
31p NMR, and elemental analysis. K3PW12O40 w a s prepared by precipitation from 
an aqueous solution containing Na2WC>4 and H3PO4. H N O 3 was added to the 
solution until a pH lower than 1.0 was reached, and then K N O 3 was added for 
precipitation of the Keggin salt. The resultant K3PW12O40 purity was checked by 
X R D and IR. Before catalytic tests, all compounds were calcined at 450°C for 3 h in 
air. Surface area analyses were carried out by measuring N2 adsorption isotherms with 
a Carlo Erba Sorptomatic 1900 Instrument interfaced with a computer. The infrared 
spectra were collected as KBr pellets with a Digilab FTS-40 instrument. 

Thermal Evolution of K^WigOftj-lOE^O and K3PW12O40 

The surface areas of the "as synthesized" powders were respectively 1.5 and 15 m^/g 
for K6P2W18O62IOH2O and for K3PW12O40. Treatment in air at 450°C does not 
affect the textural properties; in the case of the Wells-Dawson compound, 
K6P2WigO62'10H2O, a slight modification of surface area (from 1.5 to 3 rrfi/g) is 
observed, which is probably related to the loss of crystallization water from the 
material, which occurs at around 150°C, as detected by thermogravimetric analysis. 
Figure 1 shows for comparison the FT-IR spectra of the catalysts before and after 
thermal treatment in air at 450°C for 2h. The vibrational bands typical of P-0 (ca. 
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Figure 1. FT-IR spectra of the K3PW12O40 and of the K6P2W18O62 catalysts 
as synthesized (a and b, respectively), and after calcination at 450°C (c and d, 
respectively). 
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1090 and 1020 cm~l in the Wells-Dawson and in the Keggin compound, respectively), 
W=0 (ca. 780-800 cnr 1 ) and W-O-W (ca. 910 and 950 cm" 1 for the Wells-Dawson 
compound, and ca. 980-1000 c m - 1 for the Keggin) are observed. No major 
modification of the JR pattern is induced by treatment in an oxidizing atmosphere up 
to 500°C, indicating that the polyoxoanion primary structure remains intact. After 
reaction (at least 300 h time-on-stream), the IR patterns of the unloaded catalysts did 
not differ from those of the starting materials, indicating that the catalysts were stable 
in the reaction environment. This was also confirmed by checking the catalytic activity 
which was constant with time on stream. 

Catalytic Activity of the Wells-Dawson and Keggin Compounds in Isobutane 
Oxidation 

The catalytic activity for the gas-phase oxidative dehydrogenation of isobutane was 
examined using a stainless steel flow reactor operating at atmospheric pressure, all as 
previously described (6). Three grams of granulated catalyst (particle size 0.3-0-5 mm) 
were loaded for tests. Results were collected after approximately 50 h time-on-stream, 
and no effect of catalyst deactivation was observed even after 300 h time-on-stream. 
Analysis of the products was done as described previously (6). Carbon balance was 
always in the range 95-110%. 

The effect of the reaction temperature on the catalytic performance of 
K3PW12O40 and K6P2Wig062> both calcined at 450°C, is shown in Figures 2 and 
3, respectively. The main products in both cases were isobutene and carbon oxides; 
minor amounts of propylene also formed, as well as acetic acid, methacrolein and 
methacrylic acid. Significantly, the main products obtained were different from those 
obtained under the same conditions with Keggin polyoxomolybdates; in this case, in 
fact, the K3PM012O40 catalyst yielded methacrolein and methacrylic acid as the main 
products of selective oxidation, and isobutene was obtained only in minor amounts 
(6). This fact points out the different reactivity of molybdenum and tungsten in 
polyoxometalates; Mo VI is able to i) abstract hydrogen and ii) insert oxygen onto the 
activated hydrocarbon, while W ^ I can only perform the first type of oxidative 
reaction. The MoVI vs. W ^ I greater electronegativity and lower M-O bond strength 
account for the different reducibility and reoxidizability (9) of the two metal ions. 

Results show that the Keggin, K3PW12O40, and the Wells-Dawson, 
K6P2W l8062> compounds are characterized by a different catalytic performance. The 
Keggin compound was clearly more active, activating isobutane already at 350°C 
(total oxygen conversion was reached at approximately 420-430°C), while the Wells-
Dawson type catalyst was almost inactive at this temperature. This difference might be 
explained by the different values of surface area of the two compounds. However, the 
different apparent activation energies for isobutene formation in the two cases (30 
kcal/mol for the Wells-Dawson compound, 15 kcal/mol for the Keggin compound) 
also indicates a different nature or reactivity of the active site. The Wells-Dawson 
compound was, however, much more selective to isobutene; in addition, remarkably, 
this selectivity to isobutene was roughly constant over the entire examined range of 
temperature, at a residence time of 3.6 s. This might indicate that isobutene is 
kinetically stable under the reaction conditions, and does not undergo consecutive 
oxidative degradation reactions. The Wells-Dawson compound is more selective even 
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Figure 2. Isobutane and oxygen conversions, and selectivity to the products as a 
function of the reaction temperature for the K3PW12O40 catalyst. Symbols: 
isobutane conversion (0); oxygen conversion (A) , selectivity to isobutene (•) , 
selectivity to carbon oxides (V) , selectivity to the other products (M). Other 
conditions: residence time 3.6 s, feedstock composition: 26% isobutane; 13% 
oxygen; 12% water; balance helium. 
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Figure 3. Isobutane and oxygen conversions, and selectivity to the products as a 
function of the temperature for the K6P2W18062- Symbols and conditions as in 
Figure 2. 
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if we compare the results obtained on the two catalysts at comparable isobutane 
conversion, despite the higher temperature at which the Wells-Dawson catalyst is 
active; the higher selectivity accounts for a lower consumption of dioxygen, thus 
allowing a higher maximum isobutane conversion in comparison to the Keggin 
compound. 

The autocatalytic effect at high isobutane concentration 

The effect of an increasing concentration of isobutane in the feed on the 
Keggin and Wells-Dawson catalysts are shown in Figures 4 and 5, respectively. The 
higher activity of the Keggin compound is confirmed; the isobutane conversion 
remains approximately constant (8-9%) over the complete range of isobutane 
concentrations examined, as expected for the case of a reaction order close to 1. The 
oxygen conversion correspondingly increased when the hydrocarbon concentration 
was increased, because of the higher hydrocarbon-to-oxygen ratio in the feedstock, 
and the selectivity to isobutene was significantly improved. 

On the contrary, the behavior of the Wells-Dawson compound proved rather 
unexpected. Under the conditions examined, we can distinguish two regions: a first 
region, for hydrocarbon concentrations lower than approximately 15-20%, in which 
the catalyst exhibited a very low activity, and the conversion was approximately 
constant, implying a reaction order close to 1 (i.e., a behavior similar to that observed 
with the Keggin catalyst, apart from the lower activity), and a second region, for 
isobutane concentrations higher than 20%, where the conversion steadily increased, a 
trend which clearly indicates a reaction order higher than 1. The effect was completely 
reversible, and therefore it cannot be explained as due to a structural irreversible 
transformation, but rather might be due to a temporary and reversible surface 
modification. This behavior clearly points to an autocatalytic effect at high isobutane 
partial pressure, possibly due either to i) an in-situ modification of the active centers 
when the gas-phase composition is varied, or to ii) one of the products acting itself as 
a reactant or as catalyst for the reaction, or acting as a modifier of the catalyst surface. 

Several different possibilities could explain this effect, so additional tests were 
carried out in order to further define the phenomenon: 

1) A first possibility is that an increase in the isobutane concentration might 
favour the reduction of the catalytic surface (for instance, of the W ^ I ions), with 
formation of more active W^* centers. In favour of this hypothesis is the observation 
of an induction period when changing the feed composition, a phenomenon which 
might well be explained by a progressive modification of the catalyst surface. This 
induction period is shown in Figure 6, which illustrates the progressive variation in 
catalytic performance after varying the feed composition from 42% to 8% isobutane 
content in the feed (i.e., from a gas phase composition under which the catalyst is 
active to a situation under which it is inactive), and vice versa from 26% to 42% 
isobutane. 

The reduction of tungsten should be disfavoured under more oxidizing 
conditions, that is at higher oxygen concentration in the feedstock. On the contrary, 
Figure 7 reports data showing a remarkable increase in the catalytic performance when 
the oxygen content in the feed is increased. The oxygen effect is similar to that 
obtained by increasing the isobutane concentration. Since an increase in either 
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Figure 4. Isobutane and oxygen conversions, and selectivity to the products as a 
function of the isobutane content in the feed for the K3PW12O40 catalyst. 
Symbols are the same as in Figure 2. Other conditions: T 470°C, residence time 
1 s, feedstock composition: 13% oxygen; 12% water; balance helium. 

0 10 20 30 40 50 

isobutane content in feed, mol.% 

Figure 5. Isobutane and oxygen conversions, and selectivity to the products as a 
function of the isobutane content in the feed for the K6P2W18O62 catalyst. 
Symbols and conditions are the same as in Figure 4. 
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150 180 

time of reaction, min 

Figure 6. Isobutene (A) and carbon oxides (O) yields as a function of the time 
of reaction after changing the isobutane content in the feedstock from 26% to 
42%, and from 42% to 8%. Time = 0 min corresponds to the moment at which 
the change is made. Other conditions: T 470°C, residence time 1 s, feedstock 
composition: 13% oxygen; 12% water; balance helium. 

0 5 10 15 20 25 30 

oxygen content in feed, mol.% 

Figure 7. Isobutane and oxygen conversions and selectivities to the products as 
functions of the oxygen content in the feed for the K6P2W18062 catalyst. 
Reaction conditions: T 470°C, residence time 1 s, feedstock composition: 26% 
isobutane; 12% water; balance helium. Symbols are the same as in Figure 2. 
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isobutane or oxygen clearly increases the concentration of the products, it is possible 
that the products (rather than isobutane) may change the catalyst surface to make it 
more active, thus yielding the observed autocatalytic effect. Water, a product of the 
reaction, was shown to not be playing this role, since water was also fed at low 
isobutane concentration, but a low activity was seen under these conditions. 

In order to study the possible role played by the isobutene product, tests were 
done by co-feeding 8% isobutane and 2% isobutene, together with oxygen and water, 
at 470°C and a residence time 1 s. The results reported in Table I indicate that, under 
these conditions and in the presence of isobutene, the isobutane was more reactive 
than it was in the absence of added isobutene, but that primarily carbon oxides were 
formed (for comparison, the results obtained when oxidizing only 8% isobutane and 
only 2% isobutene are also given). This effect might be due either to a modification of 
the surface induced by the presence of the gas-phase olefin, with the formation of sites 
active in isobutane oxidation, or to the ignition of gas-phase homogeneous reactions 
due to the presence of the more labile, allylic C-H bond in isobutene. An analogous 
activation effect was obtained when co-feeding 2% propylene and 8% isobutane; in 
this latter test isobutane was more reactive, but with the formation of only carbon 
oxides, and no isobutene. 

Table I. Results obtained by co-feeding isobutane and isobutene. 
Hydrocarbon in feed, COx in the outlet, 1C4H8 in the outlet, 

mol.% mol.% mol.% 
8 % i C 4 H 1 0 + 2 % i C 4 H 8 2.4 1.8 

8% 1C4H10 0.02 0.05 

2% i C 4 H * 0.6 1.85 
Reaction conditions: T 470°C, residence time 1 s, O2 13 mol.%, H 2 O 12 mol.%, 
balance He. 

In order to define more clearly the role of the catalyst redox level, the calcined 
catalyst was first reduced by treatment in a diluted H2 flow at 400°C, and then 
subjected to the reaction environment. The effect of the isobutane content in feed on 
the catalytic activity is displayed in Table II. 

Table II. Reactivity of the KfiPiWiftOfil catalyst prereduced in H^/He 
/ C 4 / / / q in feed, iC4H j q conv./ Sel. i- C4H8, Sel. COx, Sel. others, 

mol.% O2 conv., mol.% mol.% mol.% mol.%a 

13 1.9/10.0 0 88 13 

26 2.3/15.2 39 57 4 
Reaction conditions: T 470°C, residence time 1 s, O2 13 mol.%, H 2 O 12% mol.%, 
balance He. 
aOthers are propylene, and traces of methacrolein and methacrylic acid. 
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The reduced catalyst was more active than the untreated one at low 
hydrocarbon concentration, but was also characterized by a very low selectivity to the 
isobutene. Even though the pre-reduced catalyst soon re-equilibrates in the reaction 
environment, the results obtained point out the role of the surface degree of oxidation. 
This is also in agreement with the results obtained by co-feeding the isobutane and an 
olefin (either isobutene or propylene), which led to an increase in the conversion of 
isobutane, but with the exclusive formation of carbon oxides. 

Figure 8 shows the UV-Vis Diffuse Reflectance spectra of: (a) the 
K6P2W18O62 sample after calcination, (b) the Keggin K3PW12O40 sample after 
calcination, (c) the 1^6^2^18062 sample after reaction under conditions at which the 
catalyst showed very poor activity (8% isobutane in feed), (d) the K6P2W18O62 
sample after reaction under conditions at which the catalyst was active (42% isobutane 
in feed), and (e) the K6P2W18O62 sample after pre-reduction treatment in diluted 
hydrogen. Also shown is the UV-Vis spectra if) of the Keggin catalyst after reaction. 
In all cases the catalyst was unloaded after cooling in helium, in order to avoid 
possible modifications in the surface average redox level during cooling. Samples (a) 
and (c) were pale yellow, while sample (d) was light grey. 

The spectra indicate that the main difference between the spent "active" Wells-
Dawson catalyst (d) and the "inactive" catalyst (c) is an increase of the absorption in 
the range 450-900 nm which is observed in the former sample, and which disappears 
by reoxidation of the catalyst. This absorption is very intense in the Keggin compound 
after reaction (/), which is more active than the Wells-Dawson catalyst. 

Octahedral is known to exhibit an absorption centered at around 700 nm 
(9); this absorption is seen, for instance, in spectrum (e) relative to the sample reduced 
in hydrogen, while it is not present in spent samples. In addition, catalysts after 
reaction did not exhibit the blue color typical of reduced heteropolyblues. However, 
when the oxidized catalyst was subjected to a reducing treatment in a diluted H2 
stream with increasing temperature, and the corresponding UV-Vis spectra were 
recorded, it was found that in correspondence with the progressive reduction of 
tungsten, the spectrum first exhibited an increase in the absorption at wavelengths 
higher than 450 nm, then only at temperatures higher than 350°C the absorption 
centered at 700 nm appeared. In addition, a change in the relative intensities of the 
bands in the 250 to 450 nm range occurred. During heating, the sample turned from 
the original pale yellow colour to a grey-yellow colour (after reduction at temperatures 
higher than 150°C but lower than 300°C), to a pale green and, only after prolonged 
reduction at 400°C, the compound was definitely blue. This behavior is likely due to 
the fact that the first electron(s) furnished to the compound are delocalized throughout 
the structure; therefore, entities are only formed when an energetic barrier to 
electron derealization is established (9), that is for high reduction degrees. These data 
support the hypothesis that one difference between the "active" and the "inactive" 
catalyst is the extent of surface reduction which develops under the different operating 
conditions. 

Another aspect concerns the significant differences in the charge-transfer 
spectral region between the calcined Keggin and Wells-Dawson samples (samples (a) 
and (&)), which can be tentatively assigned to differences in the coordination sphere of 
tungsten at the surface of the crystallites. 
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200 400 600 800 
n m 

Figure 8. UV-Vis Diffuse Reflectance spectra of fresh and used catalysts. See 
the text for further explanation. 
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2) A second possibility to explain the observed autocatalytic effect is that an 
increase in isobutane concentration might favor the formation of carbonaceous 
substances, which may act themselves as active sites. However, this hypothesis can be 
ruled out due to the fact that an increase in activity is also observed on increasing the 
oxygen partial pressure (Figure 7), conditions which should greatly hinder formation 
of active surface carbon. 

3) A third possible explanation is that surface-initiated, homogeneous, radical 
reactions may occur at high isobutane and high oxygen concentration, analogously to 
what has been reported in the case of methane oxidative coupling and of ethane and 
propane oxydehydrogenation to the corresponding olefins (10-13). In this hypothesis, 
after the activation of the hydrocarbon by the catalyst, the radical intermediate can be 
ejected into the gas phase and be converted to the olefin via a radical chain-reaction, 
following well-known mechanisms (14): 

( C H 3 ) 3 C H + cat --> [ (CH3) 3 0] a c i s + cat-H 
[ ( C H 3 ) 3 0 ] a d s -> ( C H 3 ) 3 0 
( C H 3 ) 3 0 + 0 2 --> ( C H 3 ) 2 C = C H 2 + H 0 2 * 
H0 2 # + ( C H 3 ) 3 C H --> HOOH + ( C H 3 ) 3 0 
HOOH -> 2 OH* 
( C H 3 ) 3 C H + OH* --> ( C H 3 ) 3 0 + H 2 0 etc. 

These reactions sometimes exhibit an order higher than 1 with respect to the 
hydrocarbon. In this explanation for the observed autocatalysis, at low hydrocarbon 
concentration there is insufficient isobutane in the gas phase to sustain the 
homogeneous chain reaction, and the mechanism is mainly heterogeneous; under these 
particular conditions, the catalyst shows, therefore, a poor activity. Moreover, surface-
initiated, homogeneous radical-type mechanisms in light paraffins 
oxydehydrogenation are known to be more selective than completely heterogeneous 
mechanisms (10,13). The autocatalytic effect observed might also be due to a 
contribution of isobutene in the chain-propagation, due to the enhanced reactivity of 
the weaker allylic C-H bond (86 kcal/mol) with respect to the stronger C-H bond in 
isobutane (91 kcal/mol). 

In summary, the differences observed between the Keggin and the Wells-
Dawson catalyst may be due not only to the different surface area, but also to 
differences in the reactivity of tungsten. The Keggin compound is characterized by an 
higher activity and lower selectivity, its catalytic performance is less sensitive to 
variations in the feedstock composition, and the operating mechanism is also less 
dependant upon the reaction conditions. On the other hand, different surface properties 
may lead to a more selective mechanism, as in the case of the Wells-Dawson 
compound. 

The proposed working mechanism of isobutane oxidation on ^^^\%0^2 an(* 
K3PW12O40 catalysts 

The data obtained indicate that the operating mechanism is a sensitive function of the 
reaction conditions; in addition, it is likely that more than one of the possibilities 
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O n the ox id ized surface 

H 3 C H 
H 3 C - C — C ^ - H 

H 

H 3 Q / 
H 3 C - C ^ C ~ H 

'3~ / 
H 

+1/2 O, 

O n partial ly r e d u c e d s u r f a c e , at high reactant concentra t ion 

H 3 C H H 3 C / H H 3 C \ 
H 3 C - C — C — H H C _ V c r H H 3 C - C — C H 3 

H H 3 / H H 

° 0 ? A ? o ^ o 

" t \ _ l 
1) + 0 2 2) -H0 2 -

(CH 3 ) 3 C- —% ( C H 3 ) 3 C O O - — * ( C H 3 ) 2 C = C H 2 + H0 2 -

( C H 3 ) 3 C H + H0 2 - — • H 2 0 2 + ( C H 3 ) 3 C -

H 2 0 2 — 2 O H - ; (CH 3 ) 3 CH + HO • H 2 0 + ( C H 3 ) 3 C . etc. 

Figure 9. Proposed working mechanism for the oxydehydrogenation of 
isobutane to isobutene. 

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
O

ct
ob

er
 1

0,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
3,

 1
99

6 
| d

oi
: 1

0.
10

21
/b

k-
19

96
-0

63
8.

ch
01

0

In Heterogeneous Hydrocarbon Oxidation; Warren, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



10. CAVANI ET AL. Selective Oxidation of Isobutane to Isobutene 153 

above reported could contribute to the observed behavior. Figure 9 shows the 
proposed reaction mechanism, one that is summarized in the discussion which 
follows. This mechanism is proposed with insights from solution spectroscopic studies 
of reduced, oxygen-deficient forms of heteropolyoxomolybdates and tungstates (the 
so-called "heteropolyblues") (75-77), which generally show adjacent M-O-M sites 
(M=W, Mo, V and others) in close electronic communication (15-19). 

We propose that isobutane is activated on the surface through the formation of 
an adsorbed species which, according to literature indications (20), may be an alkoxy 
species. The extent of catalyst reduction affects the activity of the surface sites 
responsible for isobutane activation: a partially reduced surface leads to more active 
sites, but the reaction is less selective, possibly due to a lower availability of surface 
oxygen, which in turn does not allow the selective transformation of the adsorbed 
intermediate into the olefin. Under these conditions the intermediate evolves towards 
the formation of carbon oxides, possibly by oxidative attack from gaseous oxygen. 
This is confirmed by the performance of the pre-reduced compound, as well as by the 
results obtained by co-feeding isobutane and an olefin: paraffin conversion was 
increased but with formation of carbon oxides only. On the contrary, an oxidized 
surface is less active, but favours the heterogeneous transformation of the adsorbed 
intermediate species to isobutene. 

At isobutane concentration lower than the 15-20%, the Wells-Dawson 
compound shows poor activity, much lower than that of the Keggin catalyst. This is 
due to the lower surface area and, likely, also to the different reducibility of the 
tungsten ion. Under these conditions the surface of the Wells-Dawson catalyst is 
oxidized (as it was after the calcination treatment); this oxidized surface is less active, 
but it is selective. 

When the paraffin concentration (or the oxygen concentration) in feed is 
increased, the concentration of isobutene in the gas phase is also increased. Under 
these conditions, two main effects are likely obtained: i) on one hand, the higher 
reducing power of the isobutene makes the tungsten more reduced, thus yielding a 
more active catalyst; ii) on the other hand, the high hydrocarbon concentration in the 
gas phase makes the contribution of the homogeneous selective mechanism of 
isobutene formation the prevailing one. A reduced catalyst may initiate more radicals, 
increasing the amount of gas-phase homogeneous reactions. In other words, under 
increased paraffin concentration the overall activity (i.e., the step of isobutane 
activation) may be governed by the higher catalyst reduction degree, while the 
selectivity is mainly governed by the homogeneous gas-phase mechanism. The 
fundamental role of isobutene (which may also participate in the gas phase 
mechanism, due to its more labile C-H bond) yields the observed autocatalytic effect. 
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Chapter 11 

Factors Determining the Selectivity 
in the Oxidative Dehydrogenation of Propane 

over Boria—Alumina Catalysts 

O. V. Buyevskaya1,3, M. Kubik1, and M. Baerns2 

1Lehrstuhl für Technische Chemie, Ruhr-Universität Bochum, 
Universitätstrasse 150, D-44780 Bochum, Germany 

2Institut für Angewandte Chemie, Berlin-Adlershof e.V., 
Rudower Chaussee 5, D-12484 Berlin, Germany 

Boria-alumina catalysts are active in the selective oxidative dehydro
genation of propane. For undoped Al2O3, carbon oxides were the 
main products while the addition of 30 wt% B2O3 led to a significant 
increase in propene selectivity; propene yields of 18 % were achieved 
at 823 K. Pulse experiments with C3D8 in the temporal-analysis-of
-products reactor and spectroscopic studies showed that an addition of 
boria in the amount of less than a monolayer eliminates hydroxyl 
groups of γ-alumina involved in H-D exchange with propane. The 
suppression of the dissociative adsorption of propane resulted in a 
decrease of catalyst activity but did not improve propene selectivity. 
Oxygen isotopic exchange between gas-phase 18O2 and surface 16O 
was used to study the role of oxygen activation in the overall process; 
only for high boria loading no oxygen exchange products were 
detected. The suppression of both, dissociative adsorption of propane 
and oxygen, was found to be necessary for the improvement of 
propene selectivity in the oxidative dehydrogenation of propane over 
boria-alumina catalysts. It was assumed that higher propene selectivity 
can be achieved by secondary reactions of propyl radicals formed on 
the surface after their release into the gas phase due to diminished 
surface oxidation. 

Boria-alumina catalysts were originally proposed by Murakami et al. (7) for the par
tial oxidation of ethane. Only low yields of acetaldehyde in the order of 1.0 % were 
obtained; the ethylene yield, however, amounted to 14.6 %. Recently, we have found 

3Current address: Institut für Angewandte Chemie, Berlin-Adlershof e.V., 
Rudower Chaussee 5, D-12484 Berlin, Germany 

0097-6156/96/0638-0155$15.00/0 
© 1996 American Chemical Society 
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156 HETEROGENEOUS HYDROCARBON OXIDATION 

(2, 3) that this type of catalyst is also active in the oxidative dehydrogenation 
of propane. Propene yields of up to 18 % achieved on B 2 O 3 (30 wt % ) / A l 2 0 3 are 
close to the best results for the oxidative dehydrogenation of propane summarized in 
the recent review of Kung (4). In this work, we present further results on 
catalytic activity as well as on surface and bulk characterization of boria-alumina 
catalysts. Primary steps of propane and oxygen interaction with catalytic surfaces 
were studied by pulsing C 3 D 8 and 1 8 0 2 in the temporal-analysis-of products (TAP) 
reactor. Finally, it is the aim of this study to elucidate the reaction pathways for 
selective and non-selective product formation. 

Experimental 

B 2 O 3 / A I 2 O 3 catalysts with boria contents of 0.17, 15 and 30 wt % and KOH(0.27 wt 
%)/y-Al 203 were prepared by impregnation of Y-AI2O3 (83.8 m2/g) with boric acid 
or K O H dissolved in warm water. After stirring for 1 h the excess of water was 
evaporated; the remainding solid was dried overnight at 383 K and calcined at 873 K 
for 14 hours. A B 2 0 3 (25.5 wt %)/Y-A1 203 catalyst was prepared following the 
procedure described above; the dried precursor was calcined at 1073 K according to 
(5) in order to obtain the 2 A I 2 O 3 B 2 O 3 phase; Y-AI2O3 was pretreated at 873 K for 
14 hours before catalytic testing. 

For the catalytic experiments a fixed-bed reactor equipped with on-line gas 
chromatography was used. It was operated at ambient pressure and T = 823 K using 
1 g of catalyst and flow rates from 20 to 60 ml/min; p(C 3 H 8 ) and p(0 2) were varied 
from 10 to 40 and 20 to 50 kPa, respectively. 

Surface areas were measured by the 1-point B.E.T. method. Phase compositions 
were determined by X-ray diffraction using monochromatic copper K a radiation. 
For IR measurements a Unicam RS FTIR spectrometer with a commercial diffuse 
reflectance accessory (Spectra Tech, model 003-102) was used. After the pretreat
ment of the powdered catalyst at 773 K in a continous flow of nitrogen ( V S T P = 10 
ml/min) the spectra of the catalysts were recorded at 823 K. 

The interaction of C 3 D 8 , C 3 H 8 and 1 8 0 2 with the catalytic metal oxide surfaces 
(Y-AI2O3; B2O3/Y-AI2O3; KOH/Y-AI2O3) was studied by pulse experiments in vacuo 
(P = 10"4 Pa) in the TAP reactor (6) in the temperature range from 753 K to 843 K 
using 0.2 g of catalyst. The catalyst was first exposed to oxygen pulses at reaction 
temperature and kept under vacuum for 10 min before the pulse experiments. A 
C 3 D 8 (C 3 H 8 ) /Ne = 1:1 or 1 8 0 2 / N e =1:1 mixture was pulsed over the catalyst; pulse 
sizes amounted to (1^-7)1015 molecules/pulse. 

Results and Discussion 

Characterization. Results on catalyst characterization are summarized in Table I. 
The addition of boria to alumina resulted in a decrease in surface area from 83.8 
m 2/g (Y -A1 2 0 3 ) to 74.9 and 29.4 m 2/g for boria contents of 15 and 30 wt %, 
respectively. In the sample with low content of boria (0.17 wt %) only the presence 
of a Y-AI2O3 (JCPDS 37-1462) phase was detected by means of X-ray diffraction. In 
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11. BUYEVSKAYA ET AL. Propane over Boria-Alumina Catalysts 157 

the catalysts with boria loadings of 15 and 30 wt % the diffraction patterns identified 
B 2 0 3 (JCPDS 6-297) in addition to y - A l 2 0 3 . For the sample containing 30 wt % 
B 2 0 3 , the formation of the 2 A 1 2 0 3 B 2 0 3 phase (JCPDS 29-10) was additionally 
observed. This phase was detected as a major phase in the B 2 0 3 (25.5 wt %)/y-
A 1 2 0 3 catalyst calcined at 1073 K. X R D patterns of all samples are, however, 
diffuse in nature indicating that the presence of additional amorphous phases cannot 
be excluded. 

Table I. Catalysts used and their characterization 

Catalyst SBET> 
m 2/g 

Phases identified by X R D 

y - A l 2 0 3 83.8 y - A l 2 0 3 

B 2 0 3 (0.17 wt %) /y -Al 2 0 3 *) 83.9 y - A l 2 0 3 

B 2 0 3 ( 1 5 wt%)/y-Al 2 0 3 74.9 B 2 0 3 ; y - A l 2 0 3 

B 2 0 3 (25.5 w t % ) / y - A l 2 0 3 62.1 2 A 1 2 0 3 - B 2 0 3 (major); B 2 0 3 ; y - A l 2 0 3 

B 2 0 3 (30 wt %) / y - A l 2 0 3 29.4 B 2 0 3 ; y - A 1 2 0 3 ; 2 A 1 2 0 3 - B 2 0 3 

KOH(0.27 wt %) /y-Al 2 0 3 *) 81.0 not examined 

*) The amount of B and K corresponds to about 3.5 % of a hypothetical monolayer 
when assuming 10 1 9 atoms/m2. 

Catalytic Results. The effect of the addition of 0.17 wt % boria to alumina on the 
catalytic properties is illustrated by results given in Table II. A significant decrease 
in the propane conversion was observed on the doped catalyst compared to pure 

Table II. Results on catalytic activity of B2O3(0.17 wt %)/y-Al 2 0 3 and of y-
A1 2 0 3 (T = 823 K,x = 2 gs/ml, p(C 3H 8) = 10 kPa, p(02) = 20 kPa, N 2 - balance) 

Catalyst Conversion, % Selectivity, % 

C 3 H 8 0 2 C 3 H 6 
C 2 H 4 C 3 H 4 0 CO C 0 2 

y - A l 2 0 3 42.2 76.5 11.4 4.6 0 47.3 36.6 

B 2O 3(0.17wt %) /y -Al 2 0 3 24.8 41.1 18.8 3.4 0 44.0 33.9 

alumina. It is difficult to compare product selectivities because of different degrees 
of propane conversion. A slight increase in propene selectivity on B 2O 3(0.17 wt %)/ 
y - A l 2 0 3 compared to undoped alumina can be due to lower propane conversion. In 
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158 HETEROGENEOUS HYDROCARBON OXIDATION 

Figure 1. Propane conversions and product selectivities over B2O3 (0.17 wt %)/ 
y - A l 2 0 3 and B 2 0 3 (30 wt %) /y-Al 2 0 3 catalysts (T = 823 K, p(C 3 H 8 ) = 10 kPa, 
p(0 2) = 20 kPa). 

Figure 2. Propane conversions and product selectivities over y-Al 2C>3 and B 2C>3 
(30 wt %) /y -Al 2 0 3 catalysts (T = 823 K, p(C 3 H 8 ) = 25 kPa, p(0 2) = 50 kPa). 
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any case no significant suppression of total oxidation was observed with an addition 
of a low amount of boria. 

Product distribution on B2O3/Y-AI2O3 catalysts was significantly affected by 
boria loading. Selectivities towards C 3 H 6 , C 2 H 4 and C O x obtained over a catalyst 
with a high content of B 2 0 3 (30 wt %) are given in Figure 1 in comparison with a 
sample containing 0.17 wt % of B 2 O 3 at similar values of propane conversion (X = 
24.1 - 24.8 %). With increasing boria content C3H 6 selectivity increased from 18.8 
to 42.6 % coinciding with a decrease in C O x selectivity from 77.9 to 43.6 %. 

For higher degrees of propane conversions (37.2 - 40.4 %) the comparison of 
product selectivities is given in Figure 2 for undoped Y - A 1 2 0 3 and B 2 O 3 (30 wt %)/y-
A 1 2 0 3 . In accordance to the catalytic results presented in Figure 1 it is obvious that 
high amounts of boria on alumina had a positive effect on the formation of the se
lective products e.g. propene and ethylene, for a wide range of propane conversions. 
The total oxidation of propane and its dehydrogenation products to C O x was sig
nificantly diminished. 

As derived from X R D data, the formation of a new phase, i.e. 2 AI2O3B2O3, was 
detected in the 6203(30 wt %)/Al203 catalyst. An attempt was made to synthesize 
this phase in its pure form and to examine its catalytic performance. Catalytic results 
(X(C 3 H 8 ) = 21.6 %; S(C 3 H 6 ) = 16.9 %; S(C 2 H 4 ) = 3 % at T = 823 K, t = 4 g-s/ml; 
p(C 3 H 8 ) = 10 kPa, p(0 2 ) = 20 kPa) on a B 2 0 3 (25.5 wt %) /y -Al 2 0 3 catalyst 
consisting of 2 Al203*B203 as the major crystalline phase showed that this phase is 
a non-selective one and therefore cannot be considered as an active one for the for
mation of propene and ethylene on B 2 0 3 (30 wt %) / Y - A 1 2 0 3 . 

Active Sites. From the results on the oxidative transformation of ethane over B - A l -
O catalysts only little is known about the nature of the active sites. Mainly it was ob
served that an addition of boria to alumina effectively suppresses the formation of 
C O x and that the formation of ethylene increases with increasing the content of 
B2O3 (/, 7). Since the boria-alumina catalysts lack redox-properties, catalyst activity 
should be determined to a large extent by surface acidity/basicity. Although TPD-
measurements of acidity/basicity of B2O3(0-30 wt %)/Al203 using NH3, pyridine 
and SO2 as probe molecules were performed by Colorio et al. (6) no definite corre
lation between the catalytic properties and the acidity in the selective transformation 
of ethane to ethylene was derived. In the oxidative dehydrogenation of propane, the 
abstraction of a H atom from the propane molecule with the formation of an ad
sorbed propyl radical and surface OH group was found to be the primary step on V-
Mg -0 catalysts (8). For the oxidation of low alkanes on V-containing catalysts, it 
was shown by Kung (4) that the selectivities can be explained by the probability of 
surface alkyl species reacting with a reactive surface oxygen. Additionally, Corma et 
al. (9) showed that on V-Mg -0 catalysts selectivity is determined by the acid-base 
character of the lattice oxygen present on the surface: the lower the nucleophilicity 
of the oxygen species, the higher the propene selectivity. 

It should be noted that studying the nature of the acidic sites on boria-alumina by 
means of IR-spectra of adsorbed pyridine and ammonia failed due to strong ab
sorption of boria itself in the region from 1100 to 1700 cm - 1 masking any adsorbate 
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160 HETEROGENEOUS HYDROCARBON OXIDATION 

Normal ized intensity 

Figure 3. Normalized responses of propane isotopes (curve A - C3Dg ; curve B -
C 3 D 7 H ; curve C - C3D4H4; curve D -C3D3H5; curve E - C 3 H 8 ) when pulsing 
C 3 D 8 over y-Al 2 03 at 803 K. 
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peaks. Thus, the changes in Lewis and Br0nsted acidity caused by boria doping 
could not be elucidated by this conventional method. Therefore, H-D exchange re
action of propane (C3Dg) with surface OH groups was used for elucidating the 
changes in surface properties of A 1 2 0 3 by addition of B 2 0 3 . 

As shown in Figure 3, during pulsing of deuterated propane over y -Al 2 03 at 803 
K, a sequence of the response signals for the various isotopes of propane was de
tected leading to the assumption of a consecutive pathway of formation: C 3 Dg -> 
C 3 D 7 H -> ... -> C 3 H 8 

It was proved by pulsing C 3 Hg that no conversion of propane to propene and C O x 

occured over y -Al 2 03 at 803 K. Thus, conversion of deuterated propane (X(C 3 D 8 ) = 
92 %; T = 803 K, 4-10 1 5 molecules/pulse) was only due to H-D exchange with 
surface hydroxyl groups and the measured m/e did not arise from propene or C O x . 
When performing the same pulse experiments over B-doped catalysts no formation 
of isotopes of propane and other products, e.g., propene and C O x , were detected 
when C 3 D 8 was pulsed over B 2O 3(0.17 wt %) /y - A l 2 0 3 and B 2 O 3 (30 wt % ) / y - A l 2 0 3 

in the temperature range between 753 and 843 K. These results showed that addition 
of only 0.17 wt % of B 2 0 3 corresponding to less than monolayer surface coverage 
of A 1 2 0 3 resulted in the complete elimination of hydroxyl groups involved in the 
reaction of H-D exchange with propane. The dissociative adsorption of propane 
which effectively occurs on the y-alumina surface is suppressed by a very low B 2 0 3 

loading. 
The changes in the surface composition of A 1 2 0 3 caused by addition of B 2 0 3 can 

be monitored by means of IR spectroscopy. IR absorption bands between 3700 and 
3800 cm - 1 were assigned to different types of isolated hydroxyl groups bonded to 
the surface of alumina (10,11) while a band at 3200 cm - 1 was reported for OH 
stretching vibrations in B(OH) 3 (12). IR spectra of y - A l 2 0 3 and B 2 0 3 / y - A l 2 0 3 

catalysts at 823 K are shown in Figure 4. There was no significant change in the 
intensity of the main band of alumina at 3672 cm"1 on B 2O 3(0.17 wt%)/y -Al 2 0 3 

while the shoulders above 3700 cm - 1 which can be assigned to isolated OH groups 
of alumina (10) were not observed. Furthermore, no additional band at 3200 cm - 1 

corresponding to B(OH) 3 was detected in this catalyst. For B 2 O 3 (30 wt%)/y -Al 2 0 3 , 
no absorption bands corresponding to OH groups of alumina (u: 3500 - 3800 cm - 1) 
were observed; the only detected band (u = 3204 cm - 1) was due to B(OH) 3 . 

From transient and spectroscopic studies it can be concluded that indeed the 
fraction of "active" OH groups taking part in the H-D exchange reaction is rather 
low; these results are in agreement with findings of Larson and Hall (75) who 
showed that isotopic exchange between C H 4 and C D 4 over alumina occured via 
hydroxyl groups although a small fraction of them were involved. The exchange 
behaviour of acyclic alkanes with deuterium over y-alumina has also been 
investigated by Robertson et al. (14). The mechanism is believed to involve the 
heterolytic dissociation of the C-H bond with the formation of carbanionic 
intermediates (14). 

The effect of elimination of „active" hydroxyl groups on the catalytic perform
ance is illustrated by results on propane oxidation over y - A l 2 0 3 and B 2O 3(0.17 wt 
% ) / y - A l 2 0 3 given in Table II. A significantly low propane conversion was obtained 
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55 
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35 

30 

Transmiss ion / % 
• 1 

4000 

B 2 O 3 (0 .17wt%)/y-Al 2 O 3 

f\ 3584 
3707 I 3672 

3684 

B 2 O 3 ( 3 0 w t % ) / r A l 2 O 3 

3600 
v / c m 

3200 2800 

Figure 4. Transmission FT-IR spectra of y-Al2C>3, BjCtyO.H wt%)/y-Al 203 and 
B 2 O 3 (30 wt%)/y-Al 203 at 823 K after calcination in N 2 flow for 1 h at 773 K . 
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11. BUYEVSKAYA ET AL. Propane over Boria-Alumina Catalysts 163 

over a doped catalyst compared to pure alumina under the same reaction conditions. 
Thus, the changes in the surface properties, e.g., surface acidity, due to elimination 
of part of the hydroxyl groups was accompanied by suppression of the dissociative 
adsorption of propane which led to a decrease in the activity towards propane con
version. Since the changes in the surface properties with the addition of a low boria 
amount was mainly related to the elimination of mobile hydrogen, as confirmed by 
pulse experiments with C 3 D 8 , a decrease in the Br0nsted acidity can be assumed. 

In order to clarify further the relationship between the catalyst activity in propane 
oxidation and reactivity of surface hydrogen in H-D exchange, a K-doped Y-AI2O3 
catalyst was prepared and its activity was tested using both pulse experiments with 
C3D8 in the TAP reactor and a conventional mode of propane oxidation in a fixed 
bed reactor. Catalytic results on propane oxidation (p(C 3H 8) = 10 kPa, p(0 2) = 20 
kPa, T = 823, x = 2 g-s/ml) showed some decrease in the propane conversion on the 
K 0 H / A 1 2 0 3 catalyst (X(C 3 H 8 ) = 36.8 %) compared to undoped alumina (X(C 3 H 8 ) 
= 42.2 %); there was no significant change in the product selectivities. Pulsing C3D 8 

over KOH(0.27 wt %)/y-Al 203 at 803 K resulted in a low propane conversion of 4 
%. The formation of C3D7H (see Figure 5) was detected as the only reaction 
product. Thus, a decrease in the reactivity of surface hydroxyl groups occured due to 
addition of K, but there was, however, no complete loss of activitity for the reaction 
of H-D exchange with C 3 D 8 . IR spectra presented in Figure 6 showed that a 
remarkable change in the range corresponding to OH stretching vibrations was 
observed on K O H / y - A l 2 0 3 . For the K-doped catalyst, the main band at 3492 cm - 1 

can be assigned to K O H according to Buchanan (75) but the presence of isolated OH 
in alumina is shown by the peak at 3707 cm - 1 . 

From results described above it can be concluded that a catalyst shows high 
activity when propane activation occures via dissociative adsorption, but the 
formation of non-selective products are dominant in this case. 

Oxygen Activation. For the further elucidation of surface properties which can 
determine the product selectivity, oxygen interaction with catalytic surfaces was 
studied by means of pulse experiments with 1 8 0 2 in the TAP reactor. In this type of 
experiments the activity towards oxygen dissociative adsorption can be clarified 
using oxygen isotopic exchange between gas-phase 1 8 0 2 and surface 1 6 0 . Results 
on pulsing of 1 8 0 2 over various catalysts are summarized in Table III. It should be 
noted that 1 8 0 1 6 0 was detected as the only product of the oxygen exchange reaction 
on all catalysts studied. Transient responses of 1 8 0 2 pulsed and 1 8 0 1 6 0 formed are 
given in Figure 7 and 8 for y - A l 2 0 3 and B 2O 3(0.17 wt %) /y - A l 2 0 3 , respectively. 

As shown in Table III, there was no difference in the yield of exhange product 
1 8 0 1 6 0 for the reaction of 1 8 0 2 with surface oxygen of y - A l 2 0 3 and B 2O 3(0.17 
wt%)/y -Al 2 0 3 . Transient responses of isotopic oxygens on both catalysts (see Figure 
7 and 8) were similar. Thus, the dissociative adsorption of oxygen was not 
suppressed by a low boria loading. As was mentioned above no improvement in 
selectivity to propene and ethylene was observed with an addition of 0.17 wt % 
B 2 0 3 . Contrary to results from the B-containing catalyst a significant increase in the 
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164 HETEROGENEOUS HYDROCARBON OXIDATION 

Figure 6. Transmission FT-IR spectra of Y-AI2O3, KOH(0.27 wt%)/y-Al 203 at 
823 K after calcination in N 2 flow for 1 h at 773 K. 
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Normal ized Intensity 

t / s 

Figure 7. Normalized responses of oxygen isotopes while pulsing 1 8 0 2 over y-
AI2O3 at 803 K. 

Normalized intensity 

0 0.1 0.2 0.3 0.4 
t / s 

Figure 8. Normalized responses of oxygen isotopes while pulsing 1 8 0 2 over 
B 2O 3(0.17 wt %) /y-Al 2 0 3 at 803 K 
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Y / % X ( C 3 H 8 ) / % 

10 20 30 
p(C 3H 8)/kPa 

Figure 9. Effect of propane partial pressure on propane conversion and yields of 
products over B 2 O 3 (30 wt%/)Al 2 0 3 (T= 823 K, T=4 g-s/ml, p(0 2) = 20 kPa). 

Case A 

CO x (major ) ,C 3 H 6 ,C2^ 

CaseB 

C 3 H 6 + OOH <— C 3 H 7 0 0 ' 

C 2 H 4 + C H 3 

Figure 10. Probable reaction scheme for the oxidative dehydrogenation of 
propane. 
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Table III. Results on the oxygen exhange between gas-phase 1 8 0 2 and surface 
oxygen ( 1 6O s) at different temperatures in the pulse experiments. 

Catalyst Yield of 1 8 0 1 6 0 , % 

753 K 803 K 843 K 

Y -A1 2 0 3 0.2 0.8 1.1 

B 2O3(0.17wt%)/y-Al2O3 0.2 1.0 1.2 

B 2 0 3 (30 wt %) / y - A l 2 0 3 0 0 0 

KOH(0.27 wt %) /y-Al 2 0 3 1.8 11.7 15.0 

activity towards oxygen exchange was observed on the KOH/y-Al 2 03 catalyst, 
which, however, did not showed high selectivity to propene. For the catalyst 
containing 30 wt % B 2 0 3 with higher propene selectivity, no oxygen exchange was 
detected after pulsing 1 8 0 2 over the whole temperature range, i.e. the dissociative 
adsorption of oxygen does not occur effectively enough to be detected under the 
conditions applied. As mentioned above, only hydroxyl groups corresponding to 
B(OH) 3 were detected on this catalyst. It is not clear whether the relationship 
between the nature of hydroxyl groups and catalyst activity for the oxygen exchange 
exists but present results showed that complete elimination of the OH groups on 
alumina coincided with a loss of activity towards oxygen dissociative adsorption. 

Effect of p(C 3H 8). The effect of propane partial pressure was studied over the 
B 2 O 3 (30 wt %) /y -Al 2 0 3 catalyst at 823 K and p(0 2) = 20 kPa. Results showing 
propane conversion and yields of products are presented in Figure 9. An increase in 
p(C 3 H 8 ) from 10 to 40 kPa resulted in a rise of C 3 H 8 conversion from 21.1 to 29.6 
% coinciding with an increase in the yields of propene (10.1 % -» 16.7 %), ethene 
(2.9 % -» 5.4 %) and acrolein (0.1 % -> 1.7 %); this corresponds to an increase in 
selectivity of propene, ethene and acrolein and to a suppression of total oxidation. 
The yield of C O x decreased from 8.0 % to 5.7 %. For the oxidation of propane in the 
absence of the catalyst under the same reaction conditions, propane conversion did 
not exceed 1.5 %. Thus, the effect of propane partial pressure which promotes both 
propane conversion and the formation of selective products cannot be ascribed to 
homogeneous gas-phase reactions only. Detailed kinetic analysis is required for the 
elucidation of the reaction pathways but from the present results it may be assumed 
that propane activation occurs at least partly via the formation of propyl radicals; a 
bimolecular reaction between a C3H 7 0 2 'and C 3 H 8 with regeneration of the chain 
carrier C3H7'Suggested for the B-P-0 catalyst (16) cannot be excluded for propane 
oxidation over B 2 O 3 (30 wt %) /y-Al 2 0 3 catalyst. 

Reaction Mechanism. The above findings can be summarized in the reaction 
scheme given in Figure 10: the interaction of propane with catalytic surface can 
occur via the dissociative adsoption of propane (case A) which can lead, however, to 
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the formation of mainly non-selective products. Most probably, dissociatively 
adsorbed oxygen takes part in the formation of C O x while the nature of the oxygen 
species involved in the abstraction of hydrogen from propane with the formation of a 
propyl radical is an open question. The suppression of both dissociative adsorption 
of propane and oxygen was found to be necessary for the improvement of selectivity 
in the oxidative dehydrogenation of propane (case B). It can be assumed that higher 
propene selectivity can be achieved by secondary reactions of propyl radicals formed 
on the surface after their release into gas phase. Thus, the formation of selective 
products can be significantely improved by the suppression of surface oxidation. 

Conclusions 

The addition of B 2 0 3 to Y - A 1 2 0 3 led to significant changes in the surface properties 
which affected both, catalyst activity and selectivity in the oxidatve dehydrogenation 
of propane. Pulse experiments with C 3 Dg and 1 8 0 2 in the TAP reactor supported by 
spectroscopic studies were found to be suitable for elucidation of the reaction 
pathways which depended on boria loading. A propene yield of 18 % obtained on a 
30 wt% B 2 0 3 / y - A l 2 0 3 catalyst was due to elimination of dissociative adsorption of 
both propane and oxygen. It can be tentatively assumed that a change in the surface 
acidity caused by the absence of isolated hydroxyl groups is one of the reasons for 
decreased catalyst activity observed in experiments on the catalyst with a low boria 
loading. An increase in selectivity towards propene with increasing boria content 
coincided with diminished surface oxidation due to suppression of oxygen 
dissociative adsorption. 
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Chapter 12 

The Oxidative Dehydrogenation of Propane 
over Molybdenum-Containing Catalysts 
The Effect of Support Pretreatment on Catalytic 

Performance 

Azra Yasmeen, Frederic C. Meunier, and Julian R. H. Ross1 

Centre for Environmental Research, Department of Chemical 
and Environmental Science, University of Limerick, Limerick, Ireland 

Previous work from this laboratory has shown that of a series of molybdena catalysts 
supported on various supports, molybdena supported on titania was the most 
promising catalyst for the oxidative dehydrogenation of propane and that the yields 
obtained with this material compared well with those of some of the best catalysts for 
this reaction reported in the literature. This paper reports work which showed that an 
even more effective catalyst was molybdena supported on an alumina which had been 
calcined at higher temperatures to reduce its total surface area. The effect of different 
calcination temperatures of the alumina support was examined in some detail and it 
was found that calcination at 1200°C gave the best results. It has been shown that a 
coverage at least equivalent to a monolayer is necessary for the optimum 
performance of the catalyst. 

In a previous paper [1], we compared the behaviour of a series of catalysts consisting of molybdena 
supported on a variety of oxides for the oxidative dehydrogenation of propane to propene: 

C 3 H 8 + 1/2 0 2 + H 20. 

We found that of the materials made, the titania-supported catalyst was the most selective for 
comparable conversions of propane. We also found that the coverage of the support had to be more 
than a monolayer in order to obtain the optimum selectivity to propene. Addition of vanadium and 
niobium oxides to the titania-supported molybdenum oxide gave an increase in the activity of the 
resultant catalyst compared with that of the unpromoted material without any loss of selectivity. 

The catalysts examined in the previous work referred to above were prepared using oxide 
supports which had a variety of different surface areas ranging from 12 to 211 m 2 g - 1 which had been 
calcined at either 450 or 650 °C. Hence, as the molybdena loading in all cases was maintained 
constant at approximately 5 wt%, the differences between the catalysts could have been due to different 
surface coverages by the molybdena rather than being an inherent property of the molybdena-support 
combination. The present paper therefore compares the results obtained with a series of molybdena-
containing catalysts prepared using supports which had been sintered so that the surface areas were 
approximately constant. The data obtained show that of these materials, molybdena supported on 
alumina which had been calcined at 1200°C gave the highest yields of propene, the resultant yields 
being higher than those reported previously for molybdena on titania. 

Further work has therefore been carried out to examine the use of alumina as a support for 
molybdena and this paper thus describes the effect of molybdena loading and of the effect of 
calcination temperature of the support, as well as the effect of the addition of vanadia and niobia to the 
1Corresponding author 

0097-6156/96/0638-0170$15.00/0 
© 1996 American Chemical Society 
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most selective M0/AI2O3 catalyst. It is shown that a 5 wt% M0/AI2O3 gives the optimum yield of 
propylene, slightly above 10%, under the conditions used for the measurements. This result compares 
very favourably with results obtained under the same conditions for a NiMoC>4 catalyst prepared 
according to the method described by Mazzochia et al. [2]. 

Experimental 

Table I lists some of the catalysts used in this work. The supports used were titania (anatase, BDH), 
niobia (prepared by calcining hydrated niobia (HCST GmbH)), y-alumina (Ketjen), silica (BDH), 
magnesia (BDH) and zirconia (monoclinic, Gimex). 

Table I. Details of Mo-containing catalysts prepared with different supports 

Catalyst 
Temperature of 
calcination of 

support/°C 

BET area of 
support 
/mV1 

BET area of 
catalyst 
/mV1 

Molybdenum 
content 

/wt%Mo 

M0/T1O9 uncalcined 41 31.3 5.04 
Mo/Nb9Os 630 12.9 9.2 5.22 
Mo/Al9Ch 1200 47 29.3 5.15 
Mo/SiO? 1150 44.5 22.4 4.42 
Mo/MgO uncalcined 58 88.0 5.4 
Mo/ZrO? 650 46.4 42.0 5.4 

All the catalysts, except for Mo/TiC>2, were calcined at 650°C.; Mo/TiC>2 was calcined at 450°C. 

The alumina, silica and zirconia were calcined at the temperatures shown so that their surface 
areas were of the same order as those of the titania and magnesia. The niobia, for which the area was 
much lower than the other samples, was calcined at 630°C to ensure that the T modification was 
obtained. (When hydrated niobia is heated, it first forms the TT phase at above about 537°C and then 
transforms to the T phase at about 600°C which is stable up to about 1000°C at which temperature it 
forms the H-phase [3J; the T-phase is characterised by a doublet in the XRD pattern at d= 3.13A.) The 
molybdena-containing materials were prepared by the incipient wetness technique using an aqueous 
solution of ammonium heptamolybdate (Rhone Poulenc, Normapur AR) maintained at 70°C, followed 
by drying overnight at 70°C and calcination at 650°C for two hours; an exception was the Mo/TiC>2 
sample which was calcined at 450°C to avoid further sintering of the support. In all the cases shown in 
Table I, the Mo content was approximately 5 wt% (corresponding to about 7.5wt% M0O3); in several 
cases, it was necessary to use a series of impregnation steps to attain this loading, chosen to be just 
above monolayer coverage [4]. 

Table EL Details of a series of 5 wt% M0-AI2O3 catalysts prepared using a series of alumina 

supports calcined at different temperatures. 

Catalyst Temperature of 
calcination of support 

l°C 

BET area 
of support 
/mV1 

BET area 
of catalyst 
/mV1 

Mo/Al9Ch 900 173 110.2 
Mo/Al9Ch 1000 125.27 94.8 
Mo/Al7Ch 1200 47 29.3 
Mo/AbCh uncalcined 211 189.0 

All the catalysts were calcined at 650°C. 

Table II gives details of a further series of M0/AI2O3 catalysts which was prepared using 
alumina calcined at various temperatures; the Mo contents were adjusted so that the surface coverages 
were approximately the same as those of the samples shown in Table I, just above the monolayer 
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200 300 400 500 600 

Temperature f°C 

700 

• — Mo/Nb205 

- ° — Mo/MgO 

Mo/Ti02 

- o — Mo/A1203 

± — Mo/Zr02 

Mo/A1203hsa 

Figure 1. Plots of propane conversion versus reaction temperature for a series of 
molybdena catalysts (see Table I) supported on various oxides of low surface area. 
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coverage. Finally, an alumina-supported sample containing M0O3 and V2O5 on alumina was prepared 
by impregnation using a solution of ammonium and ammonium heptamolybdate and another 
containing M 0 O 3 , V2O5 and Nb2C>5 was prepared from an oxalic acid solution of the same two salts 
together with niobium oxalate. The total surface areas of the supports and the Mo-containing catalysts 
were obtained using a Micromeretics Gemini system (BET method, N2 adsorption at 78 K). 

The catalytic behaviours were obtained using a quartz atmospheric pressure flow reactor (4 
mm internal diameter) in which particles of the catalyst samples (600 mg, 0.3 - 0.6 mm) were held by 
quartz wool plugs. The temperature of the reactor was measured by an external thermocouple placed 
just after the catalyst. The standard reaction mixture used for the tests presented here consisted of a 
flow containing 29.4% propane (Air Products, 99.9%) and 9.6% oxygen (BOC, 99.9%) with the 
balance being helium (BOC, 99.9%). Analysis of the main products (propene and carbon oxides) was 
carried out using an on-line Varian 3300 gas chromatograph (TCD detector, HayesSep Q column). For 
each sample, the reaction temperature was raised in steps of 50°C over the range 250 to 650°C, each 
step being maintained for 1 h. 

Results and Discussion 

Figure 1 shows the propane conversion as a function of reaction temperature measured for the series of 
Mo03 catalysts prepared on different supports which had been calcined at different temperatures so 
that their areas were of the order of 40-50 m 2g _ 1 (Table I). The results shown for the MgO and TK>2 
supports are the same as those which were presented previously [1]. The silica-supported material had 
no measurable activity under the conditions used for these experiments. The order of activities of the 
catalysts based on the various supports was: Zr02>Nb205>Al203>MgO>Ti02»Si02. This differs 
slightly from the order found previously for supports of widely differing areas [1]: 
Zr02>Al203>Nb205>Ti02>Si02. The most significant difference between these results and those 
reported previously was a substantial decrease in the activity (i.e. an increase in the temperature 
required for a given conversion by some 50°C) of the alumina-supported material compared with that 
of the material prepared on a higher surface area alumina (area ca. 230 m /̂g) for which the data are 
also shown (denoted as hsa) for comparison purposes and the total inactivity of the silica-supported 
material. 

Figure 2 shows a series of plots of the selectivity towards propene versus the conversion of 
propane, these plots corresponding to the data of Figure 1; the balance of the products was made up 
predominantly of C O 2 in all cases although there was also a small quantity of oxygenated products 
formed. At any conversion of propane, the selectivity towards propene was highest for the alumina-
supported material and the results for the other supports were in the order: Ti02>MgO>Zr02>Nb205. 
Compared with the results reported previously for the high-surface area alumina calcined at lower 
temperatures (also shown), the selectivities obtained with the low surface area alumina are 
significantly higher, particularly at lower conversions: the highest yield of propene (conversion x 
selectivity) obtained for the highest propane conversion (corresponding to approximately 100% 
conversion of the oxygen) with the low surface area support was ca. 10.5% . The value obtained with 
the low surface area support compared favorably with a value of (13.15%) obtained with a N1M0O4 

material prepared according to the method given in ref. [2]. There was also a slight improvement in 
the yield for the M0/Z1O2 sample over what had previously been reported [1] for the same support 
calcined at a lower temperature but this yield was not as high as that obtained with the alumina-based 
material. In consequence, it was decided to examine in more detail the effect of the temperature of 
calcination of the support and of the M0O3 loading on the catalytic properties of M0/AI2O3. 

Figure 3 shows the propane conversion as a function of reaction temperature for a series of 
samples prepared with AI2O3 supports calcined at different temperatures (Table II); also shown for 
comparison purposes are data obtained for the support calcined at 1200°C but without any M0O3. ^ 

most active sample was that which was calcined at the lowest temperature and the least active was the 
support alone. Corresponding selectivity vs. conversion plots are given in Figure 4 which shows that 
the highest selectivity for any conversion was obtained with the support calcined at the highest 
temperature, a gradual improvement being obtained with increasing calcination temperature. The 
selectivity of the support alone was much lower than those of the molybdena materials, this being a 
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- A1203 1200°C 

- Mo/A1203 900°C 

- MO/A1203 
1000°C 

- M0/A12O3 
1200°C 

• • • M0/A12O3 hsa 

200 400 600 

Temperature l°C 

800 

Figure 3. Plots of propane conversion versus reaction temperature for molybdena 
catalysts (Table II) supported on alumina calcined at various temperatures. 

Figure 4. Propene selectivity versus conversion over molybdena supported on 
alumina calcined at various temperatures for the experiments shown in Fig. 3. 
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Figure 5. Plots of propane conversion versus reaction temperature for catalysts 
with different loadings of molybdena supported on alumina calcined at 1200°C. 

2%Mo/A1203 

5%Mo/A1203 

10%Mo/Al2O3 

A1203 

Mo03 

15%Mo/A1203 

Propane conversion % 

Figure 6. Propene selectivity versus propane conversion for catalysts with 
different loadings of molybdena supported on alumina calcined at 1200°C. 
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result of the total oxidation of the propane to give C O 2 ; the total oxidation probably occured on acidic 
sites on the alumina which were covered by molybdena species with the supported molybdena catalyst. 

We now present equivalent data for the effect of M 0 O 3 loading on the catalytic behaviour, 
these having been obtained with the support calcined at 1200°C. Fig. 5 shows the propane conversion 
as a function of reaction temperature for various different M 0 O 3 loadings and also for pure M 0 O 3 M & 
for the AI2O3 alone. The activity of the M 0 O 3 was very low and the activities of the 2 wt% M 0 O 3 
sample and the alumina support were somewhat higher but very similar; the activities of the other 
materials were significantly higher and increased with increasing M 0 O 3 contents. Figure 6 shows the 
corresponding selectivity vs. conversion plots. The selectivities of the catalyst with 2 wt% M 0 O 3 W E R E 

higher than those of the support alone but were considerably lower than those of the materials with 
higher M 0 O 3 contents. For the latter, the activity and selectivity data were significantly different only 
at higher conversions; above conversions of ca. 6%, the selectivities of the material with 5 wt% M 0 O 3 
were the highest. This was the sample discussed above which gave a yield of 10.5% of propene. It is 
interesting to note that the samples with greater than 5 wt% of M 0 O 3 also gave up to ca. 5.2 % 
selectivity to oxygenates, this contrasting with the material with 2 wt% which gave ca. 2% oxygenates 
or with the support alone which gave none. We can conclude from these results that it is necessary to 
cover the support by molybdena species so that no uncovered alumina sites are available for total 
oxidation. Similar conclusions have been reached by other authors for different reactions over 
supported molybdena catalysts; see for example reference [5]. 

The yields obtained with the alumina supports calcined at high temperatures were 
significantly better than those obtained with the same supports calcined at lower temperatures (Figures 
3 and 4 and Table II) which contained more than a monolayer of molybdena, the optimum yield for the 
19.5wt% M 0 O 3 / A I 2 O 3 sample being 8% (with a corresponding yield to oxygenates of 1.9%). It would 
therefore appear that tie improved behavior of the catalysts for which the support had been calcined at 
higher temperatures is not due alone to a better coverage of the support by the active phase, as 
discussed above, but also to a more ideal interaction between the active phase and the support, possibly 
due to a change in the degree of dehydration of the support or in its crystal structure with increase in 
calcination temperature. It is also possible that the change in pore structure of the material calcined 
following calcination at high temperature is responsible for improved selectivities. X-ray diffraction 
did not show any difference in the structures of the molybdena which waslargely amorphous. Further 
work is being carried out to investigate the nature of the oxide-support interaction and the effect of 
pore structure on the performance of the catalysts and to try to increase further their selectivities. 

It was shown previously [1] that the activity of a MoC^/TiC^ catalyst could be improved 
significantly without any significant change in the selectivity by adding either vanadia or a mixture of 
vanadia and M>205 to the formulation. Equivalent M 0 O 3 + V 2 O 5 and M 0 O 3 + V 2 O 5 + Nb2C>5 
materials supported on low-area alumina were also prepared and tested when it was found that the 
propene selectivities and yields were lowered significantly by the presence of these promoters. Under 
the conditions of the experiments of Figures 1 and 2, the maximum conversions obtained with these 
materials were 15 and 14 % respectively and the corresponding selectivities to propene were 52 and 50 
%. Further details of these results will be presented elsewhere [6]. We must conclude here that the 
interaction between the molybdena and the alumina discussed above is influenced in a different way by 
the incorporation of these two elements compared to the case of titania. 
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Chapter 13 

Partial Oxidation of C5 Hydrocarbons 
to Maleic and Phthalic Anhydrides 

over Molybdate-Based Catalysts 

Umit S. Ozkan, Rachel E. Gooding, and Brian T. Schilf 

Department of Chemical Engineering, Ohio State University, 
140 West 19th Avenue, Columbus, OH 43210 

The study presented in this paper demonstrates the use of molybdena
-based catalysts in the partial oxidation of n-pentane and 1-pentene to 
phthalic and maleic anhydrides. The catalysts used are two-phase 
materials consisting of molybdenum oxide and a simple molybdate. 
The catalysts have been characterized by BET surface area 
measurement, laser Raman spectroscopy, X-ray diffraction, X-ray 
photoelectron spectroscopy and temperature-programmed desorption 
techniques. The reaction studies have been performed using a fixed
-bed flow reactor. The phenomenon of contact synergy and the effect of 
reaction parameters have been examined. The reaction and TPD 
experiments suggest that MoO3 has the sites for the activation of 
pentane. At lower temperatures, it is also possible to perform the 
oxygen insertion steps and/or C-C bond formation steps. However, at 
higher temperatures, the cracking and complete oxidation reactions 
become more dominant, changing the product distribution in favor of 
lower alkanes and alkenes and carbon oxides. The presence of two 
phases (MoO3 and MnMoO4) in close proximity appears to control the 
complete oxidation step while allowing the desorption of partially 
oxidized and/or coupled products. 

There is a growing interest in converting C5 fraction from naptha steam crackers to 
value added products. While C5 hydrocarbons have not yet found a market in which 
they can be sold, recent legislation has reduced their direct use even further by limiting 
the amount of C5 alkanes that can be added to gasoline. Therefore, research that can 
lead to a process which can convert C5 hydrocarbons into useful intermediates or 
products is quite relevant. Furthermore, the activation and partial oxidation of lower 
alkanes continues to pose a major challenge to catalysis researchers. Especially, in the 
case of pentane oxidation to form phthalic anhydride, the challenge is even greater 
since the catalyst needs not only activate the alkane molecule, but also promote the 
formation of C-C bonds in an oxidizing environment. 

One of the earliest studies on the partial oxidation of C5 hydrocarbons was 
reported by Butt and Fish (7 - 3) using vanadia catalysts in the reaction of 1-pentene 
and several branched chain pentenes. One of the major reaction products observed 
was maleic anhydride. More recent studies have focused on the partial oxidation of 

0097-6156/96/0638-0178$15.00/0 
© 1996 American Chemical Society 
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13. OZKAN ET AL. Oxidation of C5 Hydrocarbons to Anhydrides 179 

pentane to phthalic and maleic anhydride over V-P-0 catalysts (4-13). The number of 
studies using other catalytic systems is smaller (14,15). 

The study presented in this paper demonstrates the use of molybdena-based 
catalysts in the partial oxidation of n-pentane and 1-pentene to phthalic and maleic 
anhydrides. The catalysts used are two-phase materials consisting of molybdenum 
oxide and a simple molybdate. Our previous work on C4 hydrocarbon oxidation (16-
19) have shown significant synergy effects over these catalysts. Present study makes 
use of some of the earlier findings from our previous work while extending the 
investigation to C5 hydrocarbons. The catalysts have been characterized by BET 
surface area measurement, laser Raman spectroscopy, X-ray diffraction, X-ray 
photoelectron spectroscopy and temperature-programmed desorption techniques. The 
reaction studies have been performed using a fixed-bed flow reactor. The 
phenomenon of contact synergy and the effect of reaction parameters have been 
examined. 

Experimental 

Catalysts were prepared using precipitation and wet impregnation methods described 
earlier (19). All catalysts were calcined in oxygen at 500 °C. The surface areas, 
determined by BET technique using krypton were in the range of 0.5-1 m2/g. 

The reactor was made out of quartz tubing with an inner diameter of 4.0 mm. 
The amount of catalyst used was adjusted to provide a constant total surface area of 
0.56 m2 in the reactor. The feed consisted of 2.5 % hydrocarbon (n-pentane or 1-
pentene), 10% oxygen and balance nitrogen. The flow rates were controlled by Tylan 
mass flow controllers. Two different retention time (X) values were used at 0.47 and 
0.35 seconds. The temperature was varied in the range of 375 to 475 °C. The reactor 
was connected to a "u-tube" condenser using Cajon quick connect vacuum fittings. 
The condenser which was maintained at room temperature was used to trap the large 
organic molecules for the HPLC analysis. 

The analytical system consisted of two parts, Gas chromatography (GC) and 
High Performance Liquid Chromatography (HPLC). The on-line gas chromotograph 
(Hewlett-Packard 5890A) was equipped with both thermal conductivity and flame 
ionization detectors and was used to analyze species that did not condense at room 
temperature. The columns used were Chromosorb PAW, HayeSep D and Molecular 
Sieve 5A. The HPLC system consisted of a Spectra Physics Degasser (model SCM 
400), a Spectra System gradient pump (model 4000) and a Spectra System model 
MUV2000 detector. The column used was a Spherisorb 5 ODS-2 C-18 reverse phase 
column. At the beginning of the analysis, the solvent consisted of 50% acetonitrile and 
50% water and at the end of 5 minutes, the solvent consisted of 60/40 
acetonitrile/water. 

The temperature-programmed desorption experiments were performed using a 
system described previously (20 ). The catalysts were calcined in-situ prior to any 
adsorption. The adsorbates, pentane and pentene (5%), were passed over the catalyst 
at room temperature for 2 hours at a flow rate of 30 cm3(STP)/min. After flushing the 
catalyst for two hours with helium, the temperature program was started, with a 
heating rate of 15 °C/min up to 600 °C, followed by an isothermal step at 600 °C for 20 
minutes. The species desorbing from the surface were analyzed by a mass 
spectrometer. 
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Results and Discussion 

The catalysts used in this study were a pure molybdenum trioxide phase and a two-
phase catalyst bringing molybdenum trioxide in close contact with a manganese 
molybdate phase. The characterization studies did not show any detectable changes in 
either of the two phases when they were brought into contact with each other. 

The observed production rates of maleic anhydride, phthalic anhydride, and 
carbon oxides in pentane and pentene oxidation have been summarized in Figure 1. In 
both pentane and pentene oxidation, the single-phase catalyst was seen to have a 
higher activity than the two-phase catalyst. However, the higher activity was mostly 
for complete oxidation products. In pentane oxidation, Mo03 was found to give a 
higher formation rate for maleic and phthalic anhydrides at the lowest temperature. 
However, as the temperature was raised, the formation rate of both of the anhydrides 
became higher over the MnMoCyMoC^ catalyst. Another point to note is that the 
observed rate of formation of both maleic and phthalic anhydride increased by an order 
of magnitude as the feed was changed from pentane to pentene. The carbon oxide 
formation rate was consistently higher over the Mo03 catalysts than over the two-
phase catalyst. Other products observed included maleic acid, phthalic acid, 
acetaldehyde, formaldehyde, acetone, cracking products, dehydrogenation and 
isomerization products. 

Figure 2 shows the observed production rates for maleic acid, phthalic acid, 
acetaldehyde, formaldehyde, acetone, and cracking products in pentene oxidation. 
Interestingly, the trends observed for maleic anhydride and phthalic anhydride are seen 
to hold for the maleic and phthalic acids as well. While there is no maleic or phthalic 
acid formation observed at 375 °C, both observed rates become significant at the high 
temperature end. At 425 °C, the single phase catalyst gives higher yields of the two 
acids. At 475 °C, however, the two-phase catalyst has the higher yield in both 
products. The reaction sequence between the acids and the anhydrides is not clear at 
this point. However, the possibility of the anhydrides hydrating in the presence of 
water, which is present in larger quantities at higher conversion levels cannot be ruled 
out. For the other partial oxidation products, namely, acetaldehyde, formaldehyde and 
acetone, the MnMo04/Mo03 performs significantly better than the single phase 
catalyst at higher temperatures. Other species observed in these reactions are C4 and 
C3 cracking products with Mo03 consistently giving higher cracking product yields. 
Also observed in pentene oxidation experiments is pentane, indicating the reversibility 
of the dehydrogenation step. 

A comparison of selectivities for the two catalysts is presented in Figure 3. 
The selectivity values represent data obtained at 475 °C and at a constant 1-pentene 
conversion level of 90%. The corresponding oxygen conversion values for 
MnMo04/Mo03 and Mo03 were 76% and 99 % respectively. As is apparent from 
oxygen conversion levels, when the pentene conversion is kept constant, the single-
phase catalyst shows a higher complete oxidation activity. This is especially 
pronounced in C0 2 selectivity. The selectivities for the partial oxidation products, 
especially maleic and phthalic anhydrides and maleic and phthalic acids were 
consistently higher over the MnMo04/Mo03 catalysts than over die Mo0 3 catalysts. 
The largest difference was observed in the selectivities to maleic anhydride and 
phthalic anhydride. 

Experiments were also performed by varying the space time and keeping other 
parameters the same. While the major trends did not change when the space time was 
increased, the most significant difference was observed in the cracking products over 
Mo0 3 (Figure 4). The yield for cracking products was more than doubled when the 
space time was increased from 0.35 s to 0.475 s over Mo03 catalysts at 425 and 475 
°C, temperatures at which the reaction medium was severely oxygen deficient. 
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Figure 1. Formation rates for maleic anhydride, phthalic anhydride, and CO x in 
pentane and pentene oxidation. 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

G
U

E
L

PH
 L

IB
R

A
R

Y
 o

n 
O

ct
ob

er
 1

1,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
3,

 1
99

6 
| d

oi
: 1

0.
10

21
/b

k-
19

96
-0

63
8.

ch
01

3

In Heterogeneous Hydrocarbon Oxidation; Warren, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



182 HETEROGENEOUS HYDROCARBON OXIDATION 

CM 
E 80-
c 

I 60H 
CO 
<*> 

o 4 ° H 
E 
o 20H 
0 
1 o 

Maleic Acid 

375 425 475°C 

6 

4 -

2-

Phthalic Acid 

f 
• • R i o 
••N\q 

375 425 475 °C 

375 425 475°C 375 425 475°C 

0.8 

^ 0.6 H 
a> 
- 0 . 4 H 
E 
o 0.2 H 

(CH3)2cq 

i f 
••4>N • • C O 

l i I 
375 425 475°C 

2.5 

2 

1.5H 

1 

0.5 

0 
375 425 4 7 5 ° C 

H MnMo04/Mo03 S Mo03 

Figure 2. Formation rates of maleic acid, phthalic acid, acetaldehyde, 
formaldehyde, acetone and cracking products in 1-pentene oxidation. 
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% Selectivity 

Figure 3. Comparison of selectivities at equal conversion of 1-pentene at 475 °C. 

Figure 4. Formation rates of cracking products over Mo0 3 catalyst at two 
different space velocities (1-pentene oxidation). 
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In addition to the reaction studies, the temperatiire-programmed desorption 
experiments also showed significant differences in the adsorption/desorption 
characteristics of pure Mo03 and Mo03 brought into contact with a simple molybdate 
phase. The desorbing species over both catalysts were pentane, pentene, pentadiene, 
methyl butane, acetone, acetaldehyde, formaldehyde, CO, and C0 2 . The ions used to 
analyze the first three products were 72,55, and 67 respectively, while mass to charge 
ratios of 27, 29, 30,43, and 58 were used in order to discern between methyl butane, 
acetone, acetaldehyde and formaldehyde. Carbon monoxide and carbon dioxide were 
detected with mass-to-charge ratios of 28 and 44, respectively. From MnMo04/Mo03 

catalysts, maleic anhydride was also seen to desorb. The presence of maleic anhydride 
was confirmed with mass-to-charge ratios of 26, 54, and 98. There was no phthalic 
anhydride desorption on either catalyst 

Figure 5 shows the temperature-programmed desorption profiles of n-pentane, 
1- pentene, 1,3-pentadiene and 2-methyl butane resulting from pentane adsorption. 
The two-phase catalyst exhibits desorption features for all C5 species at about 170°C. 
Among the four species observed, the lowest intensity belongs to n-pentane, the 
product of reversible adsorption, followed by 2-methyl butane. Pentane shows a 
second desorption peak at 355 °C over this catalyst, a fact that suggests that there are 
likely to be two different adsorption sites for pentane over this catalyst. The pure 
Mo0 3 catalyst, on the other hand, has the largest desorption peaks for n-pentane and 
2- methyl butane (210°C) and relatively smaller peaks for 1-pentene and 1,3-pentadiene 
(160°C), suggesting that hydrogen abstraction steps proceed more readily on the two-
phase catalyst. 

CO and C0 2 desorption profiles resulting from n-pentane TPD are presented in 
Figure 6. The CO desorption profile for MnMo04/Mo03 catalyst is characterized by 
two small peaks at 200 and 400 °C and one very large peak at 550 °C. Mo0 3, on the 
other hand, shows only one small desorption feature at a considerably higher 
temperature at 600 °C. The C0 2 desorption profiles show similar trends with the two-
phase catalyst giving one strong peak at 470 and a shoulder peak at 400, while the 
single-phase catalyst has two very weak C0 2 signals at 500 and 600 °C. 

The temperature-programmed desorption profiles for the oxygenated products 
resulting from pentane adsorption are presented in Figure 7. Partial oxidation products 
from the two-phase catalyst are maleic anhydride, which shows a triple maxima, with 
the most intense peak signal appearing at 460°C, formaldehyde desorbing at 390°C, 
acetaldehyde which desorbs at 550°C, and acetone desorbing at 355°C. As was 
previously mentioned, no maleic anhydride is seen to desorb from the pure Mo0 3 

surface, while both formaldehyde and acetaldehyde desorb at 600°C. These two 
species desorb at higher temperatures for the single-phase catalyst than for the two-
phase catalyst. Acetone desorbs at a lower temperature than the other oxygenated 
products, 210°C. Acetone also desorbs at a lower temperature for the single-phase 
catalyst than for the two-phase catalyst. 

The TPD desorption profiles obtained following 1-pentene adsorption are 
presented in Figures 8-10. Over the MnMo04/Mo03 catalyst, 1-pentene, 1,3-
pentadiene and 2-methyl butane each show two desorption peaks at about 120°C and 
200°C. Mo0 3 catalyst on the other hand shows only one desorption peak around 135 
°C for each of the three C5 species. Also seen desorbing from both of the catalysts is 
n-pentane, which has a doublet in the 120-200 °C range and a single peak near 350 °C. 
The pure Mo0 3 catalyst shows only one pentane desorption peak at 250°C (Figure 7). 

Figure 8 shows the carbon oxide desorption profiles resulting from pentene 
adsorption. CO is seen to desorb at 540 from the two-phase catalyst while it 
desorbs at 600 °C from the Mo03 catalyst. The C0 2 desorption profiles show a major 
maximum around 535 °C for the two-phase catalyst. The C0 2 desorption is negligibly 
small over the Mo0 3 catalyst. 
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Figure 5. Desorption profiles for n-pentane, 1-pentene, 1,3-pentadiene, and 
2-methyl butane in n-pentane TPD. 
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CO Desorption CQ2 Desorption 

Time (min) Time (min) 
a b 

Figure 6. Desorption profiles for CO and C0 2 in n-pentane TPD 

As seen in the case of n-pentane TPD, no maleic anhydride is seen to desorb from the 
pure Mo0 3 surface. The two-phase catalyst shows three desorption features in maleic 
anhydride desorption profiles. Formaldehyde shows two peaks over the two- phase 
catalyst when pentene is the adsorbate gas. These peaks, at 410°C and 600°C, are both 
lower than the formaldehyde desorption peak of 600°C observed over the single-phase 
catalyst Acetaldehyde also desorbs at a higher temperature over the single-phase 
catalyst, 600°C, than over the two-phase catalyst, 535°C. Acetone desorbs at a lower 
temperature than the other oxygenated products over both the single-phase, 240°C, and 
the two-phase catalyst, 315°C. Again, acetone also desorbs at a lower temperature 
over the single-phase catalyst than over the two-phase catalyst There was no oxygen 
desorption observed over either catalyst following pentane or pentene adsorption. 

The reaction and TPD experiments suggest that Mo03 has the sites for the 
activation of pentane. At lower temperatures, it is also possible to perform the oxygen 
insertion steps and template addition steps. However, at higher temperatures, the 
cracking and complete oxidation reactions become more dominant, changing the 
product distribution in favor of lower alkanes/alkenes and carbon oxides. The TPD 
data and the results from reaction experiments are in agreement such that the partial 
oxidation products, in general, desorb at lower temperatures over the MnMo04/Mo03 
catalysts regardless of the adsorbate. Similarly, the selectivity for partial oxidation 
products are consistently higher over the two-phase catalysts. The presence of two 
phases (Mo03 and MnMoOJ in close proximity appears to control the complete 
oxidation step while allowing the desorption of partially oxidized and/or coupled 
products. The fact that MnMoO^oO^ in general, exhibits multiple desorption 
features suggest the presence of multiple adsorption/reaction sites over this catalyst. 
However, the detailed characterization work conducted over these catalysts in regard to 
their behavior in C4 oxidation reactions did not give any indication of a new phase 
being formed (16-19). It appears that the role of the molybdate phase is through 
modification of the sites on Mo03 surfaces, by either limiting the oxidation activity of 
the sites or by allowing the rapid desorption of partial oxidation products. Although 
this study provides no direct evidence for the mechanism of such a site modification, 
an oxygen spillover effect proposed by Delmon and co-workers (20-22) and suggested 
by our earlier work (17) remains as a possibility. 
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Figure 7. Desorption profiles for maleic anhydride, formaldehyde, acetaldehyde 
and acetone in n-pentane TPD. 
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Figure 8. Desorption profiles for 1-pentene, 1,3-pentadiene, and 2-methyl 
butane, and n-pentane in 1-pentene TPD. 
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Figure 9. Desorption profiles for CO and C0 2 in 1-pentene TPD. 
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Figure 10. Desorption profiles for maleic anhydride, formaldehyde, acetaldehyde 
and acetone in 1-pentene TPD. 
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Chapter 14 

Activation of n-Pentane 
on Magnesium—Vanadium Catalysts 

S. A. Korili1, P. Ruiz2, and B. Delmon2 

1Aristotle University and Chemical Process Engineering Research 
Institute, P.O. Box 1520, GR-54006 Thessaloniki, Greece 

2 Unité de Catalyse et Chimie des Matériaux Divisés, Université 
Catholique de Louvain, Place Croix du Sud 2/17, 

B-1348 Louvain-la-Neuve, Belgium 

The activation of n-pentane in the presence of oxygen has been 
studied over two magnesium-vanadium oxides, magnesium pyrova
nadate, Mg2V2O7, and magnesium orthovanadate, Mg3V2O8, prepa
red by the citrate method. The catalytic behavior of mixtures consi
sting of magnesium vanadate and antimony oxide, 50-50 % wt, was 
also investigated. The X-ray diffraction patterns of the vanadates 
have shown that they were of high purity, while XPS measurements 
revealed a slight surface enrichment in magnesium. At 350-500°C 
and atmospheric pressure, similar total n-pentane conversions were 
achieved with the two magnesium vanadate phases; the main 
products were linear unsaturated C5 hydrocarbons, i.e. pentenes and 
pentadienes, and carbon oxides. Magnesium orthovanadate was 
more selective than the pyrovanadate towards the pure dehydro
genation reaction in comparison with the combustion one, and its 
selectivity was in general increased by the addition of Sb2O4. The 
latter had little effect on the behavior of the pyrovanadate phase. 
Decreasing the oxygen to alkane ratio in the feed led to a decrease in 
total conversion and an increase in selectivity, while the C5 hydro
carbon product distributions were not influenced appreciably. The 
extent of the homogeneous reaction between pentane and oxygen 
was negligible for oxygen to alkane ratios in the feed equal to 0.5 
and 1.0, but increased dramatically when the ratio was raised to 2.0. 

Vanadium containing catalysts have attracted considerable research interest due to 
their performance in selective oxidation reactions. Among them, magnesium-
vanadium compounds have been repeatedly reported as effective catalysts for the 
oxidative dehydrogenation of hydrocarbons, such as transformation of propane to 
propene (1-3), butane to butene and butadiene (2), and even ethylbenzene to styrene 
(4), producing mainly unsaturated hydrocarbons with negligible formation of 
oxygenated organic products. 

In spite of the great extent of research done, the conclusions drawn on the 
activity and selectivity of these materials are still controversial. Although it is 
generally accepted that the rate determining step is the breaking of the first C-H 
bond of the hydrocarbon to form an alkyl species on the catalyst surface, the way 

0097-6156/96/0638-0192$15.00/0 
© 1996 American Chemical Society 
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that this alkyl species is transformed into selective oxidation products is still a 
matter of debate. Some researchers focus on reactivity and on the effect of the 
atomic arrangement of the active sites (2, 5), proposing different explanations for 
various reactants. Redox properties of catalysts have been found to correlate well 
with selectivity (1), while the environment of the active phase may also play a role 
through possible cooperation of phases (1) or contamination by residual elements 
(2). It appears that there is a great number of factors influencing catalyst perfor
mance, and what is very important, the nature of the hydrocarbon being activated is 
probably one of them. It is therefore challenging to test the behavior of the 
magnesium vanadates in the oxidative dehydrogenation of other hydrocarbons as 
well, as for example pentane. 

In fact, surprisingly little research has been done hitherto on C5 - particularly n-
pentane- oxidative dehydrogenation, regardless of the catalyst. Some results were 
reported in the 70's, most of them included in U.S. patents, where C5 components 
were a part of a broad range of hydrocarbons investigated (6-9). The investigations 
dealt mainly with the reactions of branched and unsaturated C5 molecules, such as 
the production of isoprene from isopentane (6), from isoamylenes (7), and from a 
mixed feed consisting from isoamylenes, isopentane and n-pentane (8), or the 
production of straight chain alkadienes from alkenes (9). Manganese ferrites, 
bismuth molybdates and composite samples combining iron with nickel and 
antimony, or cobalt and phosphorous, were tested as potential catalysts in those 
studies. Recent publications on the subject are dealing mainly with the selective 
oxidation of pentane over vanadium-phosphorous catalysts for the formation of 
oxygenated products (10,11). 

During the oxidation reactions, catalysts often undergo reduction and deacti
vation. On the other hand, it has been observed that some oxides, such as Sb204, 
although inactive directly in the catalytic reaction, can improve catalyst behavior by 
regeneration of active sites through the action of a surface mobile oxygen species. 
The phenomenon is known as the remote control mechanism, and the oxides 
providing oxygen are characterized as donors (12). 

The scope of the present work is the study of the oxidative dehydrogenation 
reaction of n-pentane over two magnesium-vanadium catalysts, namely magnesium 
pyrovanadate, Mg2V207, and magnesium orthovanadate, Mg3V208- Mixed 
catalysts of these phases with antimony oxide have also been prepared and tested, in 
order to test whether the combination of this oxide with the active phase leads to an 
improvement of the catalyst performance. 

Experimental 

Catalyst Preparation. The catalysts were prepared by the citrate method (13). 
Mg(N03>2.6H20 (Fluka purum p.a., >99%) was dissolved in distilled water at 
ambient temperature. The citric acid (Merck GR, >99.5%) first, and then a slurry of 
N H 4 V O 3 (Merck GR, >99%), were added to this solution, always under agitation at 
room temperature. A few ml of HNO3 65% (Merck GR) were also added to the 
resulting solution, in order to avoid any precipitation. The metal salts were in 
suitable proportions for the desired catalyst composition, and the quantity of citric 
acid was such that the anions were in 10% excess compared to those stoichiometri-
cally required for the cations. The final transparent solution was evaporated at 30°C 
under reduced pressure in a rotavapor, up to the formation of a very dense homoge
neous liquid, which was dried in a vacuum oven at 80°C for 24 h. The precursor 
formed this way, was decomposed in air by heating in an oven at 300°C for 16 h. 
The solids were subsequently calcined in the same oven in air at 550°C for 20 h. 

The mechanical mixtures with Sb204 were prepared by mixing the catalysts 
with the oxide in fine powder form, dispersing the mixtures in n-pentane under 
vigorous agitation at room temperature, and then evaporating the solvent by over-
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night drying at 80°C. Sb204 was prepared by calcination of Sb203 (Merck GR, 
>99%) at 550°C for 20 h. The composition of each mixture was 50% catalyst - 50% 
Sb204, on a weight basis. The mechanical mixtures were used as prepared, without 
additional calcination or other treatment 

Catalyst Characterization. Characterization of the prepared catalysts and 
mechanical mixtures included determination of their elemental composition, 
identification of formed phases, measurement of their specific surface areas and 
evaluation of their surface composition. 

Chemical Analysis. The bulk elemental composition of the catalysts was 
determined by atomic absorption on a Philips PC 8210 spectrometer. 

Phase Identification. X-ray diffraction (XRD) patterns of the solids were 
obtained on a Siemens D5000 powder diffractometer with Ni-filtered CuKoc 
radiation operated at 40 kV and 50 mA. 

Surface Area. Specific surface areas were measured by Kr adsorption at 
-196°C on a Micromeritics ASAP 2000 static apparatus using the BET method. 
Krypton is considered a suitable adsorbate for the determination of relatively small 
surface areas (< 20 m2/g) because of its low saturation vapor pressure which 
minimizes possible errors in dead volume corrections (14). 

Surface Composition. The surface composition of the catalysts was evaluated 
by X-ray photoelectron spectroscopy (XPS) measurements on a Fisons SSI X-probe 
spectrometer, model SSX 100/206, equipped with a monochromatized microfocus 
Al X-ray source (1486.6 eV). The sample powders were pressed into small stainless 
steel troughs of 4 mm diameter, introduced in the spectrometer at room temperature 
and outgassed to a pressure of 10~7 Torr. Analysis was made in high vacuum, 
-5x10-9 Torr. The spot size was 1.4 mm2 and the pass energy was set at 50 eV, 
while a low energy flood gun set at 6 eV with a nickel grid placed 3 mm above the 
samples was used for compensation of charging effects. 

The exact binding energies were calculated with respect to the £- (C, H) 
component of the Is adventitious carbon peak which was fixed at 248.8 eV. The 
peaks recorded were C Is (284.8 eV), O Is (-530 eV), Mg 2s (-89 eV), V 2p3/2 

(-517.5 eV) and Sb 3^3/2 (-540 eV). The recorded spectra were decomposed to 
85/15 Gaussian/Lorentzian curves, after subtraction of the non-linear background, 
using a least squares fitting routine. Element atomic ratios on the surface of the 
samples were calculated from the relative intensities of the decomposed peaks, 
using the sensitivity factors supplied by the manufacturer, that is 1.00 for C Is , 2.49 
for O Is, 0.64 for Mg 2s , 5.49 for V 2p3/2 and 9.62 for Sb 3̂ 3/2-

Catalyst Testing. Catalytic tests were performed in a continuous flow microreactor 
operating at near atmospheric pressure. This microreactor was a Pyrex U-shape 
tube mounted vertically in a tubular furnace. The temperature of the catalytic bed 
was monitored by a thermocouple entering the bed through a side thermowell. 
Temperature control was performed with an independent thermocouple located 
outside the reactor and connected to the furnace, in order to avoid oscillation 
phenomena. n-Pentane was fed to the reactor from a certified high purity gas tank 
(Indugaz, special gas mixture) containing 4 % vol. of n-pentane in helium. Other 
gases used were oxygen and helium, both from Air Liquide and > 99.995% purity, 
which were used without any further purification. Mass flow controllers monitored 
and controlled the flow of gases to the reactor, and the flow in the outlet was 
continuously measured with a bubblemeter located at the exit of the system. The 
pressure drop in the reactor, which was always negligible, was monitored by a 
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pressure gauge connected to the reactor inlet. The gases were mixed before entering 
the reactor by passing through a 35 cm stainless steel tube full of glass beads and 
were heated to 100°C before entering the reactor. The outlet of the reactor and the 
lines further on were also heated to 100°C to avoid any condensation of the 
products. Products and reactants emerging from the reactor were diverted through a 
four-way valve to the sampling valves of a gas chromatograph, equipped with a 
thermal conductivity detector and a double-column system, consisting of a Porapak 
Q and a Durapak n-Octane on Porasil C column. This GC system was used for the 
majority of the experiments reported in the present paper, but in the process of the 
work it was upgraded to a more powerful and flexible one, consisting of two dete
ctors, a thermal conductivity and a flame ionization, and three columns permitting 
full analysis of all reactants and possible product isomers. 

Fresh catalysts were ground, pelletized, then crushed and sieved, and only the 
fraction -800+500 |im was used in the tests. In a typical experiment, 500 mg of 
catalyst were spread on a Pyrex frit fitted in the reactor, between two layers of glass 
beeds to avoid any fluidization. The gas feed contained 3.5 % vol. n-pentane, 
oxygen, at an oxygen to alkane molar ratio equal to 0.5 or 1.0, and the balance 
helium. The total flow was 25 cm3/min (ambient conditions), which corresponded 
to a space velocity of the order of 103 h"1. The usual duration of a catalytic run was 
about lh, during which several injections were made to the gas chromatograph. The 
results reported here correspond to a time-on-stream of 30-45 min. Existence of hot 
spots in the catalytic bed during reaction, was not evident in our experiments, since 
temperature fluctuations were kept to a minimum: catalyst temperature varied no 
more than ±2°C during runs. 

Results 

Catalyst Properties. The composition and specific surface area values of the fresh 
catalysts and the mechanical mixtures are shown in Table I. The magnesium to 
vanadium ratios corresponding to the bulk composition of the samples, as measured 
by atomic absorption spectroscopy, were very close to the theoretical ones (within 
experimental error). The BET surface areas of the catalysts were relatively large for 
these types of materials, due to the low temperatures applied during calcination. 
Usually, the surface areas of similar materials reported in the literature (2,4,5) axe 
below 1 m2/g, this being probably the result of calcination temperatures as high as 
800°C. The BET surface area of the Sb204 used in the preparation of the mecha
nical mixtures was 0.5 m2/g. 

The X-ray patterns of the pure fresh catalysts revealed the existence of a single 
phase in each sample, the one corresponding to the stoichiometry used for prepara
tion. The XRD pattern of the fresh magnesium orthovanadate catalyst is presented 
as an example in Figure la. The structure of the magnesium pyrovanadate catalyst 

Table I. Catalyst Compositions and Specific Surface Areas 

Catalyst BulkMg/V 
atom ratio* 

Surface area 
(ntlg) 

Mg2V2C>7 1.0 (1.0) 6 
Mg3V208 1.6 (1.5) 16 
Mg2V2<>7 -Sb20 4 1.0 (1.0) 3 
Mg3V208 - Sb20 4 1.6 (1.5) 9 

a Measured by atomic absorption spectroscopy. Numbers in parentheses denote the 
theoretical values. 
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(a) 

(b) 

i JLLJL 

(e) 

"T 1 1 1 1 1 1 1 

10 20 30 40 50 60 70 80 90 

26 (°) 

Figure 1. X-Ray diffraction patterns of catalysts. 
(a) Mg3V20g fresh (b) Mg3V20g used (c) Sb2C>4 fresh 
(d) Mg 3 V208 - Sb204 fresh (e) Mg3V20g -Sb2C>4 used. 
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corresponded to the more stable alpha phase. Also the structure of the antimony 
oxide corresponded to the alpha phase, containing only minor, unidentified impu
rities (Figure lc). As expected, the patterns of the freshly prepared mechanical 
mixtures included only lines attributable to the particular catalyst used and Sb204; 
the X R D pattern of the mechanical mixture of magnesium orthovanadate with 
Sb204 is shown in Figure Id. 

The atom ratios of the main elements on the surface of the samples, calculated 
from XPS measurements, are shown in Table II. For both pure catalysts, the surface 
Mg/V ratios were higher than the bulk ones. Similar observations for increased 
magnesium content on the surface of magnesium vanadates, have been made by 
other researchers (1,15). No significant differences in the Mg/V surface ratios were 

, observed between the pure catalysts and their mechanical mixtures. In the latter 
materials, the surface Sb/(V+Mg+Sb) ratios were lower than the ones corresponding 
to their bulk composition. 

Table II. Atom Ratios on the Catalyst Surface3 

Catalyst Mg/V 
atom ratio 

Sb/(V+Mg+Sb) 
atom ratio 

Catalyst 

fresh used fresh used 
Mg2V207 1.39 1.36 - -
Mg3V20g 2.06 1.91 - -
Mg2V2C>7 - S b 2 0 4 1.23 1.14 0.20 0.29 (0.30) 
Mg3V20g - S b 2 0 4 2.23 1.95 0.08 0.14 (0.28) 

Measured by XPS. Numbers in parentheses denote the theoretical values. 

In general, no significant changes of physicochemical properties have been 
observed when comparing the samples before and after the catalytic tests. No 
formation of new phases was observed either for the pure catalysts, or for the 
mechanical mixtures. The X R D patterns of the magnesium orthovanadate catalyst 
and its mechanical mixture, both already used in reaction studies, are shown in Fi
gure lb and le, for comparison with the patterns of the fresh samples. Concerning 
the mechanical mixtures, the proportion of antimony on the surface increased for the 
samples after testing. When using pure catalysts in some cases where oxygen was 
totally consumed during the reaction, drastic changes of color from white-like to 
black, and an increased surface coverage with carbon, have been observed for the 
samples after testing. 

Reaction Studies. We checked for the possible occurrence of gas phase 
homogeneous reaction by performing several series of tests in an empty reactor at 
temperatures 300-500°C and with oxygen to pentane ratios in the feed equal to 0.5, 
1.0 and 2.0. When the ratio was 0.5 or 1.0, the empty reactor showed practically no 
activity in the temperature range examined. For example, for the oxygen to paraffin 
ratio equal to one and at 500°C, the total conversion of pentane was just 1.5%, and 
the products were pentenes and C2 - C3 light hydrocarbons. When the oxygen to 
paraffin ratio in the feed was changed to 2.0, the increase of the extent of the homo
geneous reaction was impressive. Even at 350-400°C the n-pentane conversion was 
as high as 30%, and the main products were C5 alkenes, C2 and C3 hydrocarbons, 
carbon oxides, and probably oxygenated organic compounds. As the temperature 
increased to 450°C, the conversion dropped abruptly to 2%, then increased slowly 
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with temperature up to 5% at 500°C. In this temperature range, products were 
pentenes, C2 and C3, while oxygenated molecules disappeared entirely. 

In the catalytic experiments, reaction products were mainly pentenes (1-
pentene, trans- and cis-2-pentene), pentadienes (trans- and cis-1,3-pentadiene), 
carbon oxides and water. Oxygenated organic products have not been detected. In 
some cases, light hydrocarbons, mainly C2 and C3, were also produced in small 
amounts due to cracking reactions. With increasing temperature, total conversion of 
n-pentane, as calculated from the reactant concentration in the inlet and outlet of the 
reactor, increased for all samples tested. Conversions of n-pentane achieved at 
various reaction conditions are presented in Figures 2 and 3, along with the corre
sponding selectivities. It should be mentioned that at the early stages of this 
research, analytical system limitations did not permit full analysis of carbon oxides. 
Therefore, in order to have a common basis for comparing selectivities of all the 
samples presented here, we use in this paper the selectivity to C5 dehydrogenation 
products relative to selectivity to CO2 only, that is the ratio of moles of n-pentane 
converted to C5 unsaturates to the moles of n-pentane converted to CO2. Since the 
C O 2 proportion in carbon oxides varied with temperature and active phase present 
in the sample, comparison is better to be restricted to results obtained at one tempe
rature with samples containing the same active phase. 

As can be seen in Figures 2 and 3, the total n-pentane conversions achieved by 
the two pure magnesium vanadates under the same reaction conditions had very 
similar values. The extent of the dehydrogenation reaction and the extent of full 
oxidation to carbon oxides were different, with the orthovanadate phase being in all 
cases more selective to dehydrogenation compared to the pyrovanadate one. The 
same observations can be made when comparing the two mechanical mixtures. 
Total pentane conversion achieved with the mechanical mixtures was in all cases 
slightly higher than the one corresponding to the amount of active phase contained 
in the samples. When compared on selectivity terms, the mechanical mixture con
taining magnesium pyrovanadate had similar behavior to the pure catalyst, while the 
mixture containing orthovanadate was better than the pure catalyst. 

Hydrocarbon product distributions obtained at reaction temperatures 400, 450 
and 500°C, and oxygen to paraffin ratios in the feed equal to 1.0 and 0.5, are shown 
in Figures 4 and 5. The predominant dehydrogenation products were in most cases 
the 2-pentenes. As the temperature and the conversion increased, the pentadiene 
fraction also became significant, especially with the pure catalysts. Hydrocarbon 
distributions obtained with mechanical mixtures did not differ markedly from the 
ones with the corresponding catalysts for temperatures up to 450°C. The mechani
cal mixtures produced in general less alkadienes than the pure phases, the difference 
coming almost totally from the 1-pentene fraction. At 500°C, the selectivity 
patterns of the pure and the mixed catalysts were much more different, with the 
mixtures always producing less alkadienes than the corresponding pure samples. 
Oxygen to pentane ratio had no major influence on the hydrocarbon product 
distributions for all samples tested, apart from a decrease of the alkadiene product 
fraction with increasing oxygen content in the feed. 

The possible existence of mass and energy transport limitations under our 
catalytic test conditions has been checked by application of standard literature 
criteria (16). It was found this way that even the more probable limiting steps, such 
as intraparticle mass transfer, interparticle heat and mass transfer and interphase 
heat transfer, do not prevail in most cases, especially at low conversions. At higher 
conversions, the increased complexity of the reaction scheme makes the calculation 
of the several parameters included in these criteria rather ambiguous. Therefore, the 
results of the calculations under these conditions are less accurate, although being 
still on the safe side. Some individual experiments in the low conversion range, 
where pure magnesium orthovanadate at a particle size of -500+300 |im was used, 
confirmed that there were no transport limitations. 

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
O

ct
ob

er
 8

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
ug

us
t 1

3,
 1

99
6 

| d
oi

: 1
0.

10
21

/b
k-

19
96

-0
63

8.
ch

01
4

In Heterogeneous Hydrocarbon Oxidation; Warren, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



14. KORILI ET AL. Activation of n-Pentane on Mg—V Catalysts 199 

50 

40 

30 

20 

0 

Mg 2 V 2 0 7 

O2/nC5=1.0 -

A 

O * 
^ " 

<— f C ^ ^ s - - - - - -
1 1 i 1 

5.0 

4.0 

H3.0 

2.0 

1.0 

0.0 
300 350 400 450 500 550 

50 

40 

30 \ 

20 

10 

0 

Mg 2 V 2 0 7 

0^05=0.5 -

a . 

—A 

.1 1 i i 

5.0 

4.0 

3.0 

2.0 

1.0 

0.0 
300 350 400 450 500 550 

Temperature (°C) 

Figure 2. Conversion and selectivity results for the magnesium pyrovanadate 
containing catalysts. 
• Total conversion, pure catalyst. A Total conversion, mechanical mixture. 
O Selectivity, pure catalyst. A Selectivity, mechanical mixture. 
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300 350 400 450 500 550 

Temperature (°C) 

Figure 3. Conversion and selectivity results for the magnesium orthovanadate 
containing catalysts. 
• Total conversion, pure catalyst. A Total conversion, mechanical mixture. 
O Selectivity, pure catalyst. A Selectivity, mechanical mixture. 
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Discussion 

It should be noted that the magnesium vanadate samples were composed of a 
single phase, as revealed by their XRD patterns. This was a consequence of the 
preparation method used. The main advantage of the citrate method is that the 
combination of the existing elements in one phase, if chemically permitted, is 
favored. Phase impurities, if present, were in very low quantities, their XRD peaks 
being of the intensity of the background noise. There was an increased magnesium 
content on the surface though, observed for all samples by XPS, which did not lead 
to the formation of a phase detectable by X-ray diffraction. This probably reflects 
the existence of some surface positions which are deficient of vanadium ions or the 
formation of finely dispersed magnesium on the crystals of the vanadates. From the 
results to date on the oxidative dehydrogenation of n-pentane, there is no evidence 
of whether this increased Mg content on the surface affects catalyst activity or 
selectivity. In the case of propane, it has been reported (1) that the excess magne
sium formed in magnesium - vanadium catalysts during their preparation, favors 
selectivity to propene. 

For the mechanical mixtures, the apparent antimony content on the surface was 
found to be less than the bulk one. This can be attributed to differences in particle 
size between the two phases mixed, which resulted in an apparent surface enrich
ment of the more finely dispersed phase, in this case the magnesium vanadate, in a 
manner similar to what has already been reported for other two phase mixtures (17). 
This particle size difference must be greater for the case of the mechanical mixture 
containing the orthovanadate phase than for the one containing the pyrovanadate, 
since the difference between the specific surface areas is much higher in the first 
case (Table I). This is also in accordance with the observation that the deviation of 
the surface Sb/(V+Mg+Sb) ratios from the theoretical values was larger for the 
Mg3V208+Sb204 sample than for the Mg2V2C>7+Sb204 one (Table II). 

The apparent antimony proportion on the surface of the mechanical mixtures 
increased after testing. The formation of a new phase on the sample surface during 
the catalytic reaction is not very probable, because the binding energies of elemental 
lines were the same for the samples prior to and after testing. A more plausible 
explanation is that carbon, deposited preferably on the catalyst active sites, shielded 
the XPS emissions of the corresponding elements, this resulting in a relative 
increase of the Sb signal. 

Both pure magnesium vanadates proved to be effective for the activation of n-
pentane, with the orthovanadate being the most selective for dehydrogenation 
products, i.e. alkenes and alkadienes. The enhanced selectivity of the ortho phase is 
in accordance with what has been observed for n-butane (2) and heavier molecules, 
like ethylbenzene (4), while in the case of propane the selectivity of the pyro phase 
to propene is higher than that of the ortho phase (1, 5). In the magnesium orthova
nadate catalyst, active sites consist of isolated VO4 tetrahedra, while in the pyrova
nadate the active sites are V2O7, which are in fact corner-sharing V O 4 units. It is 
logical to suppose that an adsorbed alkyl intermediate, formed by the initial acti
vation of the n-pentane molecule, can take up more oxygen from V2O7 than from 
V O 4 . This could result in the pyrovanadate phase being less selective to dehydro-
genated molecules than the orthovanadate one, as observed in the results of the 
present study. 

The selectivity towards dehydrogenation products, generally appeared to 
decrease with increasing temperature (Figures 2 and 3). In fact, this decrease was 
due to the increase in the conversion. This inverse variation of selectivity with 
conversion, a common trend for catalytic oxidation reactions, is usually not very 
much influenced by temperature itself. An enhanced dehydrogenation selectivity 
was observed at 500°C for an oxygen to pentane ratio equal to 0.5, especially for the 
orthovanadate containing samples (Figures 2 and 3). This was probably a result of 
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the fact that oxygen in the gas phase was almost totally consumed in these cases and 
only the pentane was in contact with the catalyst surface at the exit part of the 
catalyst bed. This could alter the development of selectivity, due to reaction of 
surface oxygen only, but no experiments were carried out with n-pentane alone fed 
to the reactor, in order to check the reactivity at these conditions. The relative 
amount of carbon monoxide produced could also play a role. If the C O x produced 
under these conditions contained a greater proportion of CO, then the selectivity, as 
presented in Figures 2 and 3, would appear to be enhanced. However, in expe
riments where both carbon oxides were analyzed, the proportion of monoxide in 
carbon oxides was not higher in all cases of total oxygen consumption (18). 

The fact that the 2-pentenes were the predominant hydrocarbon products was 
probably the result of the greater probability of breaking first a methylene C-H bond 
instead of a methyl C-H bond. The methylene bonds are easier to break because 
they are usually weaker than the methyl ones (19). This suggestion is consistent 
with the fact that the light hydrocarbons produced were usually C 2 and C3, and is 
further supported by results of the literature concerning oxidation reactions of 
hydrocarbons of various chain lengths (20-22). Under similar reaction conditions, a 
tendency of increase of the dehydrogenation rate is observed with increasing chain 
length of the hydrocarbon, that is with increasing number of methylene C-H bonds. 

The two pure magnesium vanadates examined exhibited similar pentane 
conversions when tested under the same conditions. It should be pointed out that 
the specific surface area of M g 2 V 2 0 7 was significantly lower than that of 
Mg3V208. Therefore, it can be assumed that for the same surface area, the pyrova
nadate catalyst could give higher conversions than the orthovanadate one, thus 
exhibiting higher specific activity (i.e. per unit surface area). This decrease of 
conversion per surface area with increasing magnesium content, indicates that the 
vanadium ions are responsible for developing the catalyst activity for n-pentane 
oxidative dehydrogenation. In our case, this can only be considered as a trend and 
cannot yet be extended to any quantitative activity conclusions, since the conversion 
levels were generally rather high. The conversion increased with temperature for all 
samples (Figures 2 and 3). The conversion levels at the higher temperatures exa
mined were sometimes lower than expected, due to total oxygen consumption. 

The addition of Sb 2 0 4 to the catalysts had a general positive effect on the 
conversions achieved. At each temperature, total n-pentane conversion with each 
one of the mechanical mixtures was somewhat higher than the value corresponding 
to the amount of active phase in the sample. This observation is true even at the low 
temperature - low conversion points. Under the assumption of differential reactor 
operation, this could be extended to relative sample activities, thus reflecting an 
improvement of the catalysts through a cooperation between magnesium vanadates 
and antimony oxide. The latter material is inactive for the reaction when tested 
pure. However, the reaction studied here is in fact a very complicated scheme and 
its kinetics are unknown for the moment, so any conclusions on catalyst activities 
based on conversions should be addressed with caution. It is better that the results 
are interpreted in terms of conversion only. 

Antimony oxide had little effect on catalyst selectivity for the pyrovanadate 
phase, but in the case of the orthovanadate, selectivity to dehydrogenation was 
generally improved with the mechanical mixtures. This improvement cannot be 
attributed solely to the lower conversions obtained with the mechanical mixtures, 
since in many cases the increase in selectivity was greater than the one resulting 
from the decrease in conversion alone. Further investigation is necessary to clarify 
the role of Sb 2 0 4 as creator of selective or inhibitor of non-selective reaction sites 
and to confirm the existence of a remote control mechanism, as it has been observed 
in the case of other light alkanes such as butane (23). 

The effect of changing the oxygen to alkane ratio in the feed on the catalyst 
performance was in general the same for the two phases examined. Decreasing this 
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Figure 4. C5 hydrocarbon product distribution for oxygen to n-pentane ratio in 
the feed equal to 1.0. Total n-pentane conversions are shown in Figures 2 and 3. 
A:Mg2V2Q7 B:Mg3V2p8 C: M g a V ^ - S b ^ D : Mg1V7p7-Sb2p4 
M 1-pentene H 2-pentenes H pentadienes 
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204 HETEROGENEOUS HYDROCARBON OXIDATION 

Figure 5. C5 hydrocarbon product distribution for oxygen to n-pentane ratio in 
the feed equal to 0.5. Total n-pentane conversions are shown in Figures 2 and 3. 
A:Mg2V2p7 B:Mg3V2p8 C: Mg2V2Q7-Sb2p4 D: Mg2V207-Sb2Q4 

SI 1-pentene H 2-pentenes U pentadienes 
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ratio from 1.0 to 0.5 resulted in a decrease of the total n-pentane conversion and an 
increase of the dehydrogenation selectivity. In the case of the samples containing 
the magnesium pyrovanadate phase, both pure and in the mechanical mixture, the 
increase in selectivity could be attributed almost totally to the decrease in conver
sion. In the case of the samples containing the ortho phase and at low oxygen to 
alkane ratio, the dehydrogenation selectivity was higher than the one accounted for 
solely by the decrease of n-pentane conversion. Analogous trends of decreasing 
conversion and increasing selectivity with decreasing oxygen content in the feed 
have been reported for similar oxidation reactions of ethane (24), propane and bu
tane (20) and ethylbenzene (4) on vanadium containing catalysts. In most of these 
cases, the effect on selectivity was more pronounced than the one on conversion. 

The distribution of the dehydrogenation products, pentenes and pentadienes, 
was not much affected by the oxygen to n-pentane ratio in the feed (Figures 4 and 
5). This supports the claim that the dehydrogenation and the combustion reactions 
usually proceed via parallel paths (21, 22). This is especially true with short resi
dence times, while at longer contact times, where a parallel-consecutive scheme of 
reaction is more probable, it is possible that the dehydrogenation reaction steps 
depend in the same way on the oxygen partial pressure. 

The oxygen to n-pentane ratio in the feed affected appreciably the extent of the 
homogeneous reaction in the empty reactor. At low ratios, the oxygen was insuf
ficient to activate the alkane molecule in the absence of catalyst. At higher oxygen 
content in the feed, homogeneous reaction took place, but then it seemed that there 
were two possible ways to proceed, depending on the temperature. Low tempe
rature homogeneous reaction must be an exothermic process, possibly autocatalytic 
and leading to formation of both dehydrogenated and oxygenated products. High 
temperature homogeneous reaction has such a mechanism that the conversion rises 
very slowly with temperature and the products are only hydrocarbons. These results 
are in accordance with previous observations on hydrocarbon oxidation and 
combustion reactions (25) and the turnover temperature, in our case around 400°C, 
depends on reaction conditions and the reactor type. 

Conclusions 

Using the citrate method, high purity magnesium vanadates can be prepared, 
their actual bulk composition corresponding to the element stoichiometry used for 
preparation. Magnesium ortho and pyrovanadate prepared in this way proved to be 
effective for the activation of n-pentane, with the ortho phase being the most 
selective towards dehydrogenation products. Addition of antimony oxide to the 
ortho phase had in general a positive effect on catalyst selectivity. No major 
changes in catalyst performance were observed when antimony oxide was combined 
with the pyro phase. The homogeneous reaction at the temperature range examined 
was strongly influenced by the oxygen to alkane ratio, being favored by higher 
oxygen content in the reactor feed. Dehydrogenation product distributions varied 
mainly with the active phase present and with conversion and temperature. 
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Chapter 15 

Identification of Active Sites and Structure 
Sensitivity of the Oxidative Dehydrogenation 

of Propane over Vanadium Magnesium Oxide 
Catalysts 

Amalia Pantazidis and Claude Mirodatos1 

Institut de Recherches sur la Catalyse, Centre National de la Recherche 
Scientifique, 2 avenue Albert Einstein, F-69626 Villeurbanne Cédex, 

France 

The oxidative dehydrogenation of propane was studied over a series of 
VMgO catalysts with a V content varying from 5 to 45 wt.%. Selectivity was shown 
to be little dependent on V content, while a high dependency of the intrinsic activity 
on the surface composition and structure was observed. Thorough catalyst 
characterization under reaction conditions demonstrated that this sensitivity was 
related to the combination of surface V5+ units with ionic vacancies to activate 
propane molecules. Thus, the highest propene yields were obtained when V content 
and phase sintering were tuned. This corresponded to an optimized redox potential, a 
key parameter in the Mars - Van Krevelen mechanism. 

INTRODUCTION 

VMgO catalysts are known to be active and selective for the oxidative 
dehydrogenation of propane (ODHP) (1-4). Initially, most of the authors focused on 
the catalytic performances of the pure VMgO phases. Chaar et al. (1) claimed that 
magnesium orthovanadate (Mg3V2O8) was responsible for catalytic activity and 
selectivity, while Siew Hew Sam et al. (2) concluded that magnesium pyrovanadate ( 
α-Mg2V2O7) was the most selective phase. Recently, other researchers stated that 
the biphasic VMgO catalysts exhibited quite different catalytic performances from the 
pure phases (3-4). Gao et al. (3) stated that the selectivity of the orthovanadate was 
promoted by being in intimate contact with a coexisting pyrovanadate or excess MgO 
phase. They suggested a synergetic effect, which was attributed to reconstruction or 
recontamination phenomena. Corma et al. (4) proposed that the better catalytic 
performance observed on samples with low V/Mg surface atomic ratios was related 
to the presence of isolated VO4 tetrahedra. They also suggested a correlation 
between catalytic activity and the redox properties of the catalysts, as well as with the 
acid-base character of the oxygen present on the catalyst surface, based on TGA and 
XPS results respectively. It can be stressed however that no detailed characterization 
of the VMgO catalysts under conditions close or similar to the ODHP conditions was 

1Corresponding author 

0097-6156/96/0638-0207$15.00/0 
© 1996 American Chemical Society 
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208 HETEROGENEOUS HYDROCARBON OXIDATION 

attempted, although major chemical and structural changes of the solids might be 
expected under reaction conditions. 

The present work aims at understanding the ODHP performance of VMgO 
catalysts, optimized by varying vanadium content and calcination temperature. A 
combined approach of ex situ and in situ characterization methods (XRD, XPS, ESR, 
5 1 V NMR, FT-IR, UV-vis, electron microscopy, electrical conductivity, 
microcalorimetry and transient kinetics) led to a description of the active sites under 
the reaction conditions. 

EXPERIMENTAL 

Preparation Method. Mg(OH)2 was first precipitated from a magnesium nitrate 
solution (Prolabo) by a potassium hydroxide solution (Prolabo). After centrifugation, 
washing and drying, Mg(OH)2 was added to a hot aqueous solution of N H 4 V O 3 

(Aldrich) containing 1 w. % of NH 4OH. The suspension was evaporated to dryness 
and then dried overnight at 120°C. The resulting solid was crushed and calcined at 
550°C for 6 h under an 02/He flow. The vanadium content was varied from 4.6 to 
44.7 wt.%. The number placed before the formula V/VMgO corresponded to the 
weight percent of vanadium in the calcined sample. The reference VMgO phases of 
ortho-, pyro- and metavanadate were prepared from the 32V, 36V and 44V/VMgO 
catalysts, respectively, after calcination at 800°C. 
Surface Area. Surface areas were measured by nitrogen adsorption, according to 
the BET method. 
X-ray Diffraction. Samples were analyzed on a Phillips PW 1710 diffractometer 
with the Cu Ka radiation under standard acquisition conditions. JCPDS-ICDD 
standard spectra software was used to determine the phases. 
Nuclear Magnetic Resonance of 5 1 V . NMR spectra were obtained on a Bruker 
MSL-300 spectrometer operating at 78.86 Hz under static or rotating conditions. 
The spectra were recorded at room temperature and were referenced to VOCI3. The 
VMgO spectra were compared to the ones obtained for the reference VMgO phases 
i.e. ortho-, pyro- and metavanadate. 
Electron Spin Resonance. ESR spectra were recorded with a Varian E9 
spectrometer using the 9.3 GHz (X band mode) microwave frequencies. A dual 
cavity was used and the g values were measured by comparison with a DPPH sample 
(g=2.0036). VMgO catalysts were tested after calcination at 550°C and after 50 h of 
reaction at 500°C. The samples were outgased for 12 h in a special cell allowing ESR 
measurements without further contact with air and humidity. The measurements were 
recorded at 77K. The spectra were referenced to V O S O 4 . The concentration of V 4 + 

was determined and compared to the total amount of V ions given by chemical 
analysis. Assuming that the V ions could only be V 4 + or V 5 + , a bulk ratio V 4 + / V 5 + 

was determined. 
X-ray Photoelectron Spectroscopy. XPS measurements were carried out on a VG-
model ESCA IH spectrometer. The exciting radiation was MgKa (1253.6 eV). The 
binding energies were calibrated with respect to the Cls energy at 284.9 eV 
corresponding to the carbon impurities. Atomic concentration ratios were calculated 
accounting for their cross section and mean free path, after correcting the intensity 
ratios with theoretical sensitivity factors proposed by the manufacturer. The samples 
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were pre-treated directly on the sample holder in a heated reaction chamber under 
flowing gases before being transferred into the XPS chamber. The samples were 
analyzed (i) after pretreatment under a 1% 02/He mixture with increasing 
temperature (5°C/min) up to 560°C and (ii) after the same pretreatment followed by 
reaction at 560°C for 30 min under the reacting mixture C 3H 8/0 2/He = 
7.1/3.7/89.2%. 
Electrical Conductivity. The catalyst powder (0.1<d<0.2 mm) was slightly 
compressed between two Pt electrodes. The electrical resistance was measured with 
an ohm-meter (Kontron, Model DMM 4021) for 1 < R < 2xl06 ohm and with a 
teraohmmeter (Guildline Instruments Model 9520) for 106 < R < 1014 ohm. The 
electrical conductivity a (ohm-1 cm"1) was determined by the formula: 
a = (l/R)*(h/s), where R is the measured electrical resistance (ohm), S the cross 
sectional area of the electrodes (cm2) and h the catalyst bed thickness (cm). The 
partial pressure of oxygen and temperature were varied. All the samples behaved as 
semiconductors, with a varying exponentially with T according to a = o 0 exp (-Ec / 
RT), where E c is the activation energy of conduction (kJ/mol). The slope (1/n) of the 
various isotherms log a = f(log P02) indicated the nature, n- or p-type, of the 
semiconductors (5). Reduction-reoxidation (redox) sequences were carried out at 
500°C in the presence of reaction mixture (PC3H8 = 18 torr, P0 2 = 15 torr), then of 
oxygen (P02 = 15 torr) and finally of propane (PC3H8 = 18 torr). Steady-state was 
attained between each step. 

Catalytic Test. The catalysts (30 mg) were tested at 500°C in a fixed bed reactor 
under atmospheric pressure. The reacting feed consisted of a C3H8/02/He mixture 
with a total flow rate varying between 20 and 100 ml/min and the C3H 8/0 2 ratio 
between 1:0.66 and 1:8. The gas composition was determined by automated gas 
chromatography (TCD and FID). 
In situ Diffuse Reflectance Fourier Transform Infra-Red Spectroscopy 
(DRIFT). The experiments were carried out with an in situ DRIFT cell connected to 
the catalytic testing set-up. The catalyst was loaded into the DRIFT cell after ex situ 
calcination. Catalyst loading varied from 20 to 60 mg depending on the sample. The 
sample was pretreated under an argon flow at increasing temperature (5°C/min) up to 
550°C. Then the Ar stream was switched to the reaction mixture C 3H 8/0 2/He = 
13.2/6.6/80.2 with a total flow rate of 50 ml/min. The spectra were recorded at each 
step of the standard testing procedure. 

RESULTS 

Catalytic performance optimization. 

The effect of the vanadium loading on the catalytic performance under given 
conditions is illustrated in Fig. 1. A clear maximum of the specific activity (a) was 
observed at around 12 to 14 wt.% of V, whereas the selectivity to propene (c) 
remained almost constant (65-75%) over a wide range of V content (12-45 wt.%). 
For the intrinsic activity (b) a maximum was also found at the same low V content, 
but high values were also noted for high V content (35-45 wt.%). However, these 
latter values must be considered with care since very low surface areas were 
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10 20 30 40 50 
Vanadium content (wt. %) 

60 

Fig. 1. Catalytic activity of the VMgO catalysts as a function of vanadium 
loading at 500°C.; (a) specific activity, umol/s G.; (b) intrinsic activity, umol/ s m2; 
(c) propene selectivity, %. 
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Fig. 2. Selectivity to propene versus conversion over the whole series of tested 
VMgO catalysts; (a) iso-yield at 15%; (b) 10-25 wt.% V; (c) 5-8 wt.% V; (d) 
45V/VMgO. 
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measured for these samples (Table 2). Pure MgO exhibited poor activity and 
selectivity, while pure V 2 0 5 showed high intrinsic activity but poor C^H^ selectivity 
with CO as the major product (Sqo = 65 %) 

Fig. 2 summarized numerous experiments carried out with various reaction 
conditions (changes in contact time, reaction temperature, P(C3H8)/P(02) ratio) 
aimed at optimizing the propene yield over the prepared series of catalysts. For the 
sake of clarity, the curves fitting the data are reported (curves b, c, and d). The data 
for pure magnesia and vanadia are also reported. These results clearly indicated that 
i) different catalytic behavior existed depending on domains of vanadium content, ii) 
the best performances corresponded to a rather large range of V content (10-25 
wt.%) and iii) the selectivity was essentially controlled by the conversion level for 
each series of catalysts. 

The surface area was found to decrease with increasing calcination 
temperature or time on stream. The influence of sintering on the catalytic 
performance of the 14V/VMgO catalyst is reported in Fig. 3. The intrinsic activity of 
the catalyst tended to increase with decreasing surface area (from 80 to 40 m2/g). A 
slight increase in propene selectivity was observed. The latter can be ascribed to 
slight decreases in the conversion level. However, at the lowest surface area, both 
intrinsic activity and propene selectivity decreased significantly. 

Catalyst characterization: vanadium content and calcination temperature 
effect. 

The VMgO catalysts were characterized by XRD and 5 1 V NMR as 
summarized in Table 1. As vanadium content increased the MgO bands (20 = 42.9 
and 62.3) disappeared progressively while the VMgO bands increased, with a change 
from the M g 3 V 2 0 8 orthovanadate (20 = 35.2) to the ot-Mg 2V 20 7 pyrovanadate 
phase (20 = 28.5) and finally to the MgV 2 0 6 metavanadate phase (20 = 29.1). At 
high vanadium content, only the VMgO bands were observed (Fig. 4, a-c). The 
coexistence of a M g 3 V 2 0 8 orthovanadate phase with an excess of magnesium oxide 
was evidenced at low vanadium loading where the maximum activity was observed 
(Fig. 4, d). Note that the XRD peaks of the M g 3 V 2 0 8 phase were very poorly 
resolved with the peaks very broad, indicating a high dispersion and a possible 
distorted structure of the orthovanadate. As calcination temperature increased these 
peaks narrowed, indicating an improvement in the solid crystallinity (Fig. 4, d-e). For 
the 14V/VMgO catalyst, the width of the 20 = 35.2 peak (Mg 3V 20 8) varied from 
0.33 to 0.20 degrees and that of the 20 = 42.9 peak (MgO) varied from 0.68 to 0.24 
degrees, as calcination temperature increased from 550 to 900°C. 

The 5 1 V NMR specta of the orthovanadate phase presented a narrow signal at 
5j s o = -536.0 ppM.; the pyrovanadate presented two signals at d\ = -534.4 ppm and 52 

= -595.2 ppM.; and the metavanadate phase showed four signals at 5j = -311.4 ppm, 6 
2 = -472.7 ppm, 53 = -585.7 ppm, and 64 = -704.0 ppm, in accordance with literature 
data (6). The identification of phases for each VMgO catalyst was based on the 
spectra of these reference phases by means of deconvolution. By comparing peak 
widths of catalysts with those of the reference phases it was observed that 
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10 20 

2 S 

Fig. 4. XRD spectra for the (a) 45V/VMgO, (b) 30V/VMgO, (c) 25V/VMgO, 
and the (d-e) 14V/VMgO catalysts calcined at (d) 550°C, and (e) 800°C. 
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crystallinity improved as vanadium loading increased and/or calcination temperature 
was higher (Table 1). 

Table 1. Identification of the VMgO catalysts by XRD and 5 1 V NMR. 
Catalyst Tcalc. (°Q Degree of 

crystallization 
(51VNMR) 

Identified phases 

(XRD +51VNMR) 
14V/VMgO 800 93% MgO + Mg 3V 20 8 

14V/VMgO 550 47% MgO + Mg 3V 20 8 

25V/VMgO 550 46% Mg 3V 20 8 

30V/VMgO 550 80% a-Mg2V207 

45V/VMgO 550 MgV206+a-Mg2V207+V205 

As observed in Table 2, a major decrease in the BET surface area was 
observed after V addition, the lowest value corresponding to the pure vanadate (4 
m2/g for V 2 0 5 ) . The electrical conductivity (o) was very high for the unpromoted 
magnesia, markedly decreased after V addition (almost two orders of magnitude) and 
remained more or less constant up to 30 wt.% V. For higher V loading a increased 
again (one order of magnitude). 

Table 2. Effect of VMgO catalyst composition on electrical conductivity a 
Catalyst Tcalc. ( ° 0 SBET (m 2 /g) a (ohm cm)-1 -1/n 
MgO 550 270 2.22 E-07 1/5.6 
14V/VMgO 800 43 5.04 E-09 1/18.9 
14V/VMgO 550 81 2.25 E-09 1/4.4 
25V/VMgO 550 38 1.85 E-09 1/4.9 
30V/VMgO 550 14 3.47 E-09 n. d 
45V/VMgO 550 7 4.07 E-08 1/6.2 

All the slopes (1/n) of the various isotherms log a = f(log P02) were found 
negative, indicating that all samples behaved as n-type semiconductors. The physical 
meaning of the 1/n values is not obvious. Values of n close to 6 correspond to the 
model of doubly ionized anionic vacancies (VQ2-2+ or • ) (5). This would be the case 
for most of the tested samples. Much higher values (n>10) as observed for the 
14V/VMgO sample calcined at 800°C may imply the contribution of other types of 
surface defects besides the above anionic vacancies (5). 

Fig. 5 presents the DRIFT spectra obtained at 550°C under an Ar flow. The 
unpromoted magnesia (a) revealed a strongly carbonated surface, mostly in the form 
of a unidentate species (1483-1438 and 1310 cm-1) with some free carbonate at 1420 
cm"1. The surface was also partly hydroxylated (mainly basic OH groups at 3740 cm" 
l) (7). After promotion with vanadium (b) the overall carbonate concentration 
decreased significantly, especially the unidentate species. However, other species 
such as bidentate carbonates or hydroxycarbonates (1660-1620 and 1320-1310 cm-1) 
tended to appear or at least to remain on the surface, if already existing before V 
promotion. The basic OH groups decreased and two types of more acidic hydroxyl 
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214 HETEROGENEOUS HYDROCARBON OXIDATION 

Fig. 5. Diffuse reflectance IR spectra recorded in situ at 550°C under Ar for (a) 
MgO, (b) 14V/VMgO, T c = 550°C, (c) 14V/VMgO, T c = 800°C, (d) 
45V/VMgO. 
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groups appeared at 3600 and 3505 cm"1. After calcination at 800°C (c) these OH 
groups almost vanished while most of the remaining traces of carbonates were 
bidentate (1660-1620 and 1320-1310 cm-1), as expected from a highly decarbonated 
surface. At large V content (d), almost no hydroxyl groups were detected while 
bidentate carbonate or most likely acid carbonate groups (in line with the increase in 
acidity measured by calorimetry and S0 2 titration as reported below) were observed. 

Table 3. Irreversible amounts of S0 2 and NH 3 adsorbed per surface unit 
as a function of V content. 

Catalyst NH 3 (umol/m2) S0 2 (umol/m2) 
MgO 0.25 4.17 

5V/VMgO 0.93 1.71 
7V/VMgO 1.11 n. d. 
14V/VMgO 1.24 2.17 
18V/VMgO 1.40 1.88 
25V/VMgO 1.58 2.23 
30V/VMgO 1.64 0.81 
45V/VMgO 1.97 0 

Changes in surface acidity and basicity as a function of vanadium content 
were investigated by S0 2 and NH 3 adsorption carried out at 80°C (8) (Table 3). 
Intrinsic surface basicity, measured by the amount of irreversibly adsorbed S0 2 per 
surface unit, was found to markedly decrease from unpromoted to promoted 
magnesia, then to be stable up to 25 wt.% V addition, then to decrease again and to 
vanish at high V content. In contrast, intrinsic acidity (irreversible NH 3 adsorption 
per surface unit) increased regularly over the range of V addition. 

The changes in composition of the first layers of the 14V/VMgO samples 
were followed by XPS as a function of their surface area (depending on calcination 
temperature or time on stream, Table 4). In all cases, the Mg/V surface ratio given by 
XPS measurements was higher than the Mg/V bulk ratio (equal to 6.6) obtained by 
chemical analysis. This indicated either an Mg-enrichment of the surface or a V-
depletion arising from vanadium incorporation into the catalyst subsurface. A 
significant increase in the Mg/V and O/V ratios was observed with decreasing surface 
area until a constant level was achieved, while the O/Mg ratio remained practically 
constant. 

Table 4. Effect of surface area on the 14V/VMgO catalyst structure 
determined by XPS. 

BET Atomic ratios Concentration (%) 
surface Mg/V O/V O/Mg o 2- O2- OH" (co3)2-
(m2/g) (MgO) (VMgO) (Mg(OH)2) (MgC03) 

81 8.4 9.7 1.16 51.8 34.2 13.4 0.96 
64 11.4 12.8 1.13 58.7 26.7 12.6 2.10 
43 12.3 13.4 1.09 61.0 25.2 13.3 0.42 
41 12.6 14.2 1.13 63.3 24.9 10.9 0.89 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

G
U

E
L

PH
 L

IB
R

A
R

Y
 o

n 
O

ct
ob

er
 1

1,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
3,

 1
99

6 
| d

oi
: 1

0.
10

21
/b

k-
19

96
-0

63
8.

ch
01

5

In Heterogeneous Hydrocarbon Oxidation; Warren, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



216 HETEROGENEOUS HYDROCARBON OXIDATION 

The O i s peak deconvolution (O 2 -, OH" and (CO3)2') in combination with the 
expected atomic ratios of the different phases (C J s to 0 l s for the carbonate species, 
M g 2 p to 0 l s ratio for MgO and V 2 p 3/2 to 0 l s for Mg 3 V 2 0 8 ) led to a tentative 
evaluation of the concentration of phases on the catalyst surface (Table 4). The 
following features were outlined: (i) the surface was only weakly carbonated, but 
slightly more after reaction, in agreement with DRIFT data, (ii) hydroxyl groups were 
equally present before and after reaction, and (iii) the surface was enriched in MgO 
(or depleted in vanadate) after reaction and/or calcination at high temperatures. 

In order to determine the V 4 + / V 5 + ratio, the V 2 p 3/2 peak was deconvoluted 
and the corresponding surfaces integrated. Table 5 reports the corresponding binding 
energies (BE.) and the calculated surface V 4 + / V 5 + ratios for the 14V/VMgO 
catalyst. The bulk V 4 + / V 5 + ratios determined by ESR (see experimental section) are 
also reported for comparison. The B.E. values are consistent with those reported in 
the literature (3-4). In all cases the total concentration of V 4 + was smaller than the 
concentration of V 5 + . Furthermore, the surface tended to be more reduced than the 
bulk vanadate. After reaction this difference between the surface and bulk state of 
reduction was more pronounced indicating a stronger reducing power of the reaction 
atmosphere in comparison with the calcination one. 

Table 5. XPS and ESR results of the optimized 14V/VMgO catalyst. 
Catalyst T calc. Atomic ratio Binding energies 

y4+/y5+ V 2 p 3 / 2 (eV) 
14V/VMgO (°Q Surface Bulk \4+ 

XPS ESR 
pretreatment 550 0.26 0.04 517.3 515.9 
reaction 550 0.45 0.05 517.1 515.6 
pretreatment 800 0.18 0.04 517.3 515.9 
reaction 800 0.26 0.04 517.2 515.8 

Catalyst characterization under reaction conditions. 

The DRIFT experiments carried out under reaction conditions (Fig. 6) 
indicated that the surface of the optimized 14V/VMgO sample was considerably 
rehydroxylated (OH groups at 3300-3600 cm -1 and at 1640 cm-1) without affecting 
the basic groups at 3700 cm-1. No clear evidence of adsorbed hydrocarbons was 
found. The only intense bands were assigned to gaseous propane (2900-3020 cm-1) 
and carbon dioxide (2360-2370 cm"1). The small bands in the range 1560-1437 cm"1 

indicated the presence of carbonate species as well as the expected C-H bending 
vibrations of gaseous propane and propene (7). 

The above observations were confirmed by non steady-state and isotopic 
transient steady-state analysis, as detailed in (9), which gave a description of the 
surface occupancy under reaction conditions. The main conclusions were: i) no 
significant accumulation of hydrocarbon or coke deposits occurred under reaction 
conditions, ii) the formation of propene did not directly involve gaseous oxygen, iii) 
no measurable reversible and dissociative oxygen adsorption occurred on the surface 
under reaction conditions, iv) gaseous carbon dioxide rapidly equilibrated with 
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surface carbonate species by fast adsorption/desorption, and v) carbon dioxide 
precursors accumulated on the catalyst surface. 

Kinetic measurements of electric conductivity were carried out at 500°C in 
the presence of propane or under reaction conditions. Fig. 7 reports the data obtained 
for the 14V/VMgO sample calcined at 800 and 550°C (a and b) and for the 
45V/VMgO sample calcined at 550°C (c). At time 0, the catalysts were under oxygen 
at 500°C. Note that the a value under oxygen for the 800°C calcined sample was 
twice the one for the 550°C calcined sample (Table 2). As the reacting mixture 
oxygen/propane was introduced (point A), a increased by several orders of 
magnitude, indicating a severe reduction of the catalysts but to levels depending on 
the samples. The highest increase corresponded to the 45V/VMgO sample (x 490) 
and to the 14V/VMgO sample calcined at 550°C (x 620). A minor increase was 
observed for the 14V/VMgO sample calcined at 800°C (x 22). Note that the slope of 
the increasing curves indicated that the most easily reduced catalyst was the 
45V/VMgO sample. A significantly slower reduction was observed for the two 
14V/VMgO samples. When reintroducing oxygen (point B), the electrical 
conductivity dropped to the initial values for the 14V/VMgO samples calcined at 800 
and 550°C, indicating that the catalyst was reoxidized to its initial state. In contrast, 
the 45V/VMgO sample remained partially reduced. When pure propane was 
introduced (point C), the obtained values were slightly higher than those obtained in 
the presence of the reacting mixture with the same ranking of catalysts. The catalysts 
were thus less reduced under reaction conditions than in the presence of pure 
propane. 

DISCUSSION 

From the catalytic data illustrated in Fig. 1-3, it was concluded that no major 
effect of V concentration or temperature of calcination was noted for the selectivity 
to propene. In contrast, important effects of V concentration and treatment 
conditions were observed on intrinsic activities. These results indicated that within 
the range of V explored, the intrinsic activity for the ODHP reaction on VMgO 
catalysts is structure sensitive but the selectivity does not depend on a particular 
structure or phase. The latter conclusion disagrees somewhat with literature 
proposals assuming that either the pyrovanadate phase (2) or the orthovanadate 
phase (1) was the selective phase for the ODHP. Actually, the selectivity is proposed 
to be related to a competition between propane and oxygen for the same active sites 
(9), therefore little dependent on the site environment. Detailed examination of the 
state of VMgO catalysts under reaction conditions allows more precise conclusions 
about the actual nature of the active catalytic sites for ODHP. 

State of the catalyst. 

Pure MgO bulk material is known to be a poor electrical conductor (5). However, a 
high conductivity was measured on the present MgO sample (Table 2). This result 
suggests a preferential surface conductivity favored by mobile adspecies, such as 
hydroxyl groups and surface carbonate or hydroxycarbonates (5), which were 
detected by DRIFT spectroscopy (Fig. 5a). The addition of even low amounts of 
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o 

S3 

4000 3500 3000 2500 2000 

Wavenumber (cm1) 

1500 1000 

Fig. 6. DRIFT spectra of the 14V/VMgO catalyst (T c = 800°C) recorded at 
550°C under reaction conditions. 

log a (ohm"1 cm"1) 

-5 

100 200 300 400 500 600 700 

time (min) 

Fig. 7. Variation of electrical conductivity o during redox sequences at 500°C on 
the 14V/VMgO catalyst calcined at 800°C (a) or at 550°C (b) and on the 
45V/VMgO catalyst calcined at 550°C (c) initial atmosphere: oxygen, A: 
reaction mixture, B: vacuum, then oxygen, and C: propane. 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

G
U

E
L

PH
 L

IB
R

A
R

Y
 o

n 
O

ct
ob

er
 1

1,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
3,

 1
99

6 
| d

oi
: 1

0.
10

21
/b

k-
19

96
-0

63
8.

ch
01

5

In Heterogeneous Hydrocarbon Oxidation; Warren, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



15. PANTAZIDIS & MIRODATOS Propane over VMgO Catalysts 219 

vanadium oxide to magnesia induced a considerable loss in electrical conductivity 
(Table 2). Though significant, the loss of surface area observed after V addition 
(most likely due to a sintering effect induced by the easily melting vanadate) cannot 
explain by itself the almost two orders of magnitude decrease in electrical 
conductivity. Therefore, the observed decreased conductivity of the MgO material 
upon V addition is more likely to arise from changes in the surface composition of the 
MgO grains than in their morphology. 

Various changes in surface composition were induced by V addition: (i) a 
strong decarbonation and dehydroxylation of the surface was observed by DRIFT 
spectroscopy (Fig. 5), (ii) a marked decrease in intrinsic basicity and a regular 
increase in intrinsic acidity (Table 3), and (iii) the development of the M g 3 V 2 0 8 

orthovanadate phase (Fig. 4, Table 1). A combination of the above effects probably 
explains the observed drastic changes in surface conductivity. 

Another type of change in surface composition was observed by varying the 
surface area of the 14V/VMgO catalyst (Fig. 3-4, Tables 1, 4). XRD and 5 1 V NMR 
showed the progressive crystallization of the orthovanadate phase with increasing 
calcination temperature. This also corresponded to an increase in the O/V and Mg/V 
surface ratios determined by XPS, which indicated a surface enrichment in MgO 
and/or a depletion in vanadate possibly arising from V incorporation into the catalyst 
subsurface, in agreement with the model proposed by Corma et al. (10). Another 
effect of the calcination at 800°C was i) to increase the electrical conductivity (Table 
2) and ii) to decrease significantly the reducibility of the vanadate phase under either 
the reacting mixture or a pure propane atmosphere (Fig. 7). Calcination under 
extreme conditions (900°C) led to an over-sintered material where uncovered MgO 
was now the dominant surface phase. 

From the above results, some requirements for obtaining an active and 
selective catalyst under ODHP conditions can be proposed: i) a moderate V 2 0 5 

loading (from 15 to 44 wt%) and ii) a mild temperature calcination (800°C). This 
leads to a surface rather depleted in vanadium, which is only partially reduced under 
reaction conditions. Both acid and basic hydroxyl groups are present on the working 
system together with carbonates and hydroxycarbonate species. 

Nature of the active sites. 

The most active and selective catalysts were essentially formed of mixed MgO and 
M g 3 V 2 0 8 orthovanadate phase. UV-vis DR studies (not reported here) showed that 
the surface concentration of isolated tetraedral species V0 4

2 " (290 nm) seemed to be 
maximum at very low V content, i.e., out of the optimized V content range. The 
presence of distorted V 0 4

2 - units (320-340 nm) was observed in the active and 
selective mixed phases, indicating the formation of polymeric species within the 
optimum V content range. In addition, the positive effect of the calcination at 800°C 
on the intrinsic activity corresponded more to the insertion of vanadium into the MgO 
matrix rather than to a surface enrichment in the V0 4

2 " species. Thus, the simple 
picture of isolated V0 4

2 ~ surface species as active sites (1, 4, 10) remains therefore 
questionable. In more recent studies (11), it was suggested that the relatively small 
molecule of propane (as compared to butane) could interact only with one V unit for 
steric consideration. As a consequence, either V 0 4 monomers, as observed in 
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orthovanadate, or two corner-shared V 0 4 polymers would act as active sites for 
ODHP. This enlarged concept fully agrees with our observations. 

Several other physico-chemical properties also seem to contribute to the 
definition of active centers for ODHP. No direct relationship between total acidity 
and activity was found since intrinsic acidity was shown to increase regularly over the 
range of active and selective samples, while significant changes in intrinsic activity 
were noted. Acid sites could either be V-OH groups or V-O-COOH acid carbonates, 
as revealed by DRIFT spectroscopy. Though the latter can be discarded as 
active/selective centers (since they are essentially observed only at high V content), 
they could participate in non selective pathways, e.g. decomposition into gaseous 
CO. This would explain the higher selectivity to CO characteristic for V-rich samples. 
For instance : 

V-O-COOH + V-OH -> CO + 2 V=0 + H 2 0 (1) 

In contrast to acidity, basicity is obviously a prerequisite for catalysts with 
good performance. If one excepts the strong basicity observed on unpromoted MgO, 
a mild and constant basicity was measured over the whole range of active and 
selective catalysts. For catalysts with high V content, no basicity was measured, 
which corresponded to non selective samples. Two opposing roles of basic sites can 
be proposed from the in situ characterization studies: 
i) A positive role in site regeneration. It was shown from non steady-state 
experiments that propene could be formed from propane in the absence of oxygen 
during a transient period, clearly demonstrating a Mars - Van Krevelen mechanism 
via lattice oxygen species (9). However, gaseous oxygen was shown to be necessary 
for regenerating the active surface, i.e. to reoxidize the sites reduced during the 
catalytic cycle. The required basicity could therefore be directly involved in the 
process of oxygen activation. As a matter of fact, the catalysts were shown to behave 
as n-type semiconductors. This means that gaseous oxygen could capture free 
electrons responsible for the n-type semiconductor behavior leading to the formation 
of O" and O 2 ' adspecies according to the equations (5): 

2e- + 0.5O 2(g)->O 2- ( a d s ) (2) 

e- + 0.5O 2 (g)^O- ( a d s ) (3) 

Equation (2) would correspond to site regeneration, since lattice oxygen was 
involved in the propane activation process. Equation (3) would rather be related to 
the generation of highly reactive oxygen species which might lead to C O x 

production, as proposed in (9). 
ii) A negative role in the non selective route to C 0 2 formation. Carbonate 
species were shown to form under reaction conditions (Fig. 5) and to be in 
equilibrium with gaseous carbon dioxide according to (9): 

co 3

2 - ^ c o 2 + o 2- (4) 
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As required in a Mars - Van Krevelen mechanism, the redox potential of the 
catalytic material appears as a key factor in the propane activation process. By 
investigating the changes in electrical conductivity under oxidative or reducing 
atmosphere, it was observed that catalysts which were easily reduced, such as 
45V/VMgO, were not active under ODHP conditions. It was also noted that these 
catalysts could not be easily reoxidized under an 0 2 atmosphere (Fig. 7c). In 
contrast, optimized catalyst performance for the ODHP, as observed using the 
14V/VMgO sample calcined at 800°C, corresponded both to a totally reversible 
redox capacity and to a limited reduction under reaction conditions (Fig. 7a, Table 5). 
In order to understand these results, let us recall that the electrical conductivity was 
shown to involve doubly ionized lattice vacancies, i.e., empty vacancies (•). The 
electrical conductivity was shown to increase under reaction conditions. This effect 
can be accounted for by assuming that the electrons arising from the V 5 + to V 4 + 

reduction by propane become available for conductivity via the empty vacancies 
according to : 

C 3 H 8 +2{V5+ - • + O2"} -> + {V4+ - •} + 2 OH" (5) 

Thus, for a very high V concentration, a fast and deep catalyst reduction 
occurred under reaction conditions (as observed for the 45V/VMgO sample, Fig. 7). 
This would hinder the redox cycles, and therefore decrease the site turn-over 
frequency. Other factors could also be considered, such as an excess of surface 
acidity and a lack of surface basicity. 

For the case of a surface depleted of V 5 + species (corresponding to the 
optimized 14V/VMgO sample calcined at 800°C), a fast and reversible reduction of 
the remaining surface units occurred under reaction conditions, which favored the 
catalytic redox process. Moreover, a relatively high concentration of oxygen 
vacancies is expected due to an enlarged VMgO/MgO interface, which could also 
account for the high intrinsic activity. By developing a larger interface between the 
MgO support and the vanadate phase, crystallographic defects such as "coherent 
interface" defects postulated by P. Courtine et al. (12) could be envisioned. When the 
calcination temperature is too high (900°C) or the surface concentration of V units 
becomes too low (even if a larger vacancy concentration is expected from the 
oversintering process), the site requirement is no longer fulfilled and the catalytic 
performance drops (Fig. 3). A modelling of the MgO/VMgO interface is in progress 
to test the validity of such a proposal. 

CONCLUSIONS 

At variance with literature proposals assuming that specific VMgO phases 
were responsible for ODHP, the present study revealed that the highest propene 
yields were achieved over MgO and VMgO mixtures (ortho and possibly pyro 
phases). Selectivity to propene was shown to be little dependent on the type of phase 
dispersed on magnesia over a wide range of V content. However severe decrease in 
selectivity was noted when the acidVbase balance observed on selective materials was 
disrupted. In contrast with selectivity, intrinsic activity was shown to depend highly 
on the V content and on the catalyst surface area. Optimized catalyst performance 
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222 HETEROGENEOUS HYDROCARBON OXIDATION 

was obtained for rather low concentrations of V 5 + surface ions and for a high density 
of anionic vacancies. The latter are likely to arise from lattice defects created at 
MgO/VMgO interfaces, being favored after mild sintering of both phases. The 
combination of these two entities would constitute the active sites for ODHP. These 
sites would exist over a wide range of vanadium contents, which suggests that V 5 + 

units may either be isolated or belong to polymeric units. This would account for the 
weak dependency of selectivity upon V content. This required balance between 
surface vanadium ions and anionic vacancies would control the redox potential of the 
active phase, a key parameter in the Mars-van Krevelen mechanism. These 
conclusions about the actual nature of the active sites for ODHP allow us to 
understand the efficiency of other types of supports which are able to generate the 
required mobile vacancies (e.g. niobia as demonstrated by Smits et al. (13)). 
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Chapter 16 

Promotion of Selectivity to Propene 
in Mg3V2O8 Catalysts by Oxygen Spillover 

in the Oxidative Dehydrogenation 
of Propane 

S. R. G. Carrazán1, M. Ruwet2, P. Ruiz2, and B. Delmon2 

1Departamento de Quimica Inorgánica, Facultad de Quimica, 
Plaza de la Merced s/n. Salamanca, Spain 

2 Unité de Catalyse et Chimie des Matériaux Divisés, Université
Catholique de Louvain, Place Croix du Sud 2/17, 

B-1348 Louvain-la-Neuve, Belgium 

The main objective of this work is to demonstrate that spill-over 
oxygen, Oso, promotes the selectivity to propene on Mg3V2O8 during 
ODP via a remote control mechanism (RCM). Catalysts were prepared 
by a) mechanical mixtures of Mg3V2O8+α-Sb2O4, b) calcining the 
mixtures at 873 K for 6 days and and c) by mechanical mixtures of 
Mg3V2O8+α-Mg2V2O7. A detailed physicochemical characterization 
(BET, XRD, XPS, TEM, AEM) of the solid state properties reveals 
that neither mutual contamination nor formation of a new phase occurs 
during catalytic reaction or calcination. α-Sb2O4 is inert in the reaction. 
Significant synergetic effects were observed in the mixtures: 
Mg3V2O8+α-Sb2O4 exhibit an increase of selectivity by suppression of 
unselective reactions. Mg3V2O8+α-Mg2V2O7 mixtures exhibit an 
increase in the conversion, yield and selectivity and a decrease in the 
CO2 formation. The role of Oso, which is produced by α-Sb2O4, would 
be that of inhibiting the non-selective sites. Oso is crucial in 
determining the catalytic properties of the magnesium vanadate 
catalyst. The existence of a cooperation via Oso between α-Mg2V2O7 

and Mg3V2O8 could explain the discrepancies observed in the 
literature concerning the activity and selectivity of the pyro and ortho 
phases. 

It is known that MgVO catalysts are relatively active and selective for the oxidative 
dehydrogenation of propane (ODP). However, no clear conclusion has yet been derived 
definig the role of the catalyst in this reaction. 

Many studies attribute the catalytic performances to single MgVO phases. Kung's 
group (1-3) proposed magnesium orthovanadate, Mg3V208, to be the active phase for the 
formation of alkenes. But Volta's group (4,5) attributed the highest selectivity to propene 
to pyrovanadate, a-Mg2V207, considering the ability of this phase to stabilise V 4 + ions 
associated with surface oxygen vacancies, and because of the easier reducibility of this 
phase compared to Mg3V208. 

0097-6156/96/0638-0223$15.00/0 
© 1996 American Chemical Society 
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224 HETEROGENEOUS HYDROCARBON OXIDATION 

This contradiction can arise from the phase purity which particularly depends on the 
preparation method (6-8) and which affects the catalytic behaviour of the MgVO phase, 
as has been observed by Delmon's group (9,10). Thus, the selectivity of Mg3V20s can be 
improved by a-Mg2V207 or excess of MgO in intimate contact. This suggests that some 
type of cooperation between separate phases must exist in these catalysts and that the 
presence of more than one phase is necessary to explain the catalytic properties of MgVO 
catalysts to promote selectivity to propene. 

The main objective of this work is to demonstrate that spill-over oxygen, Oso, 
promotes the selectivity to propene on Mg3V20s during ODP via a remote control 
mechanism (RCM). 

This mechanism has been shown to operate on the oxidation of olefins to 
unsaturated aldehydes (11-12), the oxidative dehydrogenation of ethanol to 
acetaldehyde (13), the oxidative dehydrogenation of butene to butadiene (14), the 
oxidation of butane to maleic anhydride (15,16) and the dehydration of N-ethyl 
formamide to propionitrile (17). As a-Sb204 as an external phase has been shown to 
promote selectivity of the active phases in these reactions, we studied catalysts which 
contain mixtures of Mg3V208+ ot-Sb204. 

As discussed above, MgVO catalysts in general do not consist of pure isolated phases. 
It is therefore interesting to study the synergetic effects existing between two different 
MgVO phases as, Mg3V208+ a-Mg2V207. 

In order to demonstrate that the synergetic effects observed in these catalysts are due to 
a cooperation between two separate phases in contact, other possibilities which could 
explain those effects have been taken into account, such as contamination of one phase by 
small quantities of an element of the other or formation of a new phase. Thus, in order to 
minimize the contamination between the component oxides, the mechanical mixtures 
were obtained by dispersing separately prepared oxides in n-pentane, followed by 
evaporation of the solvent and drying without further calcination. The solid state 
evolution of Mg3V208+a-Sb204 under harsh conditions was also studied. 

A correlation of the catalytic activity and selectivity of the catalysts with a 
detailed physicochemical characterization of the solid state properties reveals that 
neither mutual contamination nor formation of a new phase occurs. 

Experimental 

Catalysts preparation. 
Single phase catalysts: a-Sb204 was obtained by calcination of Sb203 in air at 773 K for 
20 h. MgVO with Mg/V atomic ratios of 3/2, denoted as Mg3V208, and 2/2, denoted as 
ot-Mg2V207, were prepared by the citrate method (18). A transparent solution of 
Mg(N03)2-6H20 and N H 4 V O 3 with the desired atomic Mg/V ratio was prepared. The 
citric acid was added in such a proportion to have 1.1 equivalent-gram of acid function 
per valence-gram of metal. After evaporation at 308 K, the viscous solution obtained was 
dried at 353 K for 15 hours. An amorphous solid organic compound was obtained. This 
compound was decomposed at 573 K for 16 hours. For the preparation of Mg3V208 and 
ot-Mg2V207, different temperatures and times of calcination were used (Table I). 

Two phase catalysts: a) mechanical mixtures of Mg3V20s/I+a-Sb204 were prepared 
by vigorously mixing the suspension of the powders in 200 ml of n-pentane for 3 minutes 
by means of a mixer (Ultra-Turrax from Janke & Kunkel) at room temperature. After 
evaporation of the n-pentane under reduced pressure with agitation, the mixtures obtained 
were dried in air at 323 K overnight, b) a mechanical mixture of Mg3V208/I+a-Sb204 
with 50% by weight of both oxides was calcined at 873 K for 6 days (this will be denoted 
calc. MM) and c) the same mixing method as in a) was used to prepare the mechanical 
mixtures of Mg3V208/II+a-Mg2V207/II except that the suspension was only agitated 
magnetically for 20 minutes. 
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16. CARRAZAN ET AL. Selectivity to Propene in Mg3Vp8 Catalysts 225 

Table I. Mg3V20s and a-Mg2V2C>7 preparation conditions. 0,1 and II indicate preparation 
number. Calcination temperature in K and calcination time in hours, and BET surface 
areas (m2/g). 

Sample Temperature (K) Time (h) BET 
m2/g 

a-Mg 2V 2O 7/0 773 10 7.6 
823 6 
873 6 
923 6 

a-Mg2V207/II 873 15 3.4 
Mg3V2O8/0 773 10 5.2 

823 6 
873 6 
923 6 
973 6 

Mg3V208/I 873 20 16.0 
Mg3V208/II 873 15 3.4 

973 7 
1073 20 

The composition of the mechanical mixture is expressed as mass ratio by, Rm=weight 
A/(weightA+weightB) where A is Mg3V20s and B is a-Sb204 or a-Mg2V2C>7. The Rm 
values are 0, 0.25, 0.50, 0.75 and 1 for the Mg3V20g/I+a-Sb204 system and 0.50 for 
Mg3V20g/II+a-Mg2V207/IL 

Catalysts characterization. All catalysts were characterized before and after the catalytic 
test using: 

BET, the catalyst surface areas were measured by adsorption of krypton at 77 K on 200 
mg of samples previously degassed at 423 K for 2h using the BET method in a 
Micromeritics Asap 2000 instrument. 

XRD. XRD patterns were obtained with a high resolution X-ray diffractometer 
Siemens D5000 using Ni-filtered Cu-K a 1 radiation (X= 1.541 A). 

TEM and AEM. The catalysts were studied with a JEOL-JEM 100C TEMSCAM 
electron microscope equipped with a Kevex 5100C energy dispersive spectrometer for 
electron probe microanalysis (EPMA). The samples were ground, dispersed in n-pentane 
with an ultrasonic vibrator and deposited on a thin carbon film supported on a standard 
copper grid. 

XPS. XPS analyses were performed with a SSX-100 model 206 X-ray photoelectron 
spectrometer from FISONS. The analysis chamber was operated under ultrahigh vacuum 
with a pressure close to 5xl0"9 Torr. The Cls, V2p, Ols, Sb3d, Mg2s and Cls bands were 
swept successively (in some catalysts, the most intense Mg(Auger) peak was swept 
instead of Mg2s) . The binding energy (BE) values were calculated with respect to Cls 
(BE of C-C,H fixed at 284.8 eV). V 2 0 5 standard calcined in 0 2 for 13 h at 773 K, as well 
as a V2O4, standard pretreated in H 2 at 393 K for lh, were also analyzed. 

Catalytic test. The catalytic tests were carried out in a continuous gas-flow system. The 
catalyst (particle size between 500-800 um) was deposited between two inerts beds (each 
bed formed by small glass balls of 1 mm diameter and 10 cm3 volume) and supported on 
a fixed quartz chip bed in a U-type quartz microreactor (internal diameter 12 mm) at 
atmospheric pressure. The reaction conditions were as follows: i) for catalysts a-
Mg2V2O7/0 and Mg3V2Os/0, partial pressures for propane, oxygen and helium of 60.8, 
182.4 and 516.8 Torr, respectively; total feed of 37 ml/min and reaction temperature of 
823 K; amount of catalyst 70, 100 and 200 mG.; volume of catalyst bed of 0.27, 0.39 and 
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0.77 cm3 and contact times of 0.44, 0.63 and 1.26 s; ii) for all the other tests, the feed 
consisted of a mixture of propane, oxygen and helium with partial pressures of 42.4, 
114.6 and 603 Torr, respectively; total feed of 33 ml/min and reaction temperature of 773 
and 793 K. The amount of catalyst used was 500 mg in the case of Mg3V20g/I+a-Sb204 
(non-calcined and calcined) and lg was used for Mg3V208/H+ot-Mg2V207/II. The 
volume of the catalyst bed was 0.9 and 3.4 cm3 and the contact time 1.63 and 6.18 s, 
respectively. The range of rates of reaction per unit area was calculated from the lowest 
and the highest conversion values for each type of catalyst (see below, Table VI). 

Analyses of reactants and products were carried out by gas chromatography. For the 
study of a-Mg2V2O7/0 and Mg3V2Os/0, analyses were made using two columns, a 
stainless steel VZ-07 (20 ft x 1/8", 60/80 mesh, He carrier flow of 30ml/min) for CO2, 
propane and propene and a washed molecular sieve 5A (6ft x 1/8", 80/100 mesh, He 
carrier flow of 15 ml/min) for oxygen. For the tests with the other samples, a stainless-
Steel Hayesep R column (1/8" x 60/80 mesh, He carrier flow of 30 ml/min) was used to 
separate propane, propene and CO2 at a temperature of 343 K. The main products were 
propene and CO2. Oxygen and CO were not analyzed in these tests. Traces of another 
product situated after the peaks assigned to CO2 were detected. This product could not be 
identified. No other oxygenate products was observed. 

Expression of the synergetic effects. Our objective was the detection of synergy effects 
on the basis of measurements made under fixed conditions. 

For simplification, we based the calculation of the synergetic effect on the simplified 
assumption of a zero order with respect to reactants. The synergetic effect observed for 
the mechanical mixtures is expressed as the increase of conversion or yield compared to 
the properly weighted average values obtained for the components of the mixture when 
alone. 

The synergetic effects on the conversion are calculated by the following formula: 

where CAB is the conversion of the mixture and C ( A + B ) is the conversion in the absence of 
synergetic effect, namely C ( A + B ) = Rm.CA-i-(l-Rm).CB, in which C A and C B are propane 
conversion of single phase catalysts A and B, respectively. 

A similar equation can be obtained for the yield (SynY). In this case Y A B is the yield 
of the mixture and Y ( A + B ) = Rm.YA+(l-Rm).YB is the theoretical yield in the absence of 
synergetic effect, with Y A and Y B representing the yield in propene of single phase 
catalysts A and B, respectively. A similar equation can be obtained for the yield in CO2. 

For the selectivity, the synergetic effect is defined as: 

in which AS = S A B - S ( A + B ) , where S A B is the selectivity of the mixture and S ( A + B ) , the 
selectivity which would be observed in the absence of any synergetic effect, defined for a 
mixture with a given Rm such as Y ( A + B ) / C ( A + B ) . 

Results. 

Characterization. BET surface areas are presented in Table II. 

The surface area is 16 m2/g for Mg3V208/l and is 3.4 m2/g of Mg3V208/II. A l l the 
Mg3V20g/I+a-Sb204 mechanical mixtures have surface areas corresponding to the 
properly averaged sum of those previously measured for pure oxides (see Table I and 
BETa-Sb204 = 1.0 m2/g). No difference between fresh and used samples is detected. 

Sync = ( C A B - C ( A + B ) ) / C ( A + B ) x 100, (1) 

Syns = AS/S ( A + B ) x 100, (2) 
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16. CARRAZAN ET AL. Selectivity to Propene in Mg3^Og Catalysts 227 

However, a decrease in the BET value is observed for Mg3V20s/I+a-Sb204 after 
calcination at 823 K for 6 days. 

Table II. BET surface areas in (m2/g) for Mg3V20g/I+a-Sb204 (Rm=0.50) and 
Mg3V208/II+a-Mg2V207/II (Rm=0.50) mechanical mixtures. 

Sample Mg3V208/I+a-Sb204 Mg3V208/II+a-Mg2V2C>7/II 
Fresh 9.2 3.4 
Used 9.2 3.4 

calc. MM 6.0 

The XRD pattern of MgVO with an Mg/V atomic ratio of 3/2 corresponds to the ortho 
phase, Mg3V208, with a small amount of a-Mg2V207 ( 5% for Mg3V20s/I and 3% for 
Mg3V208/II). This percentage was estimated from the ratio of the integrated areas of the 
most relevant peaks of Mg3V20g and a-Mg2V207 (26 = 35.22 for Mg3V20g and 29 = 
28.03 for a-Mg2V207). For MgVO with Mg/V atomic ratio of 2/2, the XRD pattern 
corresponds to a-Mg2V207 with small quantities of impurities which could not be 
identified (see Figure 1). The XRD pattern of the antimony oxide corresponds to (X-SD2O4 
(cervantite). 

The XRD patterns of the fresh samples of mechanical mixtures corresponded to the 
superposition of those observed for the individual oxides. No change was observed in the 
position or intensities of the peaks and no new peak was detected after reaction or 
calcination. 

T E M micrographs for the fresh and used Mg3V20g/I+a-Sb204 (Rm=0.50) are 
presented in Figures 2A and 2B, respectively. 

The larger particles are ot-Sb204 and the smaller ones, spheres of 0.05-0.1 p., 
correspond to Mg3V20s. The difference in particle sizes corresponds to the BET results. 
The pictures show that (X-SD2O4 crystallites are surrounded by Mg3V20s. Some Mg3V208 

particles remain isolated. The morphology of Mg3V20s particles in Mg3V20g/I+a-Sb204 
is identical to that of fresh Mg3V20s/I. AEM analysis only detects isolated particles of ot-
SD2O4 (point 1) and Mg3V20g (points 4,5,6,7,8) (see Fig. 2B and Table III). 

Table III. Analysis by electron microscopy of fresh and used Mg3V20s/I+a-Sb204. 

Point Fresh Used 
Mg/Sb V/Sb Mg/Sb V/Sb 

1 1.2xl0"2 

3 
9.6x10- 0.1 0.2 

2 4.9 10.0 18.6 42.4 
3 2.3 6.2 56.9 107.5 
4 27.4 53.0 very high very high 
5 54.6 100.3 
6 234.0 508.0 
7 415.0 946.5 
8 274.6 665.0 

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
O

ct
ob

er
 8

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
ug

us
t 1

3,
 1

99
6 

| d
oi

: 1
0.

10
21

/b
k-

19
96

-0
63

8.
ch

01
6

In Heterogeneous Hydrocarbon Oxidation; Warren, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



228 HETEROGENEOUS HYDROCARBON OXIDATION 

a-Mg2V20? 

Mg3V208 

<=±j. 
10 20 30 CO 50 60 70 

26 ID. spacing 

Figure 1. X-ray diffraction patterns of Mg3V20s, impurities: • a-Mg2V207 and 
ct-Mg2V2C>7, impurities: * not identified. 

Figure 2. TEM micrographs of Mg3V20g/I+a-Sb204 (Rm=0.50). A) fresh and B) 
used. 

D
ow

nl
oa

de
d 

by
 N

O
R

T
H

 C
A

R
O

L
IN

A
 S

T
A

T
E

 U
N

IV
 o

n 
O

ct
ob

er
 8

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e:

 A
ug

us
t 1

3,
 1

99
6 

| d
oi

: 1
0.

10
21

/b
k-

19
96

-0
63

8.
ch

01
6

In Heterogeneous Hydrocarbon Oxidation; Warren, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



16. CARRAZAN ET AL. Selectivity to Propene in Mg3V2Og Catalysts 229 

XPS. Some remarks concerning the decomposition of the asymmetric V2p peaks must 
be made before examining the XPS results. 

a) Difficulties were observed in the reconstruction of the V2p envelope using the value 
of 7.3 eV for the difference in BE between V2p3/2 and V2pi/2 peaks and the value of 2.0 
for the V2p3/2 /V2pi/2 ratio. The use of these constraints leads to an incorrect fitting 
which is evidenced by controlling the quality of the statistic parameter %2 (see Fig. 3A). 
The fitting is especially bad for the V2pi/2 peak. This is a result of the strong influence of 
the OIs (or 01s+Sb3d5/2) peak in background subtraction. 

b) A better fitting of the V2p envelope is achieved with no interval and area constraints 
compared to that obtained by using those constraints (see Fig. 3B). This leads a more 
accurate calculation of the quantity of total vanadium. In the following, this quantity will 
be used to calculate the XPS atomic ratios. Through use the contraints or not, calculations 
show a discrepancy of 6-9% for the total vanadium quantity. The position (517 ± 0.2 eV) 
and the FWHM (1.10 eV) for the V2p3/2 peak of V 5 + could also be accurately determined 
from the deconvolution of the spectrum of the pretreated V2Os sample. 

c) For the estimation of the XPS V^/V 4 * atomic ratios in the mechanical mixtures, it is 
necessary to analyze the V2O5 and the V2O4 standards. In the case of V2O5, the FWHM of 
the V2p3/2 peak of V 5 + is 1.10. However, in spite of the precautions taken in preparing the 
V2O4 standard (see section 2.2), the most dominant peak is that of V 5 + . This prevents the 
accurate determination of the position and FWHM of V2p3/2 of V 4* . 

Taking into account all these considerations, the estimation of the XPS V 5 + / V 4* atomic 
ratios was made by analyzing the V2p envelope with the interval and area constraints and 
fixing the width of the V2p3/2peak of V at 1.10 (see Fig. 3C). The use of both 
constraints (especially the area constraint) for the V2p3/2 and V2pi/? peaks leads to a 
more realistic XPS V 5 + / V 4 + atomic ratio. Finally, the XPS V 5 7 V atomic ratios in 
Mg3V20g/I+a-Sb204 mechanical mixtures were calculated from the most intense V2p3/2 
peak (see Fig.3D). 

d) The BE value of 517.3 ± 0.2 eV for the V2p3/2peak observed for all catalysts 
corresponds to that found in the V2O5 standard. This value is also in agreement with the 
literature data (19). Another V2p3/2 peak, at lower BE value is also observed for all 
catalysts in the range 515.1-516.1 eV. This may be ascribed to V 4 + . A similar BE range is 
reported in the literature (19, 20). 

e) In spite of the fact that the BE separation between the Mg2s and V2p3/2 peaks is 
greater than between Mg(Auger) and V2p3/2 and that the Mg2s atomic sensitivity factor is 
smaller (0.575) than that of Mg(Auger) (4.1), similar V/Mg atomic ratios are obtained 
when using one or the other. Similar BE values of V2p3/2, Ols, Mg (Auger) and Sb3d3/2 
are observed in all mechanical mixtures, fresh and used. These BE values correspond to 
those found in Mg3V208 and a-Sb204 oxides (see Table IVa). The BE for Ols peak could 
not be accurately determined because ft is superimposed on the Sb3d5/2peak. 

The XPS V/Mg atomic ratios for Mg3V20s are lower than those of the bulk (see Table 
IVb). The XPS V/Mg, V/Sb and Sb/(V+Mg+Sb) atomic ratios for the Mg3V20g/I+a-
SD2O4 mechanical mixtures, fresh, used and calcined are presented in Table IVb. The XPS 
V/Mg atomic ratios are different from those of the bulk and remain unchanged after test. 
The XPS V/Sb and Sb/(V+Mg+Sb) atomic ratios are also different to those of the bulk. 
The XPS V/Sb atomic ratio decreases after test, whereas the XPS Sb/(V+Mg+Sb) atomic 
ratio remains nearly unchanged. When Mg3V20s/I+a-Sb204 is calcined a decrease in the 
XPS V/Sb atomic ratio is observed and all the XPS atomic ratios remain unchanged after 
reaction. The XPS C/V, C/Mg and C/Sb atomic ratios are not reported because no change 
in these ratios was observed after reaction or calcination. 

V 5 + and V 4 + are found in Mg3V208/I and in Mg3V20s/I+a-Sb204. Fresh and used 
Mg3V208/I+a-Sb204 show similar XPS V 5 + / V 4 + atomic ratios (1.51 and 1.48, 
respectively), this value increasing for the calcined sample up to 1.95. 
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528.1 522.1 516.1 510.1 

a £ feW 
Figure 3. Analysis of XPS spectra of i) pretreated V 2 O 5 , A) with interval and 
area constraints, B) without constraints and C) with interval and area constraints 
and fixing the width at 1.10 for the V2p3/2peak of V 5 + and ii) Mg3V20g/I+a-
SD2O4 (Rm=0.50) (D) using the constraints as in C). 
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Table IVa. XPS results. Binding energies for V2p3/2, Ols, Mg2s, Mg (Auger), and Sb3d3/2 
peaks in Mg3V208 and ot-Sb204 oxides. 

Sample BE (V2p3/2) 
y 5 + y 4 + 

BE 
Mg2s 

BE 
(Mg Auger) 

BE 
(Sb3d3/2) 

Mg3V20g 517.010.2 516.0 ±0 .2 89.5 ± 0.2 304.0 ±0 .2 
a-Sb204 539.9 ± 0.2 

Table IVb. XPS results. V / M g , V/Sb and Sb/(V+Mg+Sb) atomic ratios for fresh, used and 
calcined Mg3V20s/I+a-Sb204 mechanical mixtures. *Bulk atomic ratio. 

Sample V/Mg 
XPS 

Fresh Used *Bulk 

V/Sb 
XPS 

Fresh Used *Bulk 

Sb/(V+Mg+Sb) 
XPS 

Fresh Used *Bulk 
Mg3V208/I 0.53 0.51 0.67 - - - - - -
Mg3V208/I 
+a-Sb204 

0.48 0.49 0.67 3.57 2.48 1.02 0.08 0.12 0.29 

calc. MM 0.55 0.59 0.67 2.40 2.40 1.02 0.13 0.13 0.29 

Catalytic activity measurements. Some remarks concerning the development of the 
experimental work must be made before analysing the catalytic results. Different 
sample preparations and catalytic conditions (see sections 2.1, 2.3) were used in order 
to achieve a better understanding of the role played by Mg3V208 and 0t-Mg2V2O7 in 
the ODP of propane, according to the strategy proposed in the Introduction. 

The activity of Mg3V2Og/0 and a-Mg2V2O7/0 as a function of the amount of catalyst 
(70, 100 and 200 mg) was also analyzed (Table V). The conversion is not a linear 
function of the mass of catalyst. The catalysts show a variation of 8% in the conversion 
while approximately constant values are observed for the selectivity. 

Table V. Conversion and selectivity, for a-Mg2V2O7/0 and Mg3V2Os/0 as function 
of the amount of catalysts. 

Mass of catalyst 75 100 200 Sample 
C% 6.0 9.0 14.5 a-Mg2V2O7/0 

12.0 14.6 19.0 Mg3V2O8/0 
s% 66.0 65.5 64.5 a-Mg2V 2O 7/0 

46.7 45.8 45.3 Mg3V2O8/0 

The results for Mg3V20s/I+a-Sb204 and Mg3 V 208/II+ct-Mg2V207/II are 
presented in Tables Via and VIb. 

a-Sb204 (Rm=0) is inert in this reaction. Mg3V20s/I+a-Sb204 mechanical mixtures 
show a significant decrease in C0 2 formation and a decrease in the conversion (see Table 
Via). The intensity of this effect slightly decreases with increasing temperature. No 
synergy effect in the yield is observed, except for Rm=0.25. However, a synergy effect in 
the selectivity to propene is observed for all Rm. In conclusion, the Mg3V20g/I+a-Sb204 
system exhibits an increase of selectivity by suppression of unselective reactions. 
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232 HETEROGENEOUS HYDROCARBON OXIDATION 

Significant synergy effects in the conversion, yield and selectivity and a decrease in 
C 0 2 formation are observed in the Mg3V208/II+a-Mg2V207/II catalysts (Rm=0.5) (see 
Table VIb). 

Table VI. Catalytic results. Table Via) Mg3V20g/I+a-Sb204 mechanical mixtures. Range 
of rates of reaction of 7.78 xlO-9 - 1.20 x 10' 8 moles s"1 nr 2and Table VIb) Mg3V20g/II, 
a-Mg2V207/II and Mg3V208/n+ot-Mg2V207/II catalyst (Rm=0.5). Range of rates of 
reaction of 1.71 x 10"7 - 2.75 x 10"6 moles s _ 1 rrr 2. Rm is the mass ratio (defined in 
section 2.1), C% is the conversion of propane, Y % is the yield of propene, S% the 
selectivity to propene and CC>2% the yield of C O 2 , expressed in percentage. In 
parenthesis theoretical values in the absence of synergy the synergy effect (defined in 
section 2.4) is underlined. 

Table Via 
773 K 793 K 

Sample Rm C% Y % S% co 2 % C% Y % S% C0 2 % 
Mg 3 V 2 08/I+ 0.25 1.4 1.3 91.8 1.0 2.8 2.5 90.2 1.8 

a-Sb204 (3.1) (1.4) (45.2) (1.85) (3.75) (1.9) (50.7) (2.75) 
-55 -7 103 -46 -24 32 76 -34 

* 0.50 3.5 2.1 60.6 1.2 4.3 2.9 68.2 1.7 
(6.2) (2.8) (45.2) (3.7) (7.5) (3.8) (50.7) (5.5) 
-43-5 -21 34 M .42 -24 245. •M 

0.75 4.4 3.5 80.0 3.0 5.9 5.0 85.5 5.1 
(9.3) (4.2) (45.2) (5.5) (11.25) (5.7) (50.7) (8.25) 
^ 2 -VL 11 -M -M -12 i2S 

M g 3 V 2 0 8 / I 1.00 12.4 5.6 45.2 7.4 15.0 7.6 50.7 11 

Table VIb 

773K 793 K 
Sample C % Y % S% C02% C% Y% S% C02% 

a-Mg 2 V20 7 / I I 41.3 6.2 15.1 48.3 46.5 6.2 13.3 53.4 
Mg3V208/U+ 29.0 5.5 19.0 20.7 34.2 7.0 20.5 28.8 
a-Mg 2 V20 7 / I I (25.0) (3.5) (14.0) (27.8) (28.0) (3.8) (13.7) (31.3) 

16 52 23 -25 22 84 5Q -8 
Mg 3V208/II 8.7 0.9 10.7 7.2 9.5 1.5 15.7 9.1 

Discussion 

The examination of two parameters such as deposition of coke and sintering are important 
to obtain a detailed characterization of these systems. 

There is no deposition of coke on a-Sb2C>4. For Mg3V208/I+a-Sb2C>4 the XPS C / V (or 
C/Mg) atomic ratios and BET surface areas remain nearly constant after test. No 
significant deposition of coke takes place on M g 3 V 2 0 s oxide during the test when it is 
mixed with a-Sb204. No sintering of M g 3 V 2 0 s in the Mg3V208/I+a-Sb204 mechanical 
mixtures seems to occur as is revealed by the constancy of the BET surface areas after 
test. The large contribution of Mg3V208 to the BET surface areas would make a sintering 
of this phase easily detectable. 

The decrease of the XPS V/Sb atomic ratio for Mg3V20s/I+a-Sb204 calcined at 823 K 
during 6 days could be explained by sintering of M g 3 V 2 0 s at the surface. On the other 
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16. CARRAZAN ET AL. Selectivity to Propene in Mg^Og Catalysts 233 

hand, the XPS C/V and C/Mg atomic ratios remain unchanged after test. Then no 
sintering of bulk Mg3V20 8 seems to occurs in the calcined mechanical mixture. 

Mg3V208+a-Sb204 system. There is no indication from X R D nor from BET of the 
formation of a new phase after testing or calcination. 

A E M analyses show that M g 3 V 2 0 8 has not been contaminated by Sb ions during the 
catalytic test. In fact, the A E M analysis is the same for the fresh and used sample. The 
fact that the A E M Mg/Sb and V/Sb peak intensity ratios are not the same for all the 
particles can be explained by the greater influence of the large a-Sb204 particles over the 
small Mg3V2C>8 particles in the near neighborhood (points 2,3; Fig. 2A) with respect to 
those separated from a-Sb204 (point 4, Fig. 2B). Thus, a contamination seems to be 
excluded. The principal argument to exclude the contamination is that the same A E M 
results are observed for the fresh and used samples. In both cases, M g 3 V 2 0 s and a-Sb204 
particles are observed with the same variation in the A E M Mg/Sb and V/Sb peak intensity 
ratios. 

The high XPS V/Sb and the low XPS Sb/(V+Mg+Sb) atomic ratios, compared to 
those of the bulk, is explained by the difference in particle sizes between the phases 
( S B e t M g 3 V 2 0 8 =16 m 2/g and S B E T a-Sb204 = 1 m2/g). 

A possible contamination of a-Sb204by M g 3 V 2 0 8 is discarded because of the 
similarity of the XPS results before and after test. If a contamination at room temperature 
exists, it is highly improbable that it will remain stable after the sample has been tested at 
793 K . In the calcined sample, the contamination is also excluded due to the identical 
XPS V/Sb atomic ratios before and after testing. A possible tendency of mutual 
contamination between Mg3V20 8 and antimony was also examined by artificial 
contamination of Mg3V20 8 with Sb ions. In this case highly dispersed Sb x O y species 
formed in Mg3V20 8 and this new phase sintered and detached from the Mg3V20 8 surface 
(21). 

Thus, the physicochemical characterisation does not detect any change after test or 
calcination: these catalysts are composed of two separate phases in contact. 

The higher proportion of V 5 + in the used calcined samples is probably due to Oso 
species produced by a-Sb204 during the calcination. 

Mg3V20 8+a-Mg2V207 system. The physicochemical characterisation does not 
reveal a formation of a new phase or contamination. This is logical for the first 
possibility. The second observation indicates that there is no preferential migration of one 
element from one phase to the other. This is also logical because both oxide phases 
contain the same metallic atoms in almost the same ratio. 

Interpretation of the catalytic results. A comparison of the catalytic results in 
terms of selectivity to propene is possible taking into account that i) the selectivity is 
approximately constant, when varying the amount of the single phase catalysts, while 
conversion more than doubles (6 to 14.5%, Table V) and ii) for Mg3V208/I+oc-Sb204, 
conversion levels are approximately similar (range between 1.5 to 6%) for Rm=0.25, 
0.50 and 0.75 (see Table Va) (in the range selected for the single phase catalyst, 
Mg3V20 8 , however, the selectivities are quite different) and iii) a similar behaviour is 
observed in the Mg3V208/II+a-Mg2V207/II system. 

This fact cannot be explained by considering the different amounts of Mg3V20 8 or 
a-Mg2V207 in the mixtures. Thus, another phenomenon might be considered to explain 
the trends of the catalytic results showed by those systems. 

The non-linearity of the conversion with the mass of catalyst is explained by the 
inhibitory role of reaction products. Propene, water, CO and C 0 2 very likely compete 
with propane for the catalytic sites. As the amount of active phase increases, more 
reaction products are present in the gas phase, and the inhibition increases, thus 
diminishing the contribution of additional quantities of catalysts. 

The above discussion shows that the catalytic activity of the mechanical mixture of 
Mg3V20s/I+(x-Sb204 must be explained by a cooperative mechanism involving two 
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separate, non-contaminated phases. We are thus led to the conclusion that some 
cooperation via a mobile surface species takes place. 

As in most of the reactions involving oxygen, a-Sb204 is not active but it is known as 
a donor of mobile oxygen species (22, 23). The role of a-Sb204 in the present system 
would also be to produce mobile oxygen species which would migrate to the surface of 
Mg3V208 . This would be responsible for the modification of the catalytic performance. 
Mobile oxygen species can play two roles: a) react with propane adsorbed on M g 3 V 2 0 s 
(Oso used as a reactant) and b) migrate to the surface of M g 3 V 2 0 s and react with it to 
modify the properties of the catalytic sites and improve the selectivity (Oso used as a 
control species). 

In the first case, the principal role of a-Sb204 would be that of increasing propane 
conversion. Our results show significantly lower conversions when M g 3 V 2 0 s is mixed 
with a-Sb204, compared to that observed in pure M g 3 V 2 0 s » We therefore come to the 
conclusion that the role of spill-over oxygen is to modify the catalytic sites. 

The active M g 3 V 2 0 s would not only contain the catalytic sites for the ODP of propane 
but also, in a large proportion, those for the total oxidation. Oso would inhibit the sites 
responsible for total oxidation. This explains why the addition of antimony while 
maintaining propene yield diminishes the overall formation of CO2 (and, consequently, 
propene conversion). The remote control mechanism (RCM) then operates in these 
catalysts. 

The cooperation between M g 3 V 2 0 s and a-Mg2V207 has to be explained, like that for 
Mg3V208+a-Sb204, by the contact between two uncontaminated phases via the R C M . 

The existence of a cooperation in the Mg3V20 8+a-Mg2V207 system gives arguments 
to explain the differences observed in the literature concerning the role of the activity and 
selectivity of the pyro and ortho phases. Our results show that small impurities of one 
phase on the other can lead to a dramatic change in the catalytic performances of the pure 
phases. The selectivity to propene at high conversion is higher than the one obtained at 
lower propane conversion (compare M g 3 V 2 0 8 / I and Mg 3V208/II in Table VI). One 
pausible explanation of this apparent contradiction is that Mg3V20 8(I) contains 
impurities (a-Mg2V207 ), probably well dispersed (high BET surface area), facilitating 
the cooperation between phases, thus increasing conversion and selectivity. The 
respective roles of M g 3 V 2 0 8 and oc-Mg2V207 in the donor-acceptor pair constituting the 
actors in the remote control mechanism must be identified. 

ot-Mg2V207 shows both high propane conversion and CO2 production, which 
increases as a function of temperature. On the contrary, M g 3 V 2 0 8 shows both low 
propane conversion and CO2 production, which remains nearly constant with 
temperature. As a whole, mixtures with Rm=0.5 exhibit a gain in conversion of propane, 
in propene yield and selectivity and by a diminution of CO2 formation. 

Conclusions 

A remote control mechanism is the most plausible explanation for the synergy effects 
observed in Mg3V208+a-Sb204 catalysts which contain two separate phases in contact. 
The role of Oso produced by a-Sb204 would be that of inhibiting the non-selective sites 
and is crucial in determining the catalytic properties of the catalyst. 

The existence of a cooperation effect between cc-Mg2V207 and Mg3V20 8 could 
explain the discrepancies observed in the literature concerning the activity and selectivity 
of the pyro and ortho phases. It seems very likely that both phases have a mixed role, 
acting both as donor and acceptors of spillover oxygen (especially M g 3 V 2 0 8 ) but it is not 
clear which role is predominant for each species. 
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Chapter 17 

Vanadium Phosphate Catalyst: Ideal 
Structure, Real Structure, and Stability 

Region 

P. T. Nguyen and A. W. Sleight1 

Department of Chemistry, Oregon State University, 153 Gilbert Hall, 
Corvallis, OR 97331-4003 

Highly perfect single crystals of (VO)2P2O7 were grown for the first 
time. X-ray diffraction showed that the structure of these crystals had 
essentially no disorder of any kind. Both the space group and the 
environment around vanadium were found to be different than 
indicated in previous works. Peak broadening in X-ray diffraction 
patterns of actual VPO catalysts is shown be due to extended defects in 
addition to crystallite size and strain. The types of defects and their 
concentrations were quantitatively determined and correlated with the 
V5+ concentration in VPO catalysts. We conclude that most of the V5+ 

in VPO catalysts is present in certain of these extended defects. This 
conclusion is supported by magnetic susceptibility data, recent NMR 
experiments, and titrations of actual VPO catalysts. The stability field 
of (VO)2P2O7 was determined as a function of temperature and oxygen 
partial pressure. This is of critical importance in defining the 
conditions under which the V2P2O9·xH2O precursor is optimally 
converted to a homogeneous VPO catalyst. 

The vanadium phosphate catalyst (VPO) used for the oxidation of n-butane to maleic 
anhydride is remarkable. Selectivities can exceed 80%, with the only significant 
byproducts being CO, CQ2, and H 2 0 (7). No other catalyst is known which gives 
comparable performance. Despite the scientific interest and the commercial 
importance of this catalyst, it is poorly understood. We do know, however, that VPO 
catalytic properties are highly sensitive to the method by which VPO is prepared. 

The VPO catalyst is essentially (VO) 2P 20 7. However, both the ideal structure of 
(VO) 2P 20 7 and the actual structure of VPO catalysts have been elusive. This paper 
addresses both of those structures. In addition, this paper addresses the issue of better 
1Corresponding author 

0097-6156/96/0638-0236$15.00/0 
© 1996 American Chemical Society 
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17. NGUYEN & SLEIGHT Vanadium Phosphate Catalyst 237 

controlling VPO synthesis in order to achieve optimum catalysts in an efficient and 
reproducible fashion. 

Ideal Structure of (VO^Oj 

There have been several previous structure determinations (2-4) of (VO)2P207 by 
single crystal X-ray crystallography. A l l such studies have been hampered by poor 
quality crystals. The high defect concentration in previously available crystals has 
obscured certain details of the ideal structure of (VO)2P207. 

Crystals of ( V O ) 2 P 2 0 7 were prepared by slow cooling from the melt under 
controlled oxygen pressure. Crystals prepared when using the lower oxygen pressure 
(-0.001 atm) were green, but those found in preparations at higher oxygen pressures 
were red-brown. The titration method of Nakamura et al. (5) was used to determine 
the oxidation state of vanadium in the crystals. The result was 4.00 for the green 
crystals and 4.01 for the red-brown crystals. Diffraction patterns taken on a 
precession camera indicated that the green crystals were of higher quality from a 
diffraction point of view. Therefore, only those crystals were further studied. Ebner 
and Thompson (4) also reported both red-brown and green crystals. However, they 
did not report on the average oxidation state of vanadium in their crystals, and they 
indicated that all of their crystals had very high defect concentrations. We believe 
that it is control of oxygen partial pressure during crystal growth that gave us crystals 
that are essentially defect free. 

The ( V O ) 2 P 2 0 7 crystal chosen for data collection was first examined on a 
precession camera. The diffraction pattern indicated a high quality crystal, but 
reflections were observed that are forbidden by the Pcam and Pca2i space groups 
assumed by others (2-4). The only space group consistent with our diffraction data is 
P2!. A full sphere of data was collected on a Rigaku AFC6R diffractometer, using 
the unit cell parameters a = 7.28 A, b = 16.588 A, c = 9.58 A, and (3 = 89.875°. After 
merging equivalent reflections, there were 4254 unique reflections for use in data 
analysis. A final agreement factor (R) of 3.1% was obtained, and the structure found 
is shown in Figure la. The refined positional and thermal parameters are given in 
Table I. A l l atomic positions were fully occupied, and no significant peaks appeared 
in a final difference Fourier map. More details on this structure refinement have been 
published elsewhere (6). The structure, in fact, is very similar to that reported by 
previous authors (2-4). The way in which distorted V 0 6 octahedra are connected to 
pyrophosphate groups is in agreement with the earlier studies. There are, however, 
subtle symmetry differences which cannot be seen on the scale of this figure. 
Furthermore, we find significantly different V - 0 bond distances (Table II) than 
previously reported. Earlier work had suggested that the various vanadium atoms of 
the ( V 0 ) 2 P 2 0 7 were not all chemically similar. However, bond valence calculations 
(7) using our more accurate structure show that all vanadium atoms are essentially 
equivalent in defect-free crystals. The calculated bond valences for all eight 
vanadium atoms are in the range 4.02 to 4.18. 

We thus now know that it is possible to prepare (V0) 2P20 7 which has no greater 
defect concentration than that typical of many other materials. This ideal structure 
should not, however, be considered the structure of a VPO catalyst. An optimum 
VPO catalyst has a very high defect concentration. 
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238 HETEROGENEOUS HYDROCARBON OXIDATION 

(b) 

Figure 1. Dark polyhedra are P0 4 or P 2 0 7 groups. Lighter polyhedra are V 0 6 or V0 5 

groups, (a) Layered precusor structure, (b) Ideal (VO) 2P 20 7 structure, (c) (VO) 2P 20 7 

structure with be fault, (d) (VO) 2P 20 7 structure with ab fault. 
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• • c 

Figure 1. Continued 
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TABLE II. Bond Distances for (VO) 2P 20 7 

VI 01 1.585(6) V8 07 2.253(7) 
02 2.337(6) 08 1.619(7) 
013 1.936(5) 036 1.934(5) 
015 1.935(5) 038 1.939(5) 
017 2.067(6) 053 2.043(6) 
019 2.065(6) 055 2.088(6) 

V2 01 2.307(6) PI 09 1.599(7) 
02 1.585(6) 017 1.554(6) 
014 1.929(5) 037 1.478(5) 
016 1.951(6) 051 1.486(6) 
018 2.071(6) P2 O10 1.564(7) 
030 2.075(7) 018 1.563(5) 

V3 03 1.597(8) 038 1.497(6) 
04 2.307(7) 052 1.509(6) 
017 2.081(7) P3 010 1.560(7) 
019 2.076(6) 019 1.573(5) 
031 1.957(6) 035 1.510(6) 
033 1.951(5) 039 1.518(6) 

V4 03 2.323(8) P4 09 1.565(7) 
04 1.606(7) 030 1.554(6) 
018 2.075(6) 036 1.489(6) 
030 2.079(6) 050 1.497(6) 
032 1.964(6) P5 012 1.612(6) 
034 1.949(5) 014 1.498(5) 

V5 05 1.602(8) 031 1.498(6) 
06 2.277(9) 055 1.544(6) 
039 1.948(6) P6 O i l 1.568(6) 
051 1.945(5) 013 1.497(6) 
053 2.066(6) 032 1.516(6) 
055 2.070(6) 056 1.557(6) 

V6 05 2.266(8) P7 O i l 1.567(6) 
06 1.601(9) 016 1.496(5) 
050 1.932(6) 033 1.506(6) 
052 1.943(5) 053 1.568(6) 
054 2.071(6) P8 012 1.574(6) 
056 2.062(6) 015 1.495(5) 

V7 07 1.617(7) 034 1.484(6) 
08 2.257(7) 054 1.549(6) 
035 1.930(5) 
037 1.935(5) 
054 2.062(6) 
056 2.087(6) 
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Real VPO Structure 

The oxidation state of vanadium in VPO catalysts is always slightly greater than four 
(e.g., +4.01). Also, the P-to-V ratio is somewhat greater than one (e.g., 1.05). These 
facts have led some to suggest that VPO catalysts are not single phase. Certainly 
many VPO catalysts are not single phase, but it does appear that an optimum VPO 
catalyst is usually single phase. 

There is strong evidence that the extra phosphorous in a VPO catalyst is 
accommodated at the surface (8). Experimental evidence does not, however, support 
surface V 5 + as the explanation of a vanadium oxidation state greater than four in a 
typical VPO catalyst. One argument against V 5 + being predominantly at the surface 
is that the average vanadium oxidation state in a VPO catalyst is not perceptibly 
lowered when the catalyst is exhausted of its ability to selectively oxidize butane 
(9,10). Even more convincing arguments come from physical characterization of 
VPO 

X-ray diffraction patterns of optimum VPO catalysts that have come to steady 
state in a reactor generally show no evidence of a phase other than (VO)2P207. This 
is, however, not conclusive evidence for VPO being single phase. Small amounts of 
a second phase might be undetected, especially if this phase were poorly crystalline or 
amorphous. 

Magnetic susceptibility data (77) offer more convincing evidence that the V 5 + 

present in VPO is, in fact, incorporated into VPO crystallites as a defect. In 
(VO)2P207 with the ideal structure, all vanadium is present as V 4 + cations. These 
cations, all with one d electron each, occur in pairs (Figure la). The spins of these 
electrons tend to align antiparallel, decreasing the magnetic susceptibility in a manner 
easily explained by conventional theory. However, susceptibility measurements 
show that some V 4 + present in VPO is not part of a V 4 +-V*" dimer (77). Some defect 
or second phase must be present. A likely explanation is that a small percentage of 
the vanadium dimers are V 4 + - V 5 + dimers instead of V 4 + - V 4 + dimers. The magnetic 
susceptibility data could also be explained on the basis of a small impurity of a 
second phase containing isolated V*+ cations, but this does not help explain why the 
average vanadium oxidation state is greater than four. The conclusion from magnetic 
susceptibility is confirmed by NMR studies. Spin echo mapping studies (72) show 
that the V 5 + present in VPO is closely associated with V 4 + and could not arise from a 
second phase. The questions now become what are the defects in VPO, how can their 
concentration be controlled, and are these defects related to catalytic properties. 

X-ray diffraction (XRD) patterns of VPO catalysts also show evidence of a 
defect, but there has been no previous attempt to extract information about the nature 
of this defect. Some of the peak broadening observed in VPO XRD patterns (Figure 
2) can be attributed to strain and to the small size of the crystallites. However, 
reflections with odd hki indices are typically much broader than those with even hkl 
indices. This effect is so dramatic that certain of these reflections with odd indices 
seem to disappear in samples prepared under conditions appropriate for obtaining a 
good catalyst (Figure 2). This observation can only be explained in terms of extended 
defects in VPO. 

We have modeled (72) the extended defects in VPO using Diffax software (13) 
which has been previously used to model extended defects in zeolites. The fit to the 
observed patterns is shown in Figure 2. The two types of defects used in the model 
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244 HETEROGENEOUS HYDROCARBON OXIDATION 

are shown in Figures lb and lc. Table III gives the conditions at which the 
V 2 P 2 0 9 xH 2 0 precursor was calcined, the overall defect concentrations used to 
calculate the patterns in Figure 2, and the vanadium oxidation states determined by 
titrations. More details on VPO synthesis are given in elsewhere (72). The oxygen 
partial pressure during calcination was controlled, as described in the next section, so 
that neither oxidation to VP0 5 nor reduction to VP0 4 could occur regardless of 
heating time. We also successfully used Diffax to simulate the diffuse scattering 
reported in electron diffraction and single crystal X-ray diffraction patterns (12). 

TABLE in . Defect Concentration and Vanadium Oxidation State 

Calcination Conditions Defect Concentration Oxidation State 
Temp. Time 

400°C 7 days 1.3% 4.10 
645°C 3 days 0.1% 4.06 
705°C 24 hrs 0.006% 4.03 
790°C 12hrs 0.002% 4.01 
900°C 12 hrs 0.000% 4.00 

For the VPO samples shown in Table III, there is a good correlation between 
defect concentration and average vanadium oxidation state. This suggests that V 5^ is 
associated with one or both of the defects shown in Figures lb and lc. The defect 
shown in Figure lc would not give rise to any change in stoichiometry or vanadium 
oxidation state. However, the more dominant defect shown in Figure lb would cause 
a stoichiometry change. Many of the P 2 0 7 groups would necessarily convert to two 
P0 4 groups at this defect. 

The consequence of this extra oxygen is an increased average oxidation state for 
vanadium. Details of this modeling are presented elsewhere (72). 

Synthesis of VPO 

The best VPO catalysts are prepared by the topotactic dehydration of a 
(VO) 2P 20 9xH 20 precursor which is synthesized in an organic medium using an 
organic reducing agent. The topotactic dehydration is normally conducted in air. 
This is a highly uncontrolled process leading to inhomogeneous products. The 
inhomogeneous catalysts obtained may, however, become homogeneous after coming 
to steady state in a reactor. There are two serious problems with VPO synthesis as 
normally practiced. One is that organic residue in the precursor acts as a reducing 
agent during the topotactic dehydration, and this may produce a V 3 + containing phase 
such as VP0 4 . The other problem is that (VO) 2P 20 7 will oxidize to VOPO4 when 
heated in air. Thus, the normal uncontrolled synthesis of VPO leads to simultaneous 
reduction of V 4 * to V 3 + by organic residue and oxidation of V 4 + to V 5 + by air. There 
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17. NGUYEN & SLEIGHT Vanadium Phosphate Catalyst 245 

is some fortuitous balancing of these two reactions, but this is not sufficient to give 
homogeneous products. The nature of the VPO obtained is very dependent on 
reaction time, gas flows, sample size, furnace configuration, etc. Conversion of the 
precursor under an inert gas does not solve the problem, because this is actually a 
reducing situation. 

We have controlled VPO synthesis in two ways. First, we wash the precursor 
with a suitable solvent such as acetone to eliminate nearly all the organic residue. 
Second, the oxygen partial pressure is controlled during the topotactic dehydration. 
Regardless of the heating time, no oxidation of (VO)2P207 to VOP0 4 can occur and 
no reduction of (VO)2P207 to VP0 4 can occur. 

The stability field for (VO) 2P 20 7 was determined by heating samples at various 
temperatures under various oxygen pressures. The gas exiting the treatment chamber 
was continuously monitored for oxygen fugacity. When the oxygen fugacity 
achieved a constant value, the sample was assumed to have reached equilibrium at 
that particular temperature and oxygen fugacity. Apparent equilibrium was achieved 
in as quickly as 12 hours for samples prepared at relatively high temperature (790°C 
and 705°C) and as slowly as 6-7 days for the samples prepared at lower temperatures 
(580°C). For samples prepared at 645°C, apparent equilibrium was achieved only 
after 3-4 days. The average vanadium oxidation state is plotted against the oxygen 
partial pressure for various temperatures in Figure 3. 

For samples prepared at 790°C, single phase (VO)2P207 was observed from 
6.48 x \0A atm to 2.09 x 10"2 atm. Above the latter value, p-VP0 5 phase was 
observed in X-ray powder patterns. Samples prepared at 790°C and with an oxygen 
fugacity greater than 3.1 x 10'2 atm melted. This is presumably due to (J-VPO 
melting, which is known to occur at that temperature. 

For samples prepared at 705°C, single phase (VOyfiiOj was observed when using 
6.31 x 10'4 to 1.26 x 10"2 atm of oxygen. For samples prepared at 645°C, the stability 
region for single phase (VO)2P207 was from 1.31 x 10"3 to 4.79 x 10'3 atm of oxygen. 
For samples prepared at 580°C, the stability region for single phase (VO)2P207 was 
from 1.91 x 10'3 to 5.01 x 10'3 atm of oxygen. Similar to samples prepared at 790°C, 
if these samples were prepared at a higher oxygen fugacity, a mixture of (VO)2P207 

and (3-VP05 was observed in the X-ray powder patterns. No melts were ever 
observed for samples prepared at these lower temperatures. For samples prepared at 
705°C with an oxgyen fugacity value of 3.80 x 10"2 atm or more, single phase P-
VPO5 samples were observed. For samples prepared at 645°C, anything above 
2.75 x 10"2 atm of oxygen resulted in single phase P-VPO5 as the product. This 
boundary for single phase P-VPO5 changed to 1.26 x 10"2 atm or more for samples 
prepared at 580°C. 

With the information in Figure 3, we can be certain of the conditions of 
temperature and oxygen pressure where (VO) 2P 20 7 will neither reduce nor oxidize to 
another phase region. According to the phase rule, two different oxides with a P-to-V 
ratio of one should not generally be observed. Our observations of two phases may 
indicate a lack of true equilibrium, or the two phase may be related to a P-to-V ratio 
that is not exactly one. Another study of the (VO) 2P 20 7 stability field (14) found 
results similar to ours, including two phase regions in apparent violation of the phase 
rule. Two differences between the two studies are, however, significant. The 
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Figure 3. Average oxidation of vanadium from titration vs. oxygen fugacity 
after apparent equilibrium had been achieved. 
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previous study (14) reported evidence for a phase intermediate between (VO)2P207 

and VP0 5; we found no evidence for such a phase. Also, the previous study reported 
hysteresis effects on oxidation versus reduction which we did not observe. 

Depending on the conditions of topotactic transformation of precursor 
(VO) 2P 20 7xH 20 to VPO, the average oxidation state of vanadium in the VPO 
product varies in a systematic manner (Table I). Some of the samples in Table I were 
subsequently annealed at lower and higher oxygen partial pressures which were 
neither low enough to produce VP0 4 nor high enough to produce VOP0 4. Such 
annealing conditions might have been expected to alter the average oxidation of 
vanadium in these VPO samples. In fact, titrations showed no significant change in 
the vanadium oxidation state. It appears that the defect concentration is determined 
during the topotactic transformation. This defect concentration, in turn, fixes the 
vanadium oxidation state. Subsequent annealing at lower or higher oxygen pressures 
does not significantly change the vanadium oxidation state, because at the 
temperature of annealing, the defect concentration does not change significantly over 
several days. 

Relationship to Catalysis 

Our results have better defined the structure of (VO)2P207, and new issues are raised. 
In particular, the possible impact of defects on catalytic properties needs further 
consideration. Our single crystal XRD study shows a low-symmetry acentric 
monoclinic structure, but there is much higher pseudosymmetry. This suggests that 
(VO)2P207 will undergo phase transitions to higher symmetry phases at high 
temperatures. Catalytic properties may change in the vicinity of such phase 
transitions. Furthermore, it is likely that (VO) 2P 20 7 crystallites have twin boundaries 
associated with the pseudosymmetry. When such boundaries intersect the surface, 
they could give sites with catalytic properties different than the usual VPO surface. 

The extended defects that we have modeled could also be important for VPO 
catalytic properties. These defects will intersect the surface and create surface sites 
which otherwise would not be present. The concentration of the extended defects is 
very dependent on the way in which VPO is prepared. Possibly, the need for a 
special synthesis recipe to prepare optimum VPO catalyst is then related to these 
defects. In any event, it is clear that the concentration of these defects is very high in 
VPO catalysts before and after coming to steady state in a reactor. 
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Chapter 18 

Mechanism of Selective Oxidation of Butane 
to Maleic Anhydride on Vanadyl 

Pyrophosphate Catalysts 
Quantum Chemical Description 

J. Haber, R. Tokarz, and M. Witko 

Institute of Catalysis and Surface Chemistry, Polish Academy 
of Sciences, ul.Niezapominajek, 30239 Cracow, Poland 

Vanadyl pyrophosphate, the active and selective catalyst in the 
oxidation of butane to maleic anhydride, is characterized by the 
presence of pairs of edge-sharing vanadium-oxygen pyramids with 
V=O groups in trans positions, linked together through six 
pyrophosphate groups. Quantum-chemical INDO-type calculations 
have been carried out to obtain the optimum atomic positions at 
energy minima along the approach of butane to such an active site. 
Upon approach of butane with its plane perpendicular to the plane of 
the site, insertion of oxygen atoms from two opposite phosphate 
groups into C-H bonds of terminal carbon atoms and formation of a 
C-O-C bridge by vanadyl oxygen atom takes place. Thus, dihydroxy-
dihydrofurane is formed as the first intermediate without activation 
energy. This intermediate may transform by losing two hydrogen 
atoms twice to form maleic anhydride. 

Heterogeneous catalytic oxidation of butane to maleic anhydride is the only process 
of selective oxidation of a paraffin which has been commercialized (7). There are 
three striking features of this process: i). the only catalytic system found to be active 
and selective for this reaction is V-P-O, ii). no intermediates are observed among the 
reaction products under usual reaction conditions (2,3,4) although a complex 14-
electron oxidation process is involved, in which 8 hydrogen atoms are abstracted from 
and 3 oxygen atoms are inserted into the butane molecule, iii). only the lattice 
oxygen ions of the catalyst, and not the adsorbed oxygen species, participate in the 
reaction (5). The generally accepted reaction pattern postulates butene, butadiene and 
furane to be formed as intermediates, which, however, have only been detected in 
the oxidation of n-butane over V-P-0 catalysts under very unusual conditions in the 
TAP reactor (6) or in the oxidation of n-butane under aerobic conditions in a pulse 
reactor (7). Interesting conclusions can be drawn from the comparison of the 
oxidation of butane with that of butene. It is now generally accepted that selective 

0097-6156/96/0638-0249$15.00/0 
© 1996 American Chemical Society 
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250 HETEROGENEOUS HYDROCARBON OXIDATION 

oxidation of butene starts with the interaction of the C-H bond of the methyl or the 
methylene group in the a-position (with respect to the double bond) with an active 
site on the surface of the oxide catalyst and results in the formation of an allyl 
species and a surface hydroxyl group (8,9). The allyl species then reacts along one 
of several possible reaction pathways: i). the abstraction of hydrogen from an ex
position (with respect to the 7r-electron system) of the allyl may be repeated and 
butadiene formed, ii). if the catalyst surface contains active sites that can promote 
the nucleophilic addition of an oxide ion to the allyl species, croton aldehyde is 
formed by addition to the CI position, or methyl-vinyl ketone is formed by addition 
to the C3 position, iii). if reactive electrophilic oxygen species are present at the 
catalyst surface, total oxidation to carbon oxides may occur. Usually on oxide 
catalysts all three parallel reaction pathways are followed and a mixture of products 
is formed, their selectivities depending on the properties of the catalyst. Indeed, in 
oxidation of butane on vanadia-titania monolayer catalysts, different oxygenated 
molecules are formed besides maleic anhydride. The fact that no intermediate 
products are observed during butane oxidation on vanadyl pyrophosphate catalysts 
seems to indicate that the reaction is not proceeding through consecutive steps of 
butene formation followed by further transformations to butadiene, furane, etc., but 
that a completely different mechanism operates on the surface of this catalyst. 

Model and Method 

A large number of papers attribute catalytic activity and selectivity to the presence 
of the bulk crystalline phase of vanadyl pyrophosphate (VO)2P207 (10-12). It is now 
generally accepted that the crystal planes parallel to the (100) plane of vanadyl 
pyrophosphate contain the active sites (75). These sites are composed of two edge-
linked vanadium-oxygen square pyramids with trans orientation of vanadyl groups, 
surrounded by phosphate groups corner-linking the dimeric vanadium square 
pyramids into sheets, and sheets into a tridimensional lattice by formation of 
pyrophoshpate bonds (14). A schematic representation of such a composite active site 
is shown in Figure 1. Optimal catalyst composition presents a slight stoichiometric 
excess of phosphorus with the surface P/V ratio varying in the range 1.5 to 3 (75,16) 
according to XPS analysis. This may indicate that the surface terminates with pendant 
groups of pyrophosphate, which surround the pairs of V-0 square pyramids (77). In 
this type of truncation of the crystallites, vanadium ions are buried inside a cavity or 
cleft in the walls formed by pyrophosphate groups. In all other possible truncation, 
the termination is with orthophosphate groups (18). In this case vanadium ions are 
more easily accessible for the reactant molecules from the gas phase. Results of the 
determination of maximum yield in maleic anhydride, as a function of the P/V ratio, 
seem to indicate (19) that either of these two truncations or both may be present at 
the surface of the most active and selective catalyst. We have thus selected as the 
model of the active site the simpler case of the pair of edge-linked V-0 square 
pyramids surrounded by phosphate groups in which the terminal oxygen atoms at the 
edges are saturated by hydrogen atoms, described by the formula (V04)2(P03)6H12. 
This cluster is used for quantum chemical calculations of the interaction with the 
butane molecule. 
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The catalytic performance of vanadyl pyrophosphate is strongly related to the 
method of preparation employed (2,12,20). Crystallographic refinement of X-ray 
diffraction data indicates that structural differences can be described in terms of 
defects associated with linear disorder of the vanadium atoms, consisting in variability 
in the directional orientation of the vanadyl columns running perpendicular to the 
(100) surface. Two polytypes have been distinguished (14). Within these polytypes, 
the pyrophosphate groups are placed in various positions, giving "networked" or 
"layered" systems. Therefore, four different spatial arrangements of surface oxygens 
at the apices of phosphate and vanadyl groups were considered (Figure 2) in order 
to mimic the defects observed in the stacking of such elementary units into real three 
dimensional structures of vanadyl pyrophosphate. 

Moreover, some data published recently seem to indicate that the active phase 
is amorphous vanadium phosphate of P/V ratio of about 2, supported on vanadyl 
pyrophosphate (21,22). This raises the question as to whether the long range order 
is really necessary for the catalyst to be active and selective, or whether short range 
order is sufficient for the transformation of the molecule to take place. These 
observations provide further arguments for the validity of using the elementary 
clusters shown in Figure 2 as models of the active sites. 

The calculations were carried out by means of a semiempirical INDO type 
method using the ZINDO program (23-25). This program permits the optimization 
of coordinates for chosen atoms in the studied system, composed of the cluster and 
the incoming hydrocarbon molecule. The butane molecule was allowed to approach 
the cluster with its plane parallel or perpendicular to the basic plane of the cluster, 
and in the latter case the terminal carbon atoms were pointing to the cluster along the 
common edge of the two vanadyl-oxygen square pyramids. In this way local minima 
were identified along the pathway of the approach. 

Results of the Calculations 

Approach with Butane Molecular Plane Perpendicular to the Plane of the 
Cluster. When the butane molecule is allowed to approach the cluster represented 
by Model 1 in Figure 2 along the perpendicular reaction pathway pointing to the 
center of the edge common to the two vanadium-oxygen square pyramids, and the 
molecule is oriented perpendicularly with the terminal carbon atoms directed 
downwards, the two surface oxygen atoms of P 0 4 tetrahedra become inserted into the 
C-H bonds of CI and C4 carbon atoms, forming terminal C-OH groups. 
Simultaneously, the terminal carbon and hydrogen atoms interact with the oxygen 
atom of the vanadyl group, which results in splitting of the C-H bonds and formation 
of an oxygen bridge between the two carbon atoms, two hydrogen atoms being split 
off and forming the H 2 molecule (Figure 3). This is a spontaneous process 
experiencing no activation barrier. A possible transition state of such a concerted 
reaction is shown in Figure 4. 

In Model 1, discussed above, the three oxygen atoms taking part in the 
reaction were sticking out above the surface of the cluster from adjacent vanadium 
and phosphorus polyhedra situated along the common edge of the two vanadium 
square pyramids. A different situation is encountered in the case of Model 2, where 
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Figure 2. Cluster models used to mimic the active sites of the catalysts surface. 
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Figure 3. Precursor of maleic anhydride formed as the result of the perpendicular 
approach of the butane molecule to the cluster represented by Model 1. 

Figure 4. Transition complex of the reaction leading to the formation of the 
precursor of maleic anhydride represented in Figure 3. 
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the three oxygens above the plane of the cluster are arranged along the diagonal of 
the vanadium square pyramid, with the oxygen atoms being further apart than in 
Model 1. The butane molecule, approaching the same way as in Model 1, picks up 
only two adjacent oxygen atoms located at phosphorus and vanadium. A geminal 
dialcohol is formed because only one carbon atom is close enough to the phosphorus 
oxygen to become activated enough to form a bond with vanadyl oxygen. At the 
surface of Model 3 only terminal monoalcohol is formed, because the incoming 
molecule "sees" only one oxygen atom protruding from the surface, linked to 
vanadium. However, if the butane molecule is allowed to approach along the 
perpendicular pathway pointing to the center of the diagonal linking the three oxygen 
atoms in Model 2, or along the pathway pointing to the center of the external edge 
of the vanadium square pyramid, where the two phosphate groups have oxygen atoms 
sticking upwards, three oxygen atoms become incorporated into the butane molecule 
as was the case in Model 1, with the formation of the C-O-C bridge. 

Model 4 has the same arrangement of three oxygen atoms pointing upwards 
along the common edge of the two vanadium square pyramids, as in Model 1, and 
two more oxygen atoms sticking out from phosphate groups at the external edge of 
the vanadium square pyramids. When the butane molecule approaches along the 
perpendicular pathway pointing to the center of the common edge of square V-0 
pyramids, as in Model 1, the same result is obtained as with Model 1, indicating that 
the presence of additional surface oxygen atoms in phosphate groups located further 
away does not influence the course of the reaction. Apparently, the given reaction 
pathway on the potential energy hypersurface seems to be dependent almost entirely 
on only the closest surroundings. 

Approach with the Butane Molecular Plane Parallel to the Plane of the Cluster. 
An interesting reaction takes place when the the butane molecule is allowed to 
approach with its plane parallel to the plane of the cluster along the perpendicular 
pathway pointing to the center of the common edge of the two square V-0 pyramids 
in Model 1. Namely, under the influence of the incoming the butane molecule, the 
three adjacent oxygen atoms (one linked to vanadium and two linked to phosphate 
groups) form the ozonide type of structure whose terminal oxygen atoms become 
inserted into C-H bonds of the terminal carbon atoms of the butane molecule. This 
is shown in Figure 5. A similar reaction takes place in Model 4. In this case, 
however, the two oxygens sticking out of phosphate groups at the terminal edge of 
the square pyramid become inserted into C-H bonds at the C2 and C3 positions of 
the butane, forming OH groups. 

The tendency to form bonds between oxygen atoms sticking above the plane 
of the cluster when the butane molecule approaches parallel to the plane of the 
cluster is also seen in the case of Model 2, where only two oxygen atoms are sticking 
out, and become inserted into the C-H bond of one of the terminal atoms of the 
butane in the form of a peroxide bridge. In the case of Model 3, where only one 
oxygen atom is located above the plane, only this one oxygen is inserted into the C-H 
bond of the terminal carbon atom of the butane molecule. 
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Discussion 

The results from modelling the approach of a butane molecule to the cluster which 
mimics the active sites of vanadyl pyrophosphate catalysts clearly show that the first 
intermediate, which is formed at the surface, depends on the orientation of approach 
of the butane molecule and the local arrangement of surface oxygen atoms. The 
different intermediates described for the models considered in this study represent 
local minima on the energy hypersurface. In the modelling procedure, we have 
allowed only the atoms of the the butane molecule and of oxygen atoms (sticking 
above the plane of the cluster) to move freely, and we have kept the geometry of the 
cluster frozen. This approach does not permit a determination of the absolute minima 
of the observed intermediates, and therefore it is not possible to estimate their relative 
probabilities of formation. Moreover, the reaction pathways for their further 
transformations, and the energy barriers encountered on these pathways, remain as 
yet unknown, and therefore we are unable to estimate the relative stabilities of these 
intermediates. One general conclusion can, however, be formulated that the 
intermediate formed strongly depends on the local arrangement of surface oxygen 
atoms. 

A question may be raised at this point as to whether the presence of phosphate 
groups plays any role in the formation of the C-O-C bridge. In order to answer this 
question, the calculation has been repeated for an analogous system, in which the 
phosphorus atoms were substituted by vanadium atoms. It turned out that in such a 
case the terminal C-OH groups are formed similarly as on the vanadyl phosphate unit, 
but no formation of the C-O-C bridge takes place (Figure 6). It may thus be 
concluded that the arrangement of vanadium-oxygen square pyramids, surrounded by 
corner-linked phosphate groups, shows a unique property of forming the C-O-C 
bridge. The calculations carried out with a V 1 0 O 3 , cluster, cut from the real V 2 0 5 

structure gave the same result of forming only terminal C-OH groups, confirming that 
the ability to form a C-O-C bridge is uniquely connected with the simultaneous 
presence of both V - 0 and P-0 polyhedra linked together through corners. It is 
interesting that recent "in situ" studies in H R E M (10) revealed that, on exposure of 
(V0) 2 P 2 0 7 to the butane at 400°C, shear planes are formed by removal of oxygen 
atoms from the phosphate groups bridging the vanadium-oxygen square pyramid 
dimers. 

Experimental data reported recently indicate that the butane may also be 
oxidized to maleic anhydride with moderate selectivity on catalysts composed of 
submonolayer of vanadium oxides supported on titania. This observation raises the 
question as to whether the two edge linked square pyramids of vanadia 
pyrophosphate, considered as the active site, are indeed the indispensable requirement 
for the selective oxidation of the butane to take place. In order to answer this 
fundamental question we have carried out the modelling using a simpler model of the 
active site composed of one V - 0 square pyramid surrounded by four corner linked 
phosphate groups. The results shown in Figure 7 clearly demonstrate that the same 
intermediate is being formed as in the case of Model 1, in which two oxygen atoms 
are incorporated into the C-H bonds of the terminal carbon atoms, and the third 
oxygen forms the bridge between these atoms. This indicates that at least the first 
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Figure 5. Complex of C4 fragment with 03 fragment formed as the result of the 
parallel approach of the butane molecule to the cluster represented by Model 1. 

Figure 6. Butandiol resulting from the perpendicular approach of the butane 
molecule to the cluster represented by Model 1, in which phosphorus atoms have 
been substituted by vanadium atoms. 
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Figure 7. Precursor of maleic anhydride formed as the result of the perpendicular 
approach of the butane molecule to the active site composed of one V-0 square 
pyramid surrounded by four corner linked phosphate groups. 

step of the reaction of the butane oxidation can take place on an active site composed 
of single V-0 polyhedron. A question remains open as to whether further 
transformations of this intermediate can also proceed on this site. 

All examples discussed in this paper illustrate the critical importance of the 
presence of three surface oxygen atoms in the appropriate sequence, P-0, V=0, P-0, 
for the formation of an oxygen bridge between terminal carbon atoms of the butane 
molecule. It is noteworthy that all three oxygen atoms required to transform the 
butane into maleic anhydride may become incorporated in the first step of the 
reaction by a concerted transformation proceeding without any energy barrier. Only 
one V-0 polyhedron seems to be involved in this transformation. The question 
remains as to how the four hydrogen atoms are removed from this intermediate in 
subsequent steps of the reaction to give the maleic anhydride molecule. 
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Chapter 19 

The Mechanism of Catalytic Ammoxidation 
of Propane and Propene 

over Vanadium Antimony Oxides 

Sigurd A. Buchholz and Horst W. Zanthoff 

Lehrstuhl für Technische Chemie, Ruhr-Universität Bochum, 
Universitätstrasse 150, D-44780 Bochum, Germany 

The ammoxidation of propane and propene over V-Sb-O catalysts was 
studied using a vacuum transient technique. From the results gained it 
was concluded that the selective reaction to acrylonitrile occurs via the 
intermediate formation of propene, which is subsequently transformed 
into acrolein. Acrolein is converted into the nitrile via short-lived NHX-
species (NH4+ or NH3,ads). These NHx-species, as well as NOx, are also 
intermediates in the non-selective N2 formation pathway. 

The ammoxidation of C3 hydrocarbons produces acrylonitrile, an important raw material 
for the chemical industry. Acrylonitrile is presently produced from propene, mainly with 
the SOHIO/BP process which achieves acrylonitrile yields of about 80 % at a propene 
conversion of 98 % (7). However, in recent years much attention has been paid to the 
development of alternative processes which allow propane to be used as the feed gas. 
Such a new process could be economically viable due to the price difference between 
propane and propene (2). Conventional propene ammoxidation catalysts, Bi-Mo oxides 
or Fe-Sb oxides, show no or only little activity and/or selectivity to acrylonitrile in the 
conversion of propane (7,5). Therefore, new catalysts have had to be developed which 
offer active sites for both dehydrogenation and nitrogen insertion. Among the different 
catalytic systems investigated for the ammoxidation of propane into acrylonitrile, V-Sb 
oxides exhibited promising catalytic results (1,4), but maximum yields of around 40 % 
do not allow their use as industrial catalysts. 

In order to develop more selective and active catalysts much attention has been 
paid in the past to elucidating the structure and mode of operation of V-Sb-0 catalysts 
for the ammoxidation of propane. It is commonly suggested that propene is the primary 
intermediate in the reaction (5). However, the detailed reaction mechanism and the 
nature of the active sites of the nitrogen insertion step to acrylonitrile from propene is 
still a matter of discussion. Considering data from differential and integral kinetic 
investigations over V-Sb-Al-oxides (4) and V-Sb-W-Al-oxides (6), it has been 
concluded that direct formation of acrylonitrile from propene occurs, while acrolein is 
formed in a parallel reaction as an intermediate to CO x and HCN, which are undesired 
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products. The direct formation of acrylonitrile without the participation of acrolein has 
also been proposed for the ammoxidation of propene over Fe-Sb-oxides (7). In 
contrast to this hypothesis, recent results published by Nilsson et al. (8) gained from 
kinetic investigations using V-Sb-oxides indicate that acrolein might be an intermediate 
in acrylonitrile formation during the ammoxidation of propene. Moreover, for the am
moxidation of methylaromatics over V-containing catalysts, i.e., V-P-0 catalysts, the 
respective aldehydes are assumed to be intermediates in the nitrile formation (9). Fur
thermore, the nature of the active surface species for N-insertion is still not clear. For 
catalysts of the V-Sb-O, Ga-Sb-0 and (VO)2P207 type, different N-species are men
tioned in literature as being active in ammoxidation reactions, i.e. NIV", NH3>ads, NH2" 
or M=NH (5,10). For Fe-Sb-oxides and V-Sb-Al the formation of Sb-NH-Sb groups 
has also been proposed (4,6). 

Against this background it was the aim of the present work to elucidate the re
action mechanism of propane ammoxidation over VSb yO x (y = 2 and 5) catalysts. For 
this purpose, the interaction of propane, propene, acrolein and ammonia with the cata
lyst was investigated appyling a vacuum transient technique in the Temporal Analysis 
of Products reactor (TAP). Furthermore, the role of ammonia on the reaction pathways 
was investigated. 

Experimental 

The V S b 2 0 x and VSbsOx catalysts were prepared according to Catani et al. (6) by re
dox reaction in aqueous medium. NH4VO3 and SD2O3 were added in stoichiometric 
portions to a 1-N aqueous ammonia solution at 353 K. The suspension was stirred 
continously under reflux for 24 h. The water was evaporated and the remaining solid 
was dried at 413 K for 12 h and calcined in air at 623 K for 24 h, at 773 K for 3 h and 
finally at 900 K for another 3 h with an intermediate heating rate of 50 K/h. The result
ing catalyst was pelletized and granulated. Particles with a diameter of 255 to 350 [im 
were used in the experiments. 

VSbiOx and SD2O4 were prepared as reference substances. VSbiO x was pre
pared by redox reaction of V2O5 and SD2O3 as described by Berry et al. (77). Both 
metal oxides were finely ground, heated within 12 h to 933 K and kept at this tempera
ture for 12 h. Subsequently the catalyst was heated at a rate of 15 K/h to 1023 K and 
kept at this temperature for an additional 24 h. SD2O4 was prepared by heating SD2O3 
in air at a rate of 50 K/h to 773 K and then maintaining it at this temperature for 5 h. 

These catalysts were characterized by the use of different methods: The BET 
surface of the catalysts was determined by N2-adsorption at 77 K in accordance with 
Haul and Dumbgen. XRD spectra were recorded using an INEL CPS 120 powder dif-
fractometer, x-ray reflection method and Cu-Ka radiation (1.5406 A). IR-spectra were 
recorded using a Perkin-Elmer 1710 Fourier Transform Infrared Spectrometer with a 
DRIFT cell. The catalyst structure was also investigated by TEM employing a JEOL 
JEM 1200 EX microscope. 

The vacuum transient experiments were performed in the Temporal-Analysis-
of-Products (TAP) reactor (see Figure 1). Detailed descriptions of the equipment used 
and the operating conditions are given elsewhere (12,13). Therefore, only information 
specific to the present work are given below. During the transient experiments, small 
gas pulses (approx. size 1015-1017 molecules/pulse) produced by two high speed pulse 
valves (opening time in the ms range) enter a catalytic microreactor containing 100 to 
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Figure 2. XRD patterns for VSbiOx, VSb 2O x, VSb 5O x and Sb204. 
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250 mg of catalyst. Transport of the molecules occurs by diffusion processes mainly 
because the reactor is kept in a vacuum (^lO-4 Pa). The response to the inlet pulse is 
analyzed at the reactor outlet by using a quadrupole mass spectrometer with high time 
resolution (max. 10 |ns). Using both pulse valves experiments can be performed in 
which the catalyst is first treated with a gas from one valve, followed by a gas pulse 
from the other valve after a defined interval of time At and analyzing the response sig
nal at the reactor outlet. In this case the reactant pulsed first interacts with the catalyst, 
forming an adsorbed species or an adsorbed intermediate. The second reactant, pulsed 
with a time difference, interacts with this species on the surface forming a product. 
Further, one pulse from a single valve or one pulse from each valve during a sequential 
pulse-experiment is called "one cycle". The total cycle time was varied within a range 
of 0.9 to 20 seconds, the time difference between two sequential pulses was varied be
tween 0.1 to 1.2 seconds. In order to improve the signal/noise ratio 6 to 20 cycles were 
averaged. All feed gas mixtures contained an inert reference gas (He or Ne) as an 
internal standard in order to assist calculation of conversions and yields. Substances 
were detected in the mass spectrometer at the following m/e ratios (amu): amu = 56 
(acrolein), amu = 53 (acrolein, acrylonitrile), amu = 44 (CO2, N2O, C3H8), amu = 43 
(C3H8), amu = 41 (C3H6, C 3H 8), amu = 32 (02), amu = 30 (NO, C3H6, C 3H 8) and 
amu = 28 (C 3H 8 , C3H6, N 2 , C0 2 , CO). The contribution of different substances to a 
measured response signal at one single amu was calculated by the experimentally de
termined fragmentation patterns of the pure substances. A detailed description of the 
different experimental conditions during the TAP-experiments, such as reaction tem
perature, number of molecules per pulse and amount of catalyst is given in the Result 
and Discussion section of this paper. 

Results and Discussion 

Catalyst Characterisation. Table I summarizes the BET surfaces determined for the 
different catalysts. The catalytic surface of all substances were within the range of 2 to 
3.6m2/g. 

Table I. BET surface of the different V-Sb-0 catalysts 
catalyst VSbfo VSb2Ox VSb5Ox Sb204 

SBET / m2/g 2.0 2.2 3.6 2.2 

XRD and electron diffraction analysis revealed the existence of only two crystalline 
phases in the catalysts: VSbi.x04_i.5X and Sb204. Figure 2 shows the XRD patterns for 
the catalysts investigated. While the VSbiOx exhibited only the diffraction patterns of 
VSbi_x04-i.5x (JCPDS No. 35-1485) the other V-Sb-0 catalysts also showed addi
tional patterns for Sb204 (JCPDS No. 11-0694, syn. Cervantite) increasing with in
creasing Sb content. TEM pictures for the three V-Sb oxides are shown in Figure 3. 
The granular structures originated from Sb204, while the cubic crystals were identified 
as VSbi_x04_i.5X. The XRD patterns of Sb204 revealed small impurities of Sb 20 3 

(JCPDS No. 43-1071). From DRIFT spectroscopic investigations on the adsorption of 
pyridine it can be concluded that the three V-Sb-0 catalysts exhibit only a low level of 
Lewis and Bronstedt acidity. 
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Figure 3. TEM of (a) VSbiOx, (b) VSb 2O x and (c) VSb 5O x. 
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Interaction of Pure Ammonia with the Catalyst. When NH3 was pulsed over the 
three different V-Sb-0 catalysts at a temperature of 673 K, on all solids N 2 , NO and 
N 2 0 were observed as products. NO2 was not detected. The normalized response sig
nals obtained at the reactor outlet employing a VSbsOx catalyst are shown in Figure 4. 
The strong tailing observed for mass 17 is due to the OH-fragmentation of water which 
is formed in the reaction of NH3 to NO, N2O and N2. Conversion of NH3 and yields to 
NO, N2O and N2 for all catalysts are summarized in Table II. On all V-Sb-0 catalysts 
studied, N2 was observed as the main product. Sb204 was found to be inactive towards 
the conversion of NH3 under the conditions applied, but ammonia was irreversibly 
adsorbed, but could be desorbed as NH3 at higher temperatures under vacuum. 

Table II. Conversion of NH3 and yields to NO, N2O and N2 obtained when 
pulsing a mixture of NH3/Ne over a Sb204 and the V-Sb-0 catalysts (mcat= 

150 mg, T = 673 K, pulse size = 6.2-1016 molecules/pulse) 
Catalyst X(NH 3) 

% 
Y(NO) 

% 
Y(N 20) 

% 
Y(N 2) 

% 
VSbiO x 48 9 4 35 
VSb 2O x 94 6 23 65 
VSb 5O x 93 8 23 62 

Sb 20 4 51* - 1 3 

* - NH3 irreversibly adsorbed on the solid 

The formation of NO, N2O and N2 shows that ammonia is able to reduce the catalyst at 
temperatures usually applied for the ammoxidation reaction. For a continuous flow of 
an ammoxidation feed gas (C3Hg/NH3/02=l:2.5:2.5) the formation of NO x in addition 
to N 2 was also observed under vacuum conditions (75). However, under atmospheric 
pressure only N2 can be detected (6). It has to be assumed that under atmospheric 
conditions NO and N2O are reduced to N2 by excess NH3 in the selective catalytic 
reduction (SCR) of NO as is known to occur on vanadium oxides (16). In order to 
show that this reaction can also take place on the V-Sb-0 surface, ammonia was 
pulsed over the catalyst, followed by NO. N2 was the major product in the response 
signal to the NO pulses, which can be attributed to the SCR reaction. A direct 
conversion of NO and N2O to N2 on the catalyst can be excluded, because no reaction 
was observed when NO and N2O were pulsed separately over the catalyst in the 
vacuum. 

Interaction of Propane and Ammonia with the Catalysts. When a mixture of 
C3H8/NH3/Ne=10:25:40 (pulse size: 2.7-1016 molecules/pulse; T = 693 K) was pulsed 
over the V-Sb-0 catalyst in vacuum, propene, acrolein, acrylonitrile, CO and CO2 
were detected as products. Since gas phase reactions can be neglected under these 
conditions, it can be concluded that the ammoxidation of propane on V-Sb oxides 
under these conditions is a heterogeneous reaction. 

In a previous paper (14) we already showed by means of a DRIFT 
spectroscopic investigation that ammonia interacts with the V-Sb-0 catalysts forming 
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Figure 4. Response signals for N 2 , NO and N 2 0 to pulses of NH3 over a 
VSb 5O x (mcat= 250 mg, Tb= 698 K, M O 1 7 molecules/pulse). 

2 1—1 . ' • 1 

0 . 0 0 . 5 1 . 0 

t/s 

Figure 5. Sequential pulsing of 1. NH3 and 2. C3H8 over a VSbsOx catalyst -
Dependence of the amount of acrylonitrile observed on the time difference 
between the pulses (mcat=250 mg, Tb=723 K, NH3/He=l:3; 410 1 6 

molecules/pulse; C3Hg/Ne=l:9; 210 1 6 molecules/pulse). 
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NH4+ (bands at 1405, 1430 and 1465 cm"1) and NH3>COord. (band at 1622 cm"1) on the 
surface. In order to obtain information about the reaction behaviour, of these species 
sequential pulse experiments were performed in which the catalyst was treated with 
N H 3 first, in order to form such kinds of NH X species, followed by a pulse of propane 
after a time interval At. Figure 5 shows the response signals of acrylonitrile (amu=53) 
at the reactor outlet for different time intervals At = 0.1 to 1.2 seconds. With increasing 
time difference At between the pulses of NH3 and propane the amount of acrylonitrile 
(which is proportional to the area under the response curves) decreases. 

Since the amount of pulsed propane was constant, this decrease has to be at
tributed to a decrease of the amount of active N-species on the surface. This depletion 
of active N-species can be explained by two processes. Either the preadsorbed 
ammonia desorbs slowly from the catalyst or it is oxidized to NO x and/or nitrogen by 
surface lattice oxygen. The present results do not allow us to distinguish between these 
possibilities. However, the experiment proves that N-species with a short lifetime are 
active in the formation of the nitrile. The half time of these active N-species can be es
timated to about 0.7 sec under these conditions (mcat= 200 mg, T=723 K). 

Interaction of propene and ammonia with the catalyst. During the ammoxidation 
of propane acrolein is observed as a product. However, under the applied vacuum 
conditions of the TAP reactor its amount is small and quantification is difficult. There
fore, the interaction of the primary intermediate propene with the catalyst in the pres
ence of ammonia was studied in order to investigate the role of acrolein in the am
moxidation of propene. If C3H6 and NH3 were pulsed simultaneously over VSbsOx at 
a temperature of T ^ 700 K, the desorbable products occured at the reactor outlet in 
the following sequence: acrolein -» acrylonitrile -» CO2. This indicates a sequential 
formation of acrylonitrile from acrolein as an intermediate product. However, from 
these experiments alone a parallel formation cannot be excluded. 

In order to investigate the role of acrolein in the formation of acrylonitrile, se
quential pulse experiments were applied. In this series of experiments the VSbsOx 

catalyst was first treated with C3H6 followed by pulses of N H 3 with a time difference 
of At = 0.1 s (T = 700 K). Response signals for acrolein (amu=56, solid line) and 
acrylonitrile (amu = 53, dotted line) were obtained at the mass spectrometer as shown 
in Figure 6. In addition the amu = 56 signal for the situation when C3H6 only is pulsed 
over the catalyst (broken line) is shown, too. When propene is pulsed over the catalyst 
at t = 0 s acrolein is formed, but when N H 3 is added at t = 0.Is the response signal for 
acrolein decreases rapidly compared to the amu = 56 signal for pulsing C3H6 only and 
the formation of acrylonitrile starts. It can therefore be concluded that adsorbed 
acrolein species react with short lived NH X species on the catalyst surface to form 
acrylonitrile. 

If acrolein is the intermediate in the formation of acrylonitrile, the product dis
tribution of acrolein and acrylonitrile should vary in accordance with the amount of ac
tive NH X species on the catalyst's surface. Therefore, sequential pulse experiments 
were performed in which the VSbsOx catalyst was first treated with N H 3 followed by 
pulses of C3H6 at different time intervals At between 0.1 s and 1.2 s. Similar observa
tions were made as was described above for propane. Figure 7 shows the yields of 
acrolein and acrylonitrile obtained in accordance with the time difference At. While the 
acrylonitrile yield decreases with increasing time interval from Y A C N = 6.5 % to 1.7 %, 
the acrolein yield increases from YAcroiein= 6.6 % to 16.5 %. The catalyst's activity de 
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Figure 6. Sequential pulsing of 1. C3H6 and 2. NH3 over a VSbsOx catalyst -
Response signals for acrolein (solid line, with NH3), acrolein (broken line, 
without NH3) and acrylonitrile (dotted line) (mcat= 250 mg, T = 703 K; At = 
0.1 s; C3H6/Ne= 1:3;NH3/He= 1:3). 

At/s 

Figure 7. Dependence of the yields of acrolein and acrylonitrile on the time 
difference At between the pulses when sequentially pulsing 1. N H 3 and 2. C3H6 
over a VSb 5 O x catalyst ( m ^ 150 mg, Tca t= 697 K , C3H6/Ne = 1:2; 5 1 0 1 5 

molecules/pulse; NF^/He = 1:2; 9 1 0 1 6 molecules/pulse). 
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creases only slightly during the measurement from X c 3 H 6 = 88 % to 85 %, respectively. 
These observations confirm the assumption that acrolein is the intermediate in the for
mation of acrylonitrile; with a decreasing amount of NH X on the surface, less acrolein is 
transformed into acrylonitrile and the yield of acrolein observed at the reactor outlet 
increases. 

Furthermore, the assumption of acrolein being an intermediate in acrylonitrile 
formation is supported by steady state kinetic investigations of the ammoxidation of 
propene on a VSb 2O x catalyst obtained by Nilsson et al. (8). With decreasing propene 
conversion they observed a decrease in selectivity to acylonitrile, while the acrolein 
selectivity increases. This indicates that acrolein is a primary product from propene, 
while acrylonitrile is formed consecutively. Centi et al. (19) observed acrylate and 
acrolein structures in IR spectroscopic investigations during ammoxidation of propene 
on V-Sb oxides. From these results they also concluded acrolein to being the 
intermediate for acrylonitrile formation. 

However, although the reported results most probably indicate consecutive 
formation of acrolein and acrylonitrile over V-Sb-0 catalysts, the existence of a parallel 
pathway via the formation of an allyl radical intermediate cannot be totally ruled out. 
Sokolovskii et al. (5) concluded in their recent review that both routes should be 
regarded and that the nucleophilicity of surface oxygen determine the ratio between 
both routes. The direct allylic route should be preferable on more acidic catalysts, while 
the aldehyde one should be typical for base catalysts (5). In fact, the acidity of V-Sb-
Me-0 catalysts (as determined by NH3-TPD) (77) is more than 10 times lower than for 
molybdenum based catalysts (20). Therefore, the assumption that the consecutive 
mechanism occurs predominatly on V-Sb oxides seems to be reliable. 

Interaction of Acrolein and Ammonia with the catalyst. Sequential pulse experi
ments were also used to investigate whether acrolein can be converted to acrylonitrile 
under the reaction conditions used for the VSbsOx catalyst. In these experiments the 
catalyst was treated first with NH3 followed by acrolein with a time interval of At = 0.1 
s. Figure 8 shows the response signals obtained for the unconverted acrolein (amu = 
56) and the acrylonitrile formed (amu = 53, corrected for the acrolein fragment). It 
becomes obvious that acrylonitrile can be formed from acrolein and NH X species ad
sorbed on the surface. However, the formation of acrylonitrile was also observed when 
the catalyst was first treated with acrolein followed by NH3. Therefore, whether 
acrolein reacts from the gas phase or if it has to be preadsorbed on the catalyst surface 
cannot be distinguished. 

Influence of the Redox State of the Catalyst on the Conversion of Propene and 
the Yields of Acrolein and Acrylonitrile. Since it was known from the literature 
(77,75) that V-Sb-0 catalysts operate in a reduced state under steady state 
ammoxidation reaction conditions, the influence of the degree of reduction on the 
conversion of C3H6 and the yield of acrolein and acrylonitrile was studied. In a series 
of sequential pulse experiments the VSbsOx catalyst was treated with N H 3 followed by 
C3H6 at a constant time difference of At = 0.1 s. Responses at amu = 56, 53, 41 and 
amu = 20 signals were used for the calculation of propene conversion and yields of 
acrolein and acrylonitrile. After each experiment the catalyst was reduced by treatment 
with a definite amount of ammonia as a reducing agent. Immediately after this 
reduction, a sequential pulse experiment as described above was performed. Figure 9 
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t / S 

Figure 8. Response signals for unconverted acrolein (amu 56) and product 
acrylonitrile (amu 53, corrected for the acrolein fragment) for a sequential 
pulse experiment in which 1. NH3 and 2. acrolein was pulsed over the VSbsOx 
catalyst ( m ^ 250 mg, Tcat= 703 K). 

o -I 1 1 1 1 1 1 1 1 1 1 1 1 1 

0 2 4 6 8 10 12 

n ( N H 3 ) / 1 0 - 5 mol 

Figure 9. Dependence of the conversion of propene on the amount of NH3 
pulsed over the VSbsOx catalyst (NH3 -> C3H6; At = 0.1 s ; mcat= 150 mg, 
Tcat= 697 K , C3H6/Ne=l:2; 5 10 1 5 molecules/pulse, NH3/He=l:2; 9 1 0 1 6 

molecules/pulse). 
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shows the propene conversion obtained as a function of the amount of ammonia pulsed 
over the catalyst. With an increasing amount of ammonia pulsed, i.e., increasing the 
degree of reduction, the conversion of propene decreased. The yields of the products, 
acrolein and acrylonitrile decrease as shown in Figure 10. While propene conversion 
decreases from X c 3 H 6 = 94.6% to 19.1% the yields of acrolein and acrylonitrile 
decrease from Y A C R = 10 % and Y A C N = 9 % to Y A C R = 4 % and Y A C N = 5.5 %, 
respectively. Also shown in Figure 10 is the initial yield to acrolein, when only propene 
is pulsed over the catalyst (open square). As can be deduced, the initial acrolein yield is 
lower compared to the yields obtained after pulsing about 210~5 mol N H 3 . The 
acrolein yield, therefore, runs through a maximum, and if the catalyst is reduced 
further, the yields of acrylonitrile and acrolein also decrease. From these results it can 
be concluded that N H 3 at first removes oxygen from the fully oxidized surface, which 
would otherwise be responsible for the formation of total oxidation products, thus 
increasing the yields of selective products. With further NH3 treatment, the active 
oxygen necessary for propene activation is also removed and the yield of all the 
products therefore decreases. 

Conlusions 

The interaction of N H 3 , propane and propene with VSb yO x (y = 2, 5) catalysts was 
studied in order to identify intermediates in the ammoxidation of propane and propene 
into acrylonitrile and to elucidate details of the mechanism involved, in particular the 
N-insertion step into the primary intermediate propene. The catalysts were found to be 
very active for undesired N H 3 oxidation reactions to NO, N 2 0 and N2 under vacuum 
conditions. Since no oxidation products were observed over pure SD2O4 it must be 
assumed that N H 3 oxidation occurs on the VSb1.xO4-i.5x phase detected in the 
catalysts, probably on vanadium sites. NO and N2O were found to be intermediates in 
N2 formation. The amount of total oxidation product can be decreased if the catalyst 
surface is partly reduced by the ammonia. Therefore, it can be concluded that the 
oxygen sites that are responsible for the undesired ammonia depletion also cause the 
total oxidation of hydrocarbons and/or the selective products acrolein and acrylonitrile. 

The nitrogen insertion into propene occurs most probably via the intermediate 
formation of acrolein. Short lived N-species are involved in the transformation of acro
lein into the desired product acrylonitrile. Since DRIFT spectroscopic investigations of 
ammonia adsorption on V-Sb-0 catalysts (14) revealed only the presence of NFLf*" or 
NH3,coord. on the catalyst surface, we assume these species to be the active ones in N-
insertion into acrolein. 

From the results obtained in this work, a mechanism can be proposed for the 
ammoxidation of propane to acrylonitrile on V-Sb oxides via acrolein and NH X , shown 
in Figure 11. 
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On • 1 ' 1 1 1 • 1 1 1 ' 

0 5 10 15 20 25 30 
n(NH 3)/10" mol 

Figure 10. Dependence of the yields to acrolein and acrylonitrile on the 
amount of NH3 pulsed over the VSbsOx catalyst (NH3 -> C3H6; At = 0.1 s ; 
mcat= 150 mg, T c a t= 697 K, C^WNq^I:!; 5 1015 molecules/pulse, 
NH3/He=l:2; 910 1 6 molecules/pulse). 

V - S b - O 

Figure 11. Proposed mechanism for the ammoxidation of propane over V-Sb 
oxides. 
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Chapter 20 

Selective Partial Oxidation of α-Olefins 
over Iron Antimony Oxide 

E. van Steen, M. Schnobel, and C. T. O'Connor 

Catalysis Research Unit, Department of Chemical Engineering, 
University of Cape Town, Private Bag, Rondebosch 7700, South Africa 

α-olefins in the range of ethene to 1-nonene were studied over an iron 
antimony oxide catalyst at temperatures between 350°C and 400°C 
in a tubular flow reactor. The primary reactions can be classified into 
five distinct classes, viz. double bond isomerization, partial oxidation, 
oxidative dehydrogenation, cracking and total oxidation. Ethene was 
unreactive and only total combustion products were formed. Propene 
and 1-butene formed conjugative aldehydes while 2-butenal produced 
1,3 butadiene. On the basis of these results a mechanism for the 
partial oxidation and oxidative dehydrogenation of 1-butene is 
proposed. Increasing carbon number was found to increase the 
primary rate of total oxidation and the rate of formation of cracking 
products. Increasing carbon number decreased the rate of oxidative 
dehydrogenation and partial oxidation, except when going from C3 to 
C4. The observed carbon number dependencies might be explained in 
terms of ease of formation and of stability of the π-allyl intermediate. 

Iron antimony oxide is a well known catalyst for the partial oxidation/ammoxidation 
of propene (1) and the oxidative dehydrogenation of n-butene (2). Aso et al. (3) 
studied iron antimony oxide containing various Sb:Fe ratios for the partial oxidation 
of propene. The activity and selectivity to acrolein increased strongly with increasing 
Sb contents beyond a ratio of 1:1. In a recent study of the surface properties of 
FeSb0 4 (4), it was concluded that the surface has a Sb-rich "skin" which is essential 
to the selective properties of the catalyst. Although iron antimony oxide is a well 
known catalyst for the selective oxidation of olefins, this catalyst is not selective for 
the partial oxidation of paraffins (van Steen, E . ; Schnobel, M . ; O'Connor, C. T., 
University of Cape Town, unpublished work). 

The partial oxidation of higher olefins has not been studied to the same 
extend as the oxidation of ethene, propene and butene. The dependency of the 

0097-6156/96/0638-0276$15.00/0 
© 1996 American Chemical Society 
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activity and selectivity of partial oxidation catalysts on carbon number would give 
valuable insight into the mechanisms involved in a-olefin oxidation and might yield 
valuable information regarding the partial oxidation of paraffins. Adams (5) studied 
the oxidation of a number of olefins over a bismuth molybdenum catalyst at 460° 
C at different conversions. The reactivity of the a-olefins (C3-C5) increased with 
increasing carbon number. Further it was observed that a-olefins were much more 
reactive than /3-olefins. The products observed at low conversions were conjugated 
dienes and oxides of carbon. Only propene and isobutene yielded unsaturated 
aldehydes as primary products. The selectivity to the total oxidation products 
increased with increasing carbon number. The selectivity to the unsaturated 
aldehydes was higher in the oxidative conversion of branched olefins than for linear 
olefins of the same carbon number. 
This paper reports on the effect of carbon number (C2-C9) on the activity and 
primary selectivity in the oxidative conversion of a-olefins over iron antimony 
oxide. Furthermore the influence of temperature on the selectivity of the partial 
oxidation of a-olefins was studied. 

Experimental 

The catalyst (Fe:Sb = l:l) was synthesized by mixing iron nitrate (Saarchem, 98%) 
with antimony trioxide (Saarchem, 98%) and aqueous ammonia (25% NH3) 
according to the method described by Allen et al. (1). The solid was recovered by 
filtration, dried at 120° C for 16 hours and then calcined in air at 900° C for 7 
hours. 
Catalytic oxidation was carried out in a Pyrex glass U-reactor mounted in a 
convection oven. The catalyst (0.5 G.; dP < 0.1 mm) was mixed with sand (4 G.; dP 

= 0.2 - 0.3 mm) to minimize temperature gradients. The space time was calculated 
from the ratio of the total volumetric feed rate at reaction conditions to the volume 
of the catalyst bed which was kept constant at 2.2 ml. The pre-mixed gases were fed 
via a preheated zone consisting of washed sand heated to reaction temperature. All 
experiments were performed using the same batch of catalyst. In the case of coke 
formation the activity of the catalyst was restored by flushing the catalyst bed 
overnight with an oxygen/nitrogen mixture at 400° C. 

Flows of gaseous hydrocarbons (Fedgas,99+%), oxygen, and nitrogen were 
controlled by mass flow controllers. Liquid hydrocarbons (Aldrich, 98+ %) were fed 
by saturating a nitrogen flow in a temperature-controlled fixed bed saturator filled 
with macroporous Chromosorb (Sigma). The partial pressures of hydrocarbon, 
oxygen and nitrogen at the inlet of the reactor were kept at 16, 34 and 130 kPa, 
respectively. The total volumetric feed rate varied between 75 and 300 ml 
(NTP)/min and the reaction temperature varied between 350 and 400° C or 400 and 
470°C for the conversion of ethene. A constant flow of an internal standard, viz. 
iso-octane (Merck, 99.5%) was used in the studies of the partial oxidation of C 2 -C 6 

and cyclohexane (Saarchem, 98.5%) was used as an internal standard in the C 7 -C 9 

experiments. These were added to the effluent line of the reactor in order to obtain 
a qualitative momentary evaluation of the mass balance during the experiment. The 
organic compounds in the effluent were analysed by on-line capillary gas 
chromatography using a flame ionization detector. Liquid products were collected 
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278 HETEROGENEOUS HYDROCARBON OXIDATION 

Table I.: Partial Oxidation of linear a-olefins at different temperatures and 
space times over iron antimony oxide catalyst 

a - o l e f i n T r X O 1) 
°PO 

o l) 
°OD 

O 1) O 1) C 1) 

r ° c i rsi [ m o l - r c - % i r c - % i r c - % i r c - % i r c - % i 
E t h e n e 4 5 0 0 .81 4 .5 0 0 0 100 .0 0 

4 6 0 0 . 8 0 6 .2 0 0 0 100 .0 0 
4 7 0 0 .79 6 .3 0 0 0 100 .0 0 

P r o p e n e 350 0 .31 3.3 87 .9 0 0 12.1 0 P r o p e n e 
0 . 5 4 4 .5 85 .0 0 0 15 .0 0 
1.25 8.1 84 .0 0 0 16.0 0 

375 0 . 3 0 5 .4 86 .8 0 0 13.2 0 
0 .52 8 .0 84 .8 0 0 15 .2 0 
1.21 11.8 81 .9 0 0 18.1 0 

400 0 .29 8.3 81 .7 0 0 18.3 0 
0 . 5 0 11.3 81 .8 0 0 18 .2 0 
1.16 2 2 . 0 79 .7 0 0 2 0 . 3 0 

1 -Butene 350 0 .54 7 .3 33 .3 36.1 10.4 2 0 . 2 0 
0 .75 8.6 34.1 3 6 . 9 9 .2 19.8 0 
0 . 9 4 13.3 32 .2 38 .3 9 .6 19.9 0 

375 0 .52 14.1 35 .3 3 6 . 0 6 .3 2 0 . 8 1.6 
0 .72 17.6 34 .6 3 6 . 0 6 .2 2 2 . 6 0 .6 
0 . 9 0 18.5 32 .9 3 6 . 5 6.1 2 3 . 5 1.0 

4 0 0 0 . 5 0 2 2 . 9 33 .7 35 .3 4 . 7 2 3 . 8 2 .5 
0 . 7 0 2 7 . 8 3 1 . 4 37.1 5 . 0 2 4 . 0 2 . 5 
0 .87 35.1 2 9 . 9 4 0 . 2 5.3 2 3 . 3 1.3 

1-Pentene 350 0 .31 1.0 0 6 2 . 6 16 .0 2 1 . 4 0 
0 .47 3 .9 0 6 2 . 9 18.3 18.8 0 
1.25 5 .5 0 5 8 . 4 17.7 2 3 . 9 0 

375 0 . 3 0 5 .6 1.0 5 4 . 9 2 1 . 8 21 .3 1.0 
0 .52 7 .5 1.0 5 3 . 4 2 0 . 4 24 .1 1.0 
1.21 10.8 0 .6 4 2 . 2 2 4 . 4 3 1 . 2 1.7 

4 0 0 0 .29 10 .2 1.0 6 4 . 9 8 .4 2 4 . 8 0 .7 
0 . 4 4 12 .0 0 .9 6 0 . 4 8.7 2 8 . 9 1.1 
1.16 2 1 . 7 0 .7 4 8 . 7 8 .2 4 0 . 9 1.5 

1 - H e x e n e 550 0 .41 2 .6 6 5 4 . 7 18.6 16.1 0 
0 . 5 4 3 .9 0 5 7 . 4 17.4 25.2 0 
0 .75 6 .3 0 5 4 . 5 15.8 2 9 . 7 0 

375 0 . 4 0 6 .7 0 5 8 . 3 9 .2 2 8 . 6 3 .9 
0 .52 6 .6 0 5 1 . 8 8.8 3 4 . 5 5 .0 
0 .72 8.7 0 5 3 . 4 9 .2 3 2 . 2 5 .2 

4 0 0 0 .39 18.8 0 2 1 . 2 3 .2 5 6 . 4 19.2 
0 . 5 0 19.5 0 2 1 . 3 3.1 5 7 . 8 17.8 
0 .70 19.0 0 3 0 . 5 4.1 5 0 . 9 14.5 

1 -Heptene 350 0 .38 9 .3 0 18.2 4 9 . 4 3 2 . 4 0 
0 .54 4 . 0 0 18.8 4 5 . 0 3 6 . 2 0 
0 .94 14 .0 0 3 7 . 9 2 8 . 5 2 8 . 4 5 .2 

375 0 .36 19.7 0 3 .9 9 .3 5 3 . 2 3 4 . 0 
0 .52 14.8 0 6 .6 6 .3 5 4 . 7 3 2 . 4 
0 .98 2 3 . 7 0 4.1 5.3 5 5 . 2 3 5 . 4 

4 0 0 0 .35 3 1 . 0 0 3.3 5 .2 5 3 . 5 3 7 . 2 
0 . 5 0 3 6 . 9 0 3 .5 3 .8 5 0 . 9 4 1 . 8 
0 .87 3 7 . 4 0 3 .2 3 .0 5 5 . 2 3 8 . 6 

1 -Octene 350 0 .38 5 .6 0 7 .8 85.1 6.1 1.0 
0 . 5 4 4 . 2 0 8 .9 7 1 . 0 20 .1 0 

375 0 .36 12.3 0 3 .0 15.3 3 4 . 5 4 7 . 2 
0 .52 11.5 0 2 .3 15.9 3 7 . 2 4 4 . 6 

1 - N o n e n e 350 0 .38 2 9 . 6 0 0 5 9 . 8 4 0 . 2 0 
0 .54 14.5 0 0 6 0 . 5 3 9 . 5 0 

375 0 .36 2 4 . 0 0 0 9 .6 49 .1 4 1 . 4 375 
0 .52 16.9 0 0 5 .2 4 4 . 4 5 0 . 4 

1 SPO=Selectivity to partial oxidation; SOD=Selectivity to oxidative dehydrogenation; 
SDI=Selectivity to double bond isomerization; STO=Selectivity to total oxidation; 
SCr=Selectivity to cracking 
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in a cold trap and analysed using GC-MS. The total oxidation products CO and C0 2 

were monitored continuously using an on line IR-analyzer. The carbon balance of 
the reported experiments was 100±2%. In this study the reactivity and primary 
selectivity of C 2 -C 9 a-olefins for their oxidative conversion were investigated. All 
selectivities, conversions and rates of reaction were calculated on a carbon basis. 

In order to observe the primary selectivity for these reactions, the influence 
of space time was studied for all hydrocarbons by changing the total flow while 
keeping the inlet partial pressures of each compound constant. Decreasing space time 
will result in a reduction of secondary reactions by decreasing the probability of 
readsorption. At short space times changes in selectivity become negligible indicating 
the primary formation of the observed product compounds. 

Results 

A selection of the experimental data is given in Table I. The selectivities have been 
grouped to different product classes, i.e. partial oxidation for oxygenates of the same 
carbon number, oxidative dehydrogenation for dehydrogenated compounds of the 
same carbon number, double bond isomers, cracking products for organic 
compounds with a lower carbon number and total oxidation for CO and C0 2 . No 
products with higher carbon number than the feed were detected. 
The only observed reaction in the ethene oxidation down to a conversion level of 2 
C-% was the total oxidation yielding CO and C0 2 . Propene yielded the partial 
oxidation product acrolein (2-propenal) and the total oxidation products CO and C0 2 . 
In the 1-butene oxidation the formation of an aldehyde (2-butenal) and of total 
oxidation products, CO and C0 2 , can be observed. In addition trans- and cis-2-
butene and 1,3-butadiene, were formed. The main products observed in the 1-
pentene oxidation were trans- and cis-1,3-pentadiene, trans-and cis-2-pentene, CO 
and C0 2 . Only a small amount of C5-oxygenates, viz. 2-methyl furan, was formed 
during the partial oxidation of 1-pentene at the higher reaction temperatures. The 
conjugated aldehyde 2-pentenal was not observed. 2-methyl-furan might be formed 
by ring closure of the conjugated aldehyde and subsequent oxidative 
dehydrogenation. The oxidative conversion of C 6 to C 9 a-olefins revealed new 
classes of products, viz. the dehydrogenated cyclic compounds and cracking 
products. The cracked products might originate from the oxidative decomposition of 
the olefin yielding stable intermediates on the catalyst surface which then desorb or 
are further oxidised to partial oxidation products, e.g. acrolein and furan or to the 
total oxidation products. 

Ethene Oxidation. Ethene was rather unreactive and high temperatures (400 - 475° 
C) and high space times had to be applied to get detectable conversions of this 
compound. This low reactivity and high selectivity to total oxidation might be 
explained by the lack of stable C2-intermediates on the catalyst surface (e.g. ally lie 
species) and of stable C2-oxygenates under the applied conditions. 

Propene Oxidation. At temperatures between 350 and 400°C, acrolein was formed 
with a primary selectivity between 80 and 90 C-% at a propene conversion of 3 to 
10 C-%. The primary acrolein selectivity decreased with increasing temperature 
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50 

40 

30 

8 20 

10 

(a) 
2-butenal 

1,3 butadiene 

CO + CO„ 

2-butene 

T=375°C 

0.2 0.4 0.6 0.8 
space time, s 

1.2 

50 

40 ] 

30 

20 

10 

0 

(b) 

1,3 butadiene 

2-butenal 

CO + CO„ 

T = 4 0 0 U C 

2-butene 

0.2 0.4 0.6 0.8 
space time, s 

1.2 

Figure 1. Influence of space time on the selectivity of the partial oxidation of 1-
butene over iron antimony catalyst at 375 °C (a) and 400°C (b) 
(Pi-butene= 16 kPa; p 0 2=34 kPa; pN 2=130 kPa; m c a t=0.5 g diluted with 4g sand) 
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from 88 C-% at 350°C to 82 C-% at 400°C and thus the selectivity to total 
oxidation increased. This indicates that the activation energy for total oxidation is 
higher than for partial oxidation. No change in the CO content of the total oxidation 
products was observed with changing space time, thus indicating the parallel 
formation of CO and C0 2 . However, the CO content in the fraction of CO plus C0 2 

decreased with increasing temperature, viz. from 27 C-% at 350°C to 19 C-% at 
400°C indicating that the activation energy for C0 2 formation is higher than for CO 
formation. 

1-Butene Oxidation. Figures la and lb show the influence of space time on the 
selectivity in the oxidative conversion of 1-butene at 375 and 400° C, respectively. 
With decreasing space time a slight increase in the selectivity to 2-butenal was 
observed in conjunction with a decrease in the selectivity of 1,3 butadiene, whereas 
the selectivity of both the double bond isomers cis- and trans-2-butene and the total 
oxidation products CO and C0 2 remained constant. This shows that 2-butenal is a 
primary product. Because the selectivity to 1,3 butadiene increased, 2-butenal 
selectivity decreased and the other product selectivities remained constant with 
increasing space time, it can be concluded that 2-butenal can be converted in a 
secondary reaction step into 1,3-butadiene. The selectivity to 2-butene remains 
totally unchanged during the space time study which is to be expected on the basis 
of the findings of Adams [6] who showed that 0-olefins have a lower reactivity than 
the a-olefins. The amount of trans-2-butene in the fraction of 2-butene remained 
unchanged at 45% with both an increase of space time and of temperature. This 
indicates that the more reactive and thermodynamically less stable cis-2-butene is 
preferentially formed from a common activated intermediate complex. Selectivities 
to cis- and trans-2-butene and to CO and C0 2 remained unchanged with increasing 
space times. Scheme 1 shows the proposed reaction pathway for the oxidative 
conversion of 1-butene. 
Temperature did not affect significantly the primary selectivities of 2-butenal and 1,3 
butadiene. However, the primary selectivity to the double bond isomers decreased 
with increasing temperature from 10.4 C-% at 350°C to 4.7 C-% at 400°C while, 
at the same time, primary selectivity of the total oxidation products increased 
indicating a relatively low activation energy for the double bond isomerization and 
a relatively high activation energy for total oxidation. The CO content in the fraction 
of total oxidation products decreased slightly with increasing temperature from 23.8 
C-% at 350°C to 21.8 C-% at 400°C showing a slightly higher activation energy for 
C0 2 formation than for CO formation, which has already been shown for the total 
oxidation of propene. 

1- Pentene Oxidation. Figure 2 shows the influence of space time on selectivity in 
the oxidative conversion of 1-pentene at 375° C. Decreasing space time showed an 
increase in the selectivity to the dienes with a corresponding decrease in the 
selectivity to the total oxidation products and a slight decrease in the selectivity to 
2- pentene showing that 1,3-pentadiene is a primary product, but it can be converted 
more easily into total oxidation products than 1,3 butadiene. In this case an excess 
of the trans-isomer of 2-pentene was observed indicating that this conformation is 
the preferred one upon desorption of the C5-intermediate. Trans- and cis- pentadiene 
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Scheme 1. Proposed general scheme for the oxidative conversion of a-olefins 
over iron antimony catalyst 
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Figure 2. Influence of space time on the selectivity of the partial oxidation of 1-
pentene over iron antimony catalyst at 375 °C 
(Pi-Pentcne= 16 kPa; p02=34 kPa; pN2=130 kPa; mcat=0.5 g diluted with 4g sand) 
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were formed in almost identical amounts. Increasing temperature showed an increase 
in the primary formation of the trans-isomer in the fraction of both 2-pentene and 
1.3 pentadiene showing a higher activation energy for the desorption of the trans-
isomer than for the cis-isomer. The primary selectivity of 1,3 pentadiene increased 
from 63 C-% at 350°C to 65 C-% at 400°C showing that the activation energy is 
higher than for the formation of 2-pentene, for the primary selectivity to 2-pentene 
decreased (from 16 C-% at 350°C to 8 C-% at 400°C). The primary selectivity to 
total oxidation increased with increasing temperature. The CO content in the total 
oxidation products decreased with increasing temperature from 23% at 350°C to 
20% at 400°C. 

1-Hexene Oxidation. Figure 3a shows the influence of space time on the 
selectivities of partial oxidation of 1-hexene at 375 °C. The main oxidation products 
werehexadienes, 2-hexene, cyclohexene, cyclohexadiene, benzene and CO/C0 2 . The 
selectivity to the hexadienes increased with decreasing space time, whereas the 
selectivities to the cracking products, CO/C0 2 and cyclic products decreased. The 
selectivity to the double bond isomers remained constant. The increase in selectivity 
to the hexadienes indicates their primary formation in the oxidative conversion of 1-
hexene. The fraction of hexadienes consist of cis-and trans-1,3 hexadiene and 
different isomers of 2,4 hexadiene. Figure 3b shows the content of cis- and trans-1,3 
hexadiene and the sum of 2,4 hexadienes in the fraction of hexadienes shown in 
Figure 3a. Trans 1,3 hexadiene content in this fraction remained constant indicating 
that it is relatively unreactive. Apparently, cis-1,3 hexadiene can be isomerized into 
2.4 hexadienes. 
Increasing temperature yielded an decrease in the primary selectivity to the 
hexadienes from 39 C-% at 350°C to 15 C-% at 400°C. The primary selectivity to 
total oxidation products CO and C0 2 increased from 27 C-% at 350°C to 56 C-% 
at 400°C as shown in Table I. This strong increase indicates a higher activation 
energy for the formation of total oxidation products. Products of cracking also 
increased from 0 C-% at 350°C to 19 C-% at 400°C. The primary selectivity to 2-
hexene decreased from 19 C-% at 350°C to 3 C-% at 400°C, showing that the 
activation energy to form 2-hexene is lower than for the formation of any of the 
other products. 
The selectivities of the cyclic products benzene and cyclohexadiene, and at a higher 
reaction temperature of 400 °C cyclohexene, increased with increasing space time 
and increasing temperature. This shows that the ring closure is enhanced by re-
adsorption of probably dienes and/or trienes. The activation energy for the 
desorption of an intermediate cyclic compound is higher than for the consecutive 
reaction which yields benzene, for the benzene content in the fraction of cyclic 
compounds decreased with increasing temperature. 

1-Heptene Oxidation. The influence of space time and temperature on the oxidative 
conversion of 1-heptene are summarized in Table I. Increasing temperature yielded 
a decrease in the selectivities to products of the groups of oxidative dehydrogenation 
and double bond isomerization. At the same time the selectivities to products of the 
group of total oxidation and cracking increased with increasing temperature. The 
primary selectivity to cracking products increased most strongly with increasing 
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Figure 3. Influence of space time on the selectivity of the partial oxidation of 1-
hexene over iron antimony catalyst at 375 °C 
(Pi-hexene= 16 kPa; p 0 2=34 kPa; pN 2=130 kPa; m c a t=0.5 g diluted with 4g sand) 
a: Selectivity of major product groups as a function of space time 
b: Content of some hexadienes in the fraction of hexadienes as a function of space 
time 
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temperature, viz. from 0 C-% at 350°C to 37 C-% at 400°C. The primary 
selectivity to total oxidation products increased to a lesser extend from 32 C-% at 
350°C to 54 C-% at 400°C. The primary selectivities to oxidative dehydrogenation 
products and double bond isomerization products both decreased, however it 
decreased more strongly with increasing temperature to double bond isomerization 
products than to oxidative dehydrogenation products (from 49 C-% at 350°C to 5 
C-% at 400°C vs. 18 C-% at 350°C to 3 C-% at 400°C). 

1-Octene Oxidation. The influence of space time and temperature on the oxidative 
conversion of 1-octene are summarized in Table I. The product groups showed the 
same trends as for the oxidative conversion of 1-heptene. The primary selectivity to 
cracking products increased most strongly with increasing temperature, viz. from 1 
C-% at 350°C to 47 C-% at 375°C, whereas the primary selectivity to total 
oxidation products increased from 6 C-% at 350°C to 35 C-% at 375°C. The 
primary selectivities to oxidative dehydrogenation products and double bond 
isomerization products both decreased, however it decreased more strongly with 
increasing temperature to double bond isomerization products than to oxidative 
dehydrogenation products (from 85 C-% at 350°C to 15 C-% at 375°C vs. 8 C-% 
at 350°C to 3 C-% at 375°C). 

1-Nonene Oxidation. The influence of space time and temperature on the oxidative 
conversion of 1-nonene are summarized in Table I. No oxidative dehydrogenation 
products could be detected for the oxidative conversion of 1-nonene. The primary 
selectivity to cracking products increased most strongly with increasing temperature, 
viz. from 0 C-% at 350°C to 41 C-% at 375°C, whereas the primary selectivity to 
total oxidation products increased from 40 C-% at 350°C to 49 C-% at 375°C. The 
primary selectivity to double bond isomerization products decreased with increasing 
temperature from 60 C-% at 350°C to 10 C-% at 375°C. 

Discussion 

Based on the results obtained in the space time experiments of the oxidative 
conversion of C 2 to C 9 , a general scheme of all possible reaction pathways for the 
oxidative conversion of a-olefins is presented in Scheme 2. Any product formed will 
fall into one of the following product categories, viz. double bond isomerization, 
partial oxidation, oxidative dehydrogenation, cracking and total oxidation products. 
As shown for the partial oxidation of 1-butene, the partial oxidation products can be 
interconverted into dehydrogenated compounds. Both of them can be either cracked 
or totally oxidized. The double bond isomers can also be converted into either 
product groups, but as been shown by Adams (3) have a lower reactivity than the 
or-olefins. 
Figures 4a and b show the primary selectivities to the distinct product groups as a 
function of the chain length of the a-olefin for 350°C and 375°C, respectively. 
Higher temperatures could not be applied for the whole series of feedstocks (C 3-C 9 

of-olefins), because thermal cracking, as determined by carbon balance, became quite 
severe for higher molar weight feedstocks especially in the case of 1-octene and 1-
nonene. Ethene, as already mentioned, showed quite a lower reactivity and yielded 
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2-butene 

1-butene 

Scheme 2. Reaction scheme for the oxidative conversion of 1-butene over iron 
antimony oxide catalyst 
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(a) T = 3 5 0 ° C 

3 4 5 6 7 8 9 
c a r b o n n u m b e r 

carbon number 
I I t o t a l o x i d a t i o n H c r a c k i n g i s o m e r i z a t i o n 

fcSSSSJ d e h y d r o g e n a t i o n | | p a r t i a l o x i d a t i o n 

Figure 4. Influence of carbon number on the primary selectivity of a-olefin 
partial oxidation over iron antimony catalyst at 350°C (a) and 375°C (b) 
(pHC= 16 kPa; p02=34 kPa; pN 2 = 130 kPa; r<0.5s; mcat=0.5 g diluted with 4g 
sand) 
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only total oxidation products. The formation of partial oxidation products appeared 
only to a significant extent for propene and 1-butene as feedstocks and the primary 
selectivity to this product class dropped dramatically with carbon number. At 350°C, 
the primary selectivity to double bond isomerization products increased steadily for 
carbon numbers of 4 and higher. The same applies to the primary selectivity to total 
oxidation products, which increased steadily with carbon number. The primary 
selectivity to oxidative dehydrogenation products increased from C 4 to C 5 and 
decreased steadily with increasing carbon number and at C 9 no oxidative 
dehydrogenation products could be detected anymore. At 375°C, cracking products 
appeared from a carbon number of 5 and the primary selectivity to those products 
increased steadily with carbon number. The primary selectivity to total oxidation 
products increased with increasing temperature, whereas the primary selectivity to 
double bond isomerization products and oxidative dehydrogenation products 
decreased, especially when cracking products are formed, viz. from hexene onwards. 
This leads to the conclusion that the activation energy for the formation of cracking 
and total oxidation products is higher than for the formation of double bond 
isomerization products and oxidative dehydrogenation products. The activation 
energy for the formation of total oxidation products increased with increasing carbon 
number because the primary selectivity to total oxidation products increased more 
strongly for higher carbon numbers of the feed. The same applies for the activation 
energy for the formation of cracking products. The activation energy for the 
formation of double bond isomerization products decreased with increasing carbon 
number because the primary selectivity to double bond isomerization products 
decreased more strongly for higher carbon numbers of the feed. The same applies 
for the activation energy for the formation of oxidative dehydrogenation products. 
The mechanism of the partial oxidation of propene to acrolein has been well studied. 
On the basis of deuterated propene studies, Keulks and Lo (6) showed, that the rate 
determining step in the oxidative conversion of propene is the abstraction of an 
allylic hydrogen from propene to form a T-allyl intermediate. Subsequent addition 
of oxygen to the 7r-allyl intermediate before the abstraction of a second hydrogen 
yields a cr-allylic species. This a-allylic species is subsequently converted to the 
product acrolein. 
The space time runs for the oxidative conversion of 1-butene showed that a decrease 
in space time resulted in a decrease in the selectivity to 1,3-butadiene and an 
increase in the selectivity to the conjugated aldehyde 2-butenal which shows that 2-
butenal can be converted into 1,3-butadiene. In a series-parallel "rake" type 
mechanism, where each intermediate compound adsorbed on the catalyst surface can 
desorb, this would imply that the precursor of the conjugated aldehyde forms prior 
to the precursor of the diene in the chain of reactions on the catalyst surface. This 
can be visualized as follows. In the first step hydrogen is abstracted from 1-butene 
to form an allylic intermediate. In the second step a C-0 bond is formed to give a 
a-O-alkene intermediate. The reversible a-hydrogen abstraction can then yield 2-
butenal. 1,3 butadiene might then be formed via the desorption of the a-0 bonded 
T-allyl intermediate, which might be formed upon abstraction of the allylic hydrogen 
of the a-alkene intermediate. The difference to the oxidative conversion of propene 
might be due to the fact that their is no stable C3-diene. This proposed mechanism 
is similar to the proposed mechanism for the selective oxidation of propene (6) and 
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for the selective oxidation of ethane, where the formation of a metal-allyl ether 
yields the selective partial oxidation products, whereas the formation of metal-alky 1 
bond yields total oxidation (7). However, further investigation is necessary to proof 
this proposed reaction mechanism. 
The rate of consumption of olefins in the oxidative conversion reaction equals the 
sum of the rate of formation of the individual product compounds. The rates for the 
formation of partial oxidation products and oxidative dehydrogenation products 
showed the same trend when increasing the carbon number of the olefin. 
Furthermore as outlined in the mechanism proposed for the partial oxidation of 1-
butene, the formation of the partial oxidation product and of the dienes are thought 
to proceed along the same reaction pathway. Therefore they were investigated in one 
group. The same was observed for the rate of formation of cracking products and 
total oxidation products and both were therefore lumped together. Figure 5a shows 
the carbon number dependency of the sum of the rates of formation of partial 
oxidation and oxidative dehydrogenation for 350, 375 and 400° C. Both the dienes 
and the conjugated aldehyde might be formed from a 7r-allylic intermediate. A 
maximum rate for C 4 at the temperatures 375 and 400°C and for C 3 at 350°C can 
be seen, which steadily decreases towards almost zero for C 8 and C 9 . The existence 
of a maximum might be explained by a dual effect, viz. reduction of the electron 
density in the 7r-allylic species by hyperconjugation, thereby stabilizing this species 
on the catalyst surface, and shielding of both the allylic hydrogen atom thus 
inhibiting the formation of the T-allylic species and the double bond thus inhibiting 
the initial olefin adsorption. 
The rate of cracking and of total oxidation both increased with carbon number. The 
combined rate of cracking and of total oxidation increased dramatically with 
increasing carbon number (figure 5b). The reaction pathway of oxidative 
decomposition of a-olefins must involve the double bond via an adsorbed 7r-olefinic 
complex, because the oxidation of paraffins with the same catalyst and under 
identical reaction conditions was not feasible (van Steen, E.; Schnobel, M.; 
O'Connor, C.T., University of Cape Town, unpublished work) proving that the 
activation of the paraffinic C-H bond was not possible under the conditions applied. 
The strong increase in the cracking and total oxidation rate with carbon number 
might be explained by the enhanced strength of adsorption of the olefin on the oxide 
surface. However, an electronic effect caused by the change in alkyl chain length is 
a short range effect which might well explain the observed increase from C 2 to C 3 , 
but cannot explain the dramatic increase of these rates with carbon number. 
Increasing chain length causes a move effective shielding of the allylic hydrogen 
atom, which might therefore increase the probability of a direct attack on the double 
bond by a surface hydroxyl group thus yielding a surface alkyl species bonded to 
lattice oxygen resulting in C-C bond cleavage and the formation of both cracked 
products and total oxidation products (8). The rate of isomerization on a carbon atom 
basis was hardly affected by both carbon number and temperature. 

Conclusion 

The investigation of a set of linear a-olefins showed a strong influence of the chain 
length of the olefin on the reactivity and product distribution. The formation of 
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carbon number 

Figure 5. The rate of formation of some product groups as a function of carbon 
number at different temperatures over iron antimony catalyst 
a: rate of formation of partial oxidation and oxidative dehydrogenation products 
b: rate of formation of cracking and total oxidation products 
(pHC= 16 kPa; p02=34 kPa; pN 2 = 130 kPa; r<0.5s; mcat=0.5 g diluted with 4g 
sand) 
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partial oxidation products and oxidative dehydrogenation products are thought to 
proceed via a common reaction pathway. The rate of formation of partial oxidation 
products plus oxidative dehydrogenation products shows a maximum, which might 
be explained by a dual effect, i.e. the reduction of the electron density in the ir-
allylic radical and the shielding of both the double bond and the allylic hydrogen. 
An increase in the chain length of the a-olefin enhances the rate of formation of total 
oxidation and cracking products, probably due to inhibition of the formation of the 
T-allylic intermediate, which might be caused by shielding of the allylic hydrogen. 
The activation energy for the formation of cracking and total oxidation products is 
higher than for the formation of double bond isomerization products and oxidative 
dehydrogenation products. The activation energy for the formation of total oxidation 
products and cracking products increased with carbon number, whereas the activation 
energy for the formation of isomerization products and oxidative dehydrogenation 
products decreased with carbon number. 
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Chapter 21 

The Activity and Selectivity Properties 
of Supported Metal Oxide Catalysts 

During Oxidation Reactions 

I. E. Wachs, G. Deo, J-M. Jehng1, D. S. Kim2, and H. Hu 

Zettlemoyer Center for Surface Studies, Sinclair Laboratory, 
7 Asa Drive, Lehigh University, Bethlehem, PA 18015 

Structure-reactivity studies involving model supported metal oxide 
catalysts reveal that the efficiency of a particular selective oxidation 
reaction depends on the specific supported metal oxide species, the 
coverage of the surface metal oxide species, the oxide support, and the 
presence of secondary metal oxide additives. In situ Raman 
spectroscopy, activity, and selectivity of the partial oxidation of 
methanol, alkanes, and the selective catalytic reduction of NO with 
ammonia are discussed with respect to the above factors for supported 
metal oxide catalysts. 

Supported metal oxide catalysts are extensively employed in the petrochemical and 
pollution control industries as oxidation catalysts. For example, titania supported 
vanadia catalysts are used for the selective oxidation of o-xylene to phthalic anhydride, 
ammoxidation of aromatic methyl groups and the selective catalytic reduction (SCR) of 
N O x with ammonia. The active redox components (V, Mo, Cr or Re) of supported 
metal oxide catalysts are present as two-dimensional metal oxide overlayers on the high 
surface area oxide supports (e.g., titania, alumina, silica, niobia, zirconia, etc.). Such 
supported metal oxide catalysts are also ideal model systems to study the fundamental 
aspects of selective oxidation reactions because the active surface redox sites can be 
molecularly characterized with in situ Raman, IR, solid state NMR, DRS and 
EXAFS/XANES. Furthermore, the environment around the active redox sites can also 
be varied by changing the surface metal oxide coverage, changing the specific oxide 
support or by the addition of secondary metal oxide additives (e.g., oxides of W, Nb, P, 
etc.) to the two-dimensional overlayer. In the present investigation, Raman 
1Current address: Department of Chemical Engineering, National Chung Hsing University, 
Taichung, Taiwan, Republic of China 

2Current address: Research and Development Division, Daelim Engineering Company, 
Limited, Seoul, Korea 

0097-6156/96/0638-0292$15.00/0 
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21. WACHS ET AL. Supported Metal Oxide Catalysts During Oxidation 293 

spectroscopy was primarily employed to obtain information about the molecular 
structures present in the two-dimensional overlayers and methanol oxidation was 
primarily used to chemically probe the surface redox as well as acid sites. Combination 
of this information with catalytic data for the selective oxidation of alkanes and the 
selective reduction of NO with ammonia has provided new insights into the origin of 
the activity and selectivity properties of supported metal oxide catalysts during 
oxidation reactions. 

Molecular structures of the surface metal oxide species 

The molecular structures of the oxidized and dehydrated surface metal oxide species 
have been extensively investigated with in situ Raman spectroscopy as well as other 
spectroscopies and have been reported elsewhere (1-8). Surface rhenium oxide species 
are present as isolated, tetrahedrally coordinated Re04 species (2). In contrast, surface 
chromium oxide species are primarily present as polymerized surface C1O4 species (3). 
Surface vanadium oxide species are also tetrahedrally coordinated and favor isolated 
surface species at low coverages and polymerized surface species at high coverages (4-
7). Surface molybdenum oxide species favor isolated, tetrahedral coordination at low 
coverages and polymerized, octahedral species at high coverages (8). An exception to 
the above trends is when silica is employed as a support since the surface metal oxide 
species are usually not polymerized on the silica surface due to the low surface metal 
oxide densities achievable on this somewhat unreactive substrate. All the surface metal 
oxide species form highly distorted structures containing terminal M=0 bonds and 
bridging M-O-M bonds where M represents the same or another surface metal oxide 
species or the oxide support (1-8). 

The influence of different reaction environments upon the state of the surface 
metal oxide species during oxidation reactions have recently been investigated with in 
situ Raman spectroscopy. During methanol oxidation, a significant portion of the 
surface metal oxide species are reduced and the fraction reduced is not a function of the 
specific oxide support (9,10). In contrast, the fraction of the surface vanadia species 
reduced during alkane (methane and butane) oxidation is a function of the specific 
oxide support (11J 2). During alkane oxidation the surface vanadia species are not 
reduced for V205/Si02, but are partially reduced for X^O/TiCfe, V2O5/Z1O2, 
V2O5/N02O5, V205/CeO2 and V205/Sn02. The selective catalytic reduction of NO with 
ammonia at elevated temperatures appears to cause only slight or no reduction of the 
surface vanadia species on titania because of the very low concentrations of ammonia 
and the high concentrations of oxygen typically employed for this commercial reaction 
(13). Thus, under oxidation reaction conditions, both fully oxidized and partially 
reduced surface metal oxide species are present and the extent of reduction appears to 
depend on the reducing power (defined as the ability to reduce the surface metal oxide 
active site) of the specific reactant molecule (methanol > butane ~ methane), the 
concentration of the reactant molecules (NO reduction with ammonia) and the specific 
oxide support. 

The molecular structures of the secondary surface metal oxide additives (e.g., 
oxides of W, Nb and P) have also been determined (14). The surface tungsten oxide 
and niobium oxide species are primarily present as highly distorted, octahedrally 
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294 HETEROGENEOUS HYDROCARBON OXIDATION 

coordinated species and the surface phosphorous oxide species possesses tetrahedral 
coordination. These surface metal oxide additives are generally non-reducible under 
most reaction conditions, but may become partially reduced at elevated temperatures 
on certain oxide supports. 

Catalytic activity 

The reactivity properties of supported metal oxide catalysts during methanol oxidation 
have been recently reviewed and will only be briefly discussed here (1). The two-
dimensional nature of the active surface metal oxide species allows the reaction rates to 
be expressed as turnover frequencies (TOF), which is the number of methanol 
molecules converted per active redox atom per second. The methanol oxidation TOF 
was found to essentially be independent of the surface coverage of the surface redox 
sites which suggests that this oxidation reaction requires only one surface redox site to 
proceed. A similar conclusion was also reached for methanol oxidation over model 
Keggin metal oxide catalysts (15,16). The methanol oxidation TOF was also not 
influenced by the presence of other non-reducible surface metal oxide species in the 
two-dimensional overlayer (e.g., oxides of W, Nb, Si and S) and is consistent with the 
conclusion that only one redox site is required for this reaction (14). However, the 
specific oxide support had a pronounced effect on this reaction and the TOF varied by 
several orders of magnitude (Ce > Ti ~ Zr > Nb > Al > Si) (1) as shown in Table I. It 
has been proposed that the origin of this dramatic support effect is due to the 
involvement of the bridging M-O-support bonds in the rate determining step and the 
observed trend correlates with the basicity or electronegativity of the oxygens 
associated with the oxide support. Recent theoretical calculations are in agreement 
with this model (17-19). The specific surface redox site also had an effect on the TOF 
and the surface V and Re oxides were approximately an order of magnitude more 
active than the surface Mo and Cr oxides. Thus, for oxidation reactions requiring only 
one surface redox site the TOF is only influenced by the specific oxide support and the 
specific surface redox site. 

Table L The TOF of methanol oxidation over supported vanadia catalysts as a 
function of the oxide support 

l%Vj05on TOF(sl) 
oxide support 

CeCb -lxlO 1 

TiOi 2.0x10° 
Z1O2 1.6x10° 
NkOs 8.0X10"1 

Al2Os 3.6xl0"2 

SiOz 3.9xl0-3 
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The TOF for the oxidation of alkanes over supported vanadium oxide catalysts 
behaved very similarly to the TOF for methanol oxidation (11,12,20): the TOF was 
independent of surface vanadia coverage and secondary non-reducible surface metal 
oxide additives, but significantly varied with the specific oxide support. This suggests 
that activation of alkanes requires only one surface redox site. 

In contrast to the above oxidation reactions, the SCR of NO with ammonia 
exhibits a TOF that is a strong function of surface coverage and the presence of non
reducible surface metal oxide additives (21). This TOF pattern suggests that the SCR 
reaction requires two surface sites to proceed: a surface redox site and an adjacent 
surface non-reducible metal oxide site (21-23). The SCR TOF also varied with the 
specific oxide support and the specific surface metal oxide redox site since these 
parameters control the redox properties of the surface metal oxide species (21,24,25). 

Catalytic selectivity 

The selectivity properties of supported metal oxide catalysts during methanol oxidation 
to formaldehyde depend on the specific oxide support, the specific surface metal oxide 
redox site and the surface coverage. Comparision of the Lewis acidity data from 
pyridine adsorption experiments (strength of Lewis sites Al > Nb > Ti ~ Zr and no acid 
sites on Si (26)) and the methanol oxidation activity and selectivity data of the oxide 
supports (27) suggests that the surface Lewis acid sites present on the oxide supports 
are responsible for the non-selective formation of dimethyl ether and the surface redox 
sites present on zirconia are responsible for the formation of methylformate as shown in 
Table H (27). In all cases, the contribution of the support towards these side reactions 
is minimized as the surface coverage of the surface metal oxide redox sites is increased 
towards monolayer coverage as shown in Table HI for supported vanadium oxide 
catalysts (9,27). The highest formaldehyde selectivities were found for the titania 
supported metal oxide catalysts because titania possessed the weakest Lewis acid sites 
and did not possess significant surface redox sites. The selectivity towards 
formaldehyde was strongly dependent on the specific surface metal oxide redox site for 
titania supported catalysts (V (95-99%) > Mo (75-82%) > Cr (70%) ~Re (70%)) 
where the primary side reaction was the formation of methylformate (28,29). The 
formation of methylformate correlated with the intrinsic acidic properties of these metal 
oxides (30,31). The addition of non-reducible surface metal oxide species (W, Nb, Si 
and S) to the two-dimensional surface metal oxide overlayer did not influence the 
selectivity towards formaldehyde as shown in Table IV (14,21). Thus, the most 
selective supported metal oxide catalyst for methanol oxidation to formaldehyde 
consisted of the surface metal oxide redox site that possessed the weakest acidic 
character, vanadium oxide, and the oxide support that possessed both weak surface 
acid and redox sites, titania. 

The selectivity pattern for alkane oxidation over the supported vanadia catalysts 
depended on the specific alkane oxidation reaction. For methane oxidation over silica 
supported vanadia catalysts, the selectivity was a function of methane conversion since 
formaldehyde was further oxidized to carbon monoxide. At the high temperatures 
required to conduct this oxidation reaction, the fate of gas-phase methyl radicals may 
also be an important parameter on the reaction selectivity (11). The selective oxidation 
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of methane over supported vanadia catalysts was also very sensitive to the specific 
oxide support since formaldehyde could be further oxidized to carbon dioxide 
depending on the reducibility of the oxide support (Sn > Ti > Si) (11). The selectivity 
of propane oxidation to propylene was not a function of the surface vanadia coverage 
or propane conversion (20). The selectivity of butane oxidation to maleic 
anhydride/acid was not a strong function of the specific oxide support, but was 
influenced by the surface coverage (12). The selectivity to maleic increased with 
surface coverage which reflects the higher efficiency of this reaction path when two 
adjacent surface vanadia species are present. The introduction of surface Lewis acid 
sites, surface niobia and tungsten oxide species, slightly increased the maleic selectivity. 
Thus, the selectivity of alkane oxidation reactions involving only the abstraction of 

hydrogen is less sensitive to their immediate environments than alkane oxidation 
reactions involving the insertion of oxygen. 

Table IL The activities and selectivities of the oxide supports during methanol 
oxidation 

Oxide Support Activity Selectivity (%) 
(mol CH^OH conv./ FA MF DMM DME COx 

ghr) 

AI2O3 3.7x10° 100 
N02O5 l.OxlO"2 — 100 — 
TiCb 2.0xl0"3 — 91 9 
Z1O2 2.0xl0"2 - 86 - Tr 14 
SiCb 2.6X10"4 

- - - 15 85 

Table DuL The methanol oxidation selectivities as a function of surface coverage 
for V2O5/AI2O3 catalysts 

Catalyst Selectivity(%) 
FA MF DMM DME c a 

AI2O3 100 
1%V205/A1203 <1 - - 99 — 
3%V205/A1203 2 - - 97 Tr 
10%V2O5/Al2O3 16 - Tr 84 — 
15%V205/A1203 22 - 1 77 — 
20%V2O5/Al2O3 4 6 - 3 50 Tr 

The selective formation of nitrogen during the SCR of NO with ammonia is 
dependent on the specific oxide support, the specific surface metal oxide redox site, 
surface coverage and the presence of non-reducible surface metal oxide species (21,25). 
The selectivity pattern follows the same trend as observed for methanol oxidation to 

formaldehyde (V > Cr > Re) and suggests that it is related to the intrinsic properties of 

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
O

ct
ob

er
 1

1,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
3,

 1
99

6 
| d

oi
: 1

0.
10

21
/b

k-
19

96
-0

63
8.

ch
02

1

In Heterogeneous Hydrocarbon Oxidation; Warren, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



21. WACHS ET AL. Supported Metal Oxide Catalysts During Oxidation 297 

the specific surface metal oxide species. However, the selectivity decreases with 
increasing coverage due to oxidation of ammonia by too many adjacent surface redox 
sites at elevated temperatures. The selectivity may also be decreased by the addition of 
non-reducible secondary surface metal oxide additives that may become active for the 
oxidation of ammonia at elevated temperatures on a reducible oxide support such as 
titania. The selectivity is also dependent on the specific oxide support (Ti > Al > Si). 
Thus, the selectivity of the SCR reaction is sensitive to all variations since it is a 
reaction that requires two adjacent sites. 

Table TV. Effect of additives on the selectivity of methanol oxidation 

Catalyst Selectivity(%) 
FA MF DMM DME COx 

l%V205/Ti02 99+ - Tr 
6% N02O5/ 1% ViOs/TiCb 97 - 2 1 -

7% WO3/ 1% VzOs/TiCb 93 - 5 2 — 

3%Si02/l%V205/Ti02 96 - 3 Tr Tr 

Conclusions 

Under oxidation reaction conditions, the surface metal oxide species may exhibit both 
fully oxidized and partially reduced surface redox sites. The extent of reduction 
depends on the reducing power of the reactant (methanol» butane ~ methane) as well 
as the concentration of the reducing agent (e.g., SCR of NO with ammonia). The 
specific oxide support may also influence the extent of reduction of the surface metal 
oxide species for certain reactions (e.g., during alkane oxidation Sn > Ti ~ Zr > Al > 
Si). 

The TOF of a specific oxidation reaction depends on the specific oxide support 
and the specific surface redox site. In general, the more reducible oxide supports result 
in more active ligands for the surface metal oxide species (Sn > Ce > Zr ~ Ti > Nb > Al 
> Si). For oxidation reactions that require one surface redox site (e.g., methanol, 
methane, propane and butane), the TOF is generally not influenced by surface metal 
oxide coverage and the presence of non-reducible secondary surface metal oxide 
additives. For oxidation reactions that require more than one surface site, two surface 
redox sites or a surface redox site and an adjacent surface acid site (e.g., SCR of NO 
with ammonia), the TOF is influenced by surface metal oxide coverage and the 
presence of secondary metal oxide species. 

The selectivity properties of a specific oxidation reaction may depend on the 
nature of the oxide support, the surface metal oxide species, the surface coverage of the 
surface metal oxide species and the presence of secondary surface metal oxide 
additives. Surface vanadium oxide species appear to be the most selective surface 
redox sites during oxidation reactions. For methanol oxidation to formaldehyde, the 
most selective supported metal oxide catalyst consists of the surface metal oxide redox 
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site that possesses the weakest acidic character and the oxide support that possesses 
both weak surface acid and redox sites: V205AriC>2. These same properties are also 
responsible for making the X^Os/TiC^ catalyst system one of the most selective 
catalysts for the SCR of NO with ammonia and oxidation of butane to maleic 
anhydride. For methane oxidation to formaldehyde, which generally occurs at much 
higher temperatures than the other oxidation reactions, a relatively inert oxide support, 
essentially possessing no surface acid or redox sites, that will minimize the 
decomposition of gas-phase methyl radicals and the further oxidation of formaldehyde 
is required and the most effective catalyst is V^s /S iO^ Surface coverage of the 
surface metal oxide species is generally an important parameter in modulating the 
selectivity since it can suppress side reactions that are associated with the oxide support 
(e.g., methanol oxidation and methane oxidation) and affect reactions that require two 
adjacent sites (SCR of NO with ammonia and the selective oxidation of butane to 
maleic anhydride). Similarly, secondary surface metal oxide additives can also 
modulate the reaction selectivity by influencing side reactions or enhancing the desired 
reaction (especially if the reaction requires two adjacent surface sites). Thus, each type 
of oxidation reaction has specific selectivity requirements which depend on the 
functional groups to be oxidized. 
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Chapter 22 

Development of Hydrotalcite Catalysts 
in Heterogeneous Baeyer—Villiger Oxidation 

Kiyotomi Kaneda and Shinji Ueno 

Department of Chemical Engineering, Faculty of Engineering Science, 
Osaka University, Toyonaka, Osaka 560, Japan 

Hydrotalcites catalyze the Baeyer-Villiger oxidation of various ketones 
using a combination oxidant system composed of molecular oxygen 
and benzaldehyde to give high yields of lactones and esters. The 
catalytic reaction depends on the basic character of the hydrotalcites. 
Multi-metallic hydrotalcites having the elements Fe, Ni, or Cu in the 
Brucite-like layers of the hydrotalcites give the highest yields of 
oxidation products. 

In 1990, we reported that Ru compounds in the presence of molecular oxygen and 
aldehyde catalytically cleaved carbon-carbon double bonds of terminal olefins to 
give the corresponding carboxylic acids and ketones. We also showed that peracids 
and/or peroxyaldehydes generated in situ from the reaction of molecular oxygen 
with aldehyde oxidize Ru0 2 to higher oxidation states of ruthenium, e.g., Ru04. (7) 
Using the above combined oxidant of molecular oxygen and aldehyde, many selective 
oxidations catalyzed metal compounds have been explored. 

• Epoxidation (2-18) 
• Baeyer-Villiger oxidation (77,16,19-22) 
• Oxidation of alkanes and aromatic compounds (77,16,18, 23-28) 
• Oxidation of aldehydes, alcohols and sulfides (16,29-31) 

We also found that the combined oxidant has potential for the epoxidation of olefins 
and the Baeyer-Villiger oxidation of ketones (Eq.l) even in the absence of metal 
catalysts. (32, 33) 

Ο C H O Ο 
Ο 
C - O H 

11 
+ (1) 

0097-6156/96/0638-0300$15.00/0 
© 1996 American Chemical Society 
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22. KANEDA & UENO Hydrotalcite Catalysts in Baeyer-Villiger Oxidation 301 

Hydrotalcites consist of Brucite-like layers (34) with positive charge and anionic 
compounds in the interlayer to form neutral materials. Mg 6Al 2(OH) 1 6C0 3, a prototype 
of the hydrotalcites was originally found as a mineral clay. Recently, many kinds of 
hydrotalcites have been synthesized using various elements in the Brucite-like layer, 
e.g., Al, Mg, Fe, and Ni, and anionic compounds in the interlayer, e.g. halogenated, 
metal complex, organic acid, and heteropolyacid anion. (34) Combination of the 
elements, change of element ratios in the Brucite-like layer, and selection of anionic 
compounds can tune the basicity of the hydrotalcites and the interlayer distance. (35) 
It has been known that base and acid compounds acted as promoters of the Baeyer-
Villiger oxidation of ketones with organic peracids. (36, 37) The tunable basic 
character of the hydrotalcites has attracted considerable interest and the effect on the 
Baeyer-Villiger oxidation is the subject of this paper. The oxidation of various 
ketones in the presence of the combined oxidant is reported with emphasis on the 
following three cases. 

• Baeyer-Villiger oxidation in the absence of metal catalysts. (33) 
• Baeyer-Villiger oxidation using various kinds of hydrotalcites with different 

ratios of the Mg/Al and interlayer anions. (38) 
• Catalysis of functionalyzed hydrotalcites containing various transition 

metal elements, e.g., Ni, Fe, and Cu. (39) 

Experimental 

1) General 
NMR spectra were obtained at JNM GSX270 with tetramethyisilane as an 

internal standard. IR spectra were recorded on a Hitachi EPI-G. Analytical GLC was 
performed with OV-17, Silicone SE-30 and SPB™-l(Fused Silica Capillary, l.Oumdf) 
columns on an instrument equipped with a flame ionization detector. Powder X-ray 
diffraction patterns were obtained using a Shimazu VD-1 diffractmeter using Cu Ka 
radiation. 

Aldehydes were purified according to the literature (40) and stored under an 
argon atmosphere. Solvents, such as carbon tetrachloride and 1,2-dichloroethane 
etc., were purchased from Wako Chemicals as special grade and dried with MgSO^ 
followed by distillation under a nitrogen atmosphere. Ketones were also purchased 
from Wako Chemicals and dried with MgS04, followed by distillation. Ketones of 
4-terf-butylcyclohexanone, norcamphor, 2-adamantanone, p-methoxyacetophenone, 
and benzylphenylketone were recrystallized before use. m-CPBA was purchased 
from Nacalai tesque and used without further purification. A1(N03)39H20, Al(OH)3, 
Mg(NC>3)2-6H20, Mg(OH)2, N K N O ^ H j O , Cu(NC>3)23H20, and Fe(N03)39H20 
were purchased from Wako Chemicals as special grade. 

2) Preparation of various hydrotalcites 
Mg6Al2(OH)1 6C03, Mg3Al(OH)8Cl, Mg4Al2(OH)12(C6H4(C02)2), and M g 2Al(OH) 6 

(p-S03CH3C6H4) were prepared by literature procedures. (34,41-43) Various multi-
metallic hydrotalcites were prepared by a modification of the above method. (34) A 
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302 HETEROGENEOUS HYDROCARBON OXIDATION 

typical example is for Mg 6Al 2M 0 L 6(OH) 1 7 2CO 3. Ni(NO^)a-6HaO (0.003mol), 
Mg(NC>3)2-6H20 (0.03mol), and A1(N03)39H26 (O.Olmol) were dissolved in water 
(100ml). A second water solution (60 ml) of Na 2C0 3 (0.03mol) and NaOH (0.07mol) 
was prepared. The first solution was slowly added to the second. The resulting 
mixture was heated at 65°C for about 18 h with good mixing. The greenish slurry 
was then cooled to room temperature, filtered, washed with a large amount of water 
and dried overnight at 110°C. From the XRD spectrum, the basal spacing was 
7.82A. 

3) General procedure for the Baeyer-Villiger oxidation 
Into a three necked flask with a reflux condenser cooled at -15°C were placed 

hydrotalcite (25mg), benzaldehyde (12mmol), and 1,2-dichloroethane (15ml). Oxygen 
was bubbled into the stirred heterogeneous mixture at 40°C for 30 min. A 1,2-
dichloroethane solution (5ml) of ketone (4mmol) was added and the resulting mixture 
was stirred with bubbling of oxygen at 40°C for 4.5h. Hydrotalcite was separated by 
filtration and the filtrate was treated with Na2S03 and NaHC03. Removal of the 
solvent under reduced pressure afforded a clear liquid, which was subjected to 
column chromatography on silica gel (hexane / ethyl acetate, 3:1 ) giving the 
corresponding pure ester. 

4) Baeyer-Villiger oxidation using m-CPBA 
A typical example of the title reaction is for 2-methylcyclopentanone. Into a three 

necked flask with a reflux condenser cooled at -15°C were placed Mg l0Al2(OH)7ACO3 

(25mg), 2-methylcyclopentanone (2mmol), m-chloroperbenzoic acid (3mmol), and 
1,2-dichloroethane (15ml). The resulting mixture was stirred at room temperature 
for 5 h. GLC analysis of the reaction mixture showed 94% yield of 5-
methylvalerolactone. A similar reaction procedure was operated in the absence of 
the hydrotalcite and the lactone was formed in 12% yield after 5 h. 

5) Reuse experiments of various hydrotalcites 
Into a three necked flask with a reflux condenser cooled at -15°C were placed 

Mg1 0Al j<OH)24C03(25mg), benzaldehyde (12mmol), and 1,2-dichloroethane (15ml). 
Oxygen was bubbled into the stirred mixture at 40°C for 30 min. A 1,2-dichloroethane 
solution (5ml) of cyclopentanone (4mmol) was added and the resulting mixture was 
stirred with bubbling of oxygen at 40°C for 4.5h. GLC analysis of the reaction 
mixture showed 90% yield of 6-valerolactone. The hydrotalcite was washed with 
3x10ml saturated NajCX^ solution and 5x10ml of water, and dried at 50°C in vacuum 
overnight. IR and XRD spectra of the washed hydrotalcite did not change appreciably. 
For a reuse experiment of the hydrotalcite catalyst, a half scale mole reaction of 
cyclopentanone (2mmol) with benzaldehyde (6mmol) in 1,2-dichloroethane (10ml) 
was carried out in the presence of the spent hydrotalcite (12.5mg). After 5 h, the 
lactone was formed in 80% yield. On the other hand, the spent Mg-Al-Fe-C03 

hydrotalcite was used without the above aqueous Na 2C0 3 treatment for the Baeyer-
Villiger oxidation of cyclopentanone and gave 81% yield of 6-valerolactone without 
appreciable loss of catalytic activity, viz. 83% yield for fresh catalyst. 
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6) Measurement of base strength distribution on hydrotalcites (44) 
Measurement of base strength on hydrotalcites was carried out by indicator 

method. Distilled cyclohexane was poured into the flask containing hydrotalcite 
evacuated at 150°C under an Ar atmosphere. Then an indicator benzene solution of 
2,4-dinitroaniline (pKBH=15.0) or 4-chloro-2-nitroaniline (pK^ll.2) was added into 
the above solution. The colour of indicator changed to violet or orange from yellow 
in both indicators, respectively. The quantity of bases was measured by titration 
method using benzoic acid titres. The results are shown in Table I. 

Results and Discussion 

1) Baeyer-Villiger oxidation without metal catalysts 
We have already reported that both epoxidation and oxidative cleavage of olefins 

using the system consisting of aldehydes and molecular oxygen were strongly 
dependent on the kinds of aldehydes used . (7,52) The effect of the aldehyde 
components in the oxidation system was examined on Baeyer-Villiger oxidation of 
cyclohexanone as a model substrate. Baeyer-Villiger oxidation of cyclohexanone 
with benzaldehyde smoothly occurred to give e-caprolactone at 40 °C and benzoic 
acid was also formed as a co-product. Aliphatic aldehydes, e.g., isobutyraldehyde 
and isovaleraldehyde having high reactivities for the epoxidation (52) showed lower 
yields of e-caprolactone than benzaldehyde. It became clear that the effectiveness of 
aldehydes is different between the Baeyer-Villiger oxidation and the epoxidation of 
olefins. In the screening of solvents in the cyclohexanone oxidation with benzaldehyde, 
carbon tetrachloride was the best solvent. 1,2-Dichloroethane, ethyl acetate, and 
benzene were good, while alcohols and acetonitrile were poor for this Baeyer-Villiger 
oxidation. 

The representative results of Baeyer-Villiger oxidation using the above best 
system of benzaldehyde and carbon tetrachloride under an oxygen atmosphere are 
shown in Table II. Monoalkyl substituted cyclohexanones were converted into the 
corresponding e-caprolactones in high yields; 2-methylcyclohexanone was oxidized 
into 84% of 6-methylcaprolactone (Run 5). 3-Methylcyclohexanone gave two 
regioisomers of 5-methylcaprolactone and 3-methylcaprolactone (ca. 1:1, Run 9). In 
the case of menthone, dialkyl substituted cyclohexanone, the Baeyer-Villiger oxidation 
occurred regioselectively via migration of the isopropyl substituted carbon to give 
6-isopropyl-3-methylcaprolactone (Run 10). Oxidation of cyclopentanone and 
norcamphor proceeded selectively in spite of slow rates, respectively (Runs 11 and 
12). 

As mentioned later, 1 3 C NMR analysis of the reaction mixture pretreated with 
oxygen gas showed formation of perbenzoic acid. Therefore, it is conceivable that 
this Baeyer-Villiger oxidation might occur mainly by an organic peracid generated 
from the reaction of an aldehyde with molecular oxygen. The three component 
system of aldehyde, molecular oxygen, and chlorohydrocarbon is a useful 
monooxygenation-type reagent for both Baeyer-Villiger oxidation of ketones and 
epoxidation of olefins even in the absence of metal catalysts. (21, 32, 33) A suitable 
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Table II. Baeyer-Villiger Oxidation of Various Ketones Using Benzaldehyde 
under Oxygen Atmosphere^ 

Run Substrate Products Reaction Time(h) Conv. (%) Yield (%)b) 

j! U 5 100 90(82) 
2C ) r S f'O 5 83 80 
3d) ^ W 5 77 77 
4 e ) 5 0 0 

88 85 
O 

lo 
7C ) V V - ^ 5 66 63 

O 
l O 

24 100 quantitative 

5 88 85 (80) 

(ca.1 :1) 

10 I I _l l _ ; P r 24 70 70 

5 9 0 8 4 (8°) 

o o 

<? 0 
o o 

o o 

o ; p r o <ca1:1> 

12 (^j* 5 63 63 

24 60 58 
O U 

^Reaction conditions: ketone 4 mmol, benzaldehyde 12 mmol, carbon tetrachloride 20 ml, 
O2 bubbling, 40 °C. ̂ Yields were determined by GC and based on ketones used. 
Isolation yields are in parenthesis. ch,2-Dichloroethane was employed instead of 
carbon tetrachloride. d)Ethyl acetate was used. ^Methanol was used. 

fb-Oxabicyclo[3.2.1]octa-2-one as a regioisomer (6%) was detected in NMR. 
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306 HETEROGENEOUS HYDROCARBON OXIDATION 

choice of aldehyde can lead to selective Baeyer-Villiger oxidation and epoxidation, 
respectively. 

Addition of benzoyl chloride to the above oxidation system could accelerate the 
Baeyer-Villiger oxidation to give high yields of lactones at a lower temperature of 
20 °C. Typical results are shown in Eqs. 2 and 3. We think that the role of benzoyl 
chloride might be to promote the yield of perbenzoic acid derived from oxidation of 
benzaldehyde. Notably, addition of benzoyl chloride does not lead troublesome workup 
because of its complete conversion to benzoic acid after the oxidation. 

O 0 
i ^ S benzaldehyde, Q 2 bubbling 90% yield QH5COCI(10mol%) 
Vjx' CH2CICIi>CI, 20 °C, 5h* y J 55% yield no addition 

benzaldehyde, 0 2 bubbling ^ 0 94% yield QHsCOCKIOmoP/o) 

Ptf CH2CIChtCI, 20 °C, 24h^ A y ° 70% yield no addition 

2) Baeyer-Villiger oxidation using hydrotalcite catalyst systems 
2-1) Catalyst effect: First, in order to examine whether hydrotalcites have catalytic 
ability in the Baeyer-Villiger oxidation, reactions of cyclopentanone as a model 
substrate using various hydrotalcites were carried out in the presence of a combined 
oxidant of benzaldehyde and molecular oxygen (Eq. 4). Results of the oxidation 

O 

hydrotalcite, benzaldehyde, 0 2 

1, 2-dichloroethane, 40 °C 
(4) 

with 1,2-dichloroethane as a solvent at 40 °C are shown in Table III. Baeyer-Villiger 
oxidation of cyclopentanone occurred selectively to give 6-valerolactone with a 
co-product of benzoic acid derived from benzaldehyde. Use of a mineral hydrotalcite, 
Mg eAl 2(OH) 1 6C0 3 (Mg/Al=3) gave 46% of 6-valerolactone for 5 h. In a series of 
hydrotalcites containing CO* anion (Runs 2-5), Mg10Al2(OH)24CO3(Mg/Al= 5) 
showed the highest catalytic activity; cyclopentanone could be converted into 6-
valerolactone in 90 % yield within 5 h. Other hydrotalcites of Mg/Al=l and 8 were 
not effective catalysts for the Baeyer-Villiger oxidation at the present conditions. 
Next, oxidations of cyclopentanone were carried out in the presence of hydrotalcites 
containing interlayer anions of CI" and p-toluenesulfonate in place of C0 3

2* with 
keeping a ratio of Mg/Al=5, respectively. Mg5Al(OH)12Cl gave 83% yield of the 
lactone, while the corresponding p-toluenesulfonate one was a poor catalyst for the 
oxidation. Further, other hydrotalcites of Mg4Al2(0H)12(C6H^(C02)2) and 
MgjAKOH^p-SOgCHjQHJ were tested as the catalyst, but gave low yields of the 
lactone, respectively. 
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Table III. Baeyer-Villiger Oxidation of Cyclopentanone 
Using Various Hydrotalcitesa^ 

Run Catalyst Conv. (%) Yield (%) 

1 No Catalyst 45 40 

2 M g 2 A I 2 ( 0 H ) 8 C 0 3 57 45 

3 M g 6 A I 2 ( O H ) 1 6 C 0 3 
56 46 

4 M g 1 0 A I 2 ( O H ) 2 4 C O 3 94 90 

5 M g 1 6 A I 2 ( O H ) 3 6 C 0 3 77 60 

6 Mg 4 AI 2 ( 0H) 1 2 (TA) b ) 56 37 

7 M g 2 A I ( 0 H ) 6 ( T S ) c ) 49 38 

8 Mg5AI(OH) 1 2 (TS) 44 44 

9 M g 5 A I ( O H ) 1 2 C I 93 83 

10 Mg(OH) 2 68 50 

11 AI(OH) 3 52 30 

a ) Reaction Conditions: cyclopentanone 4 mmol, benzaldehyde 12 mmol, 
1V 2-dichloroethane 20 ml, Catalyst 0.025 g, 0 2 bubbling, 40 °C, 5 h. 
b y TA=C 6 H 4 -1 ,4 - (C0 2 ) 2

 c r T S = C H 3 C 6 H 4 S 0 3 D
ow
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In a series of hydrotalcites containing CO* anion (Runs 2-5), the base strength 
distributions were measured by titration with different indicators. (44) For the 
Mg10Al2(OH)24CO3(Mg/Al= 5), 1.098 mmol of benzoic acid/g for 7.1-15.0 pK^ and 
0.23 mmol of benzoic acid/g for 15.0-17.2 pK^ were consumed, respectively. The 
hydrotalcite with Mg/Al=5 had the largest quantity of basic sites in the range of 
7.1- 15.0 p l ^ among the hydrotalcites.(see Table I.) It suggests that the quantity of 
basic sites at the low range of pK^ might be related to the catalytic activity for the 
Baeyer-Villiger oxidation. It is concluded that selection of the Mg/Al ratio and of 
interlayer anions must be important factors in designing more active hydrotalcite 
catalysts for this oxidation. 

2-2) Selection of reaction conditions: Oxidations of cyclopentanone using various 
aldehydes in the presence of Mg10Al2(OH)2AC03 were carried out under an oxygen 
atmosphere. Aromatic aldehydes had higher reactivity for the Baeyer-Villiger 
oxidation than aliphatic ones. p-Methylbenzaldehyde as well as benzaldehyde gave a 
high yield of 6-valerolactone. 

In examination of the reaction temperature, it was found that 40 °C was suitable 
for this oxidation and while increasing the temperature to 70 ° C lowered the yield 
of the lactone in spite of increasing the conversion of cyclopentanone. Generally, it 
is recommended that Baeyer-Villiger oxidations using organic peracids should be 
carried out below room temperature. (36) Under our oxidation conditions, in situ 
generation of perbenzoic acid from benzaldehyde might need higher temperature 
operation. 

Using benzaldehyde, the effect of various solvents on cyclopentanone oxidation 
was examined in the presence of Mgl0AA2(OH)2ACO3 at 40 °C. 1,2-Dichloroethane 
was the best solvent tried. Acetonitrile and ethylacetate gave moderate yields of 
6-valerolactone, 62 and 57%, respectively, while acetone and methanol were poor 
solvents. 

2-3) Reactivities of various ketones 
Using the above best reaction conditions, Mgl0M2(OH)24CO31 benzaldehyde / 

1.2- dichloroethane / 40 ° C, oxidations of various ketones were carried out under an 
oxygen atmosphere. 
a) cyclic ketones. Oxidation of cyclic ketones is summarized in Table IV. 
Cyclopentanone gave a high yield of 6-valerolactone.(vwfe supra) Similarly, Baeyer-
Villiger oxidation of alkyl substituted cyclopentanones, 2-methylcyclopentanone and 
2,2-dimethylcyclopentanone, occurred regioselectively to give 5-methylvalerolactone 
and 5, 5-dimethylvalerolactone as sole products, respectively. 94% yield of 5-
methylvalerolactone could be obtained from reaction of 2-methylcyclopentanone for 
5 h. The fact shows that hydrotalcites are excellent oxidation catalysts, when compared 
with other reagents. For example, oxidation of 2-methylcyclopentanone using m-CPB A 
gave 74% of 5-methylvalerolactone for 12 h (45) and use of H 2 0 2 resulted in a low 
selectivity for the Baeyer-Villiger oxidation. (46-48) Norcamphor as a bicyclic 
five-membered ring ketone showed a high reactivity; norcamphor was completely 
consumed after 3 h and afforded 86% 2-oxabicyclo[3.2.1]octa-3-one, accompanied 
by 5% of a regioisomer of 3-oxabicyclo[3.2.1]octa-2-one (Eq. 5). 
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Table IV. Baeyer-Villiger Oxidation of Cyclic Ketones in the Presence 
and the Absence of Mg10Al2(OH)24CO3a) 

Run Substrate Product Reaction Time (h) Conv., Yield(%) 

MgioAI 2(OH) 24C0 3 No Catalyst 

0 o 
94, 90(82) 45, 40 

0 0 

2 <y Cx s 96,95 10,8 

65, 61 trace 

100, 91(83)b> 26, 24 

0 2 

100, quantitative 
(85) 

oo on 

43, 43 

83 80 
6 U W 5 

0 0 

- O r ( 5 - • 

Oc., OU 

100,93 77, 74 

0 0 0 

• Cx Q - < 5 • 
0 0 

56, 48 51,47 

• <? p • 
63,53 50, 49 

a) Reaction Conditions: substrate 4 mmol, benzaldehyde 12mmol, 1, 2-dichloroethane20 ml, 
Catalyst 0.025g, 40 "C b^ 3-Oxabicyclo[3.2.1]octa-2-one as a regioisomer (6%) was detected 
in 'HNMR. 
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k Q hydrotalcite, benzaldehyde, 0 2 \ K 

05 1,2-dichloroethane,40°C,3h. ^ + Oo3 ( 5 ) 

86% 5% 

Six-membered ring ketones were also oxidized to give the corresponding lactones 
in high yields, respectively. In a series of methyl substituted cyclohexanones (Runs 
7-9), 2-methylcyclohexanone showed the highest reactivity for the Baeyer-Villiger 
oxidation to give one regioisomer product, while two regioisomers of 3-
methylcaprolactone and 5-methylcaprolactone were obtained in the case of 3-
methylcyclohexanone. Oxidation of 2-adamantanone, a cyclic six-membered ring 
ketone, was fast and afforded 4-oxahomoadamantan-5-one in an almost quantitative 
yieldfor5h(Eq. 6). 

hydrotalcite, benzaldehyde, 0 2 

1, 2-dichloroethane, 40 °C, 5 h. (6) 

quantitative 

b) acyclic ketones. Oxidation of acyclic ketones are shown in Table V . Among 
p-substituted acetophenone derivatives (Runs 1-3), p-methoxyacetophenone had the 
highest reactivity and gave p-methoxyphenylacetate in an almost quantitative yield 
for 24 h, while oxidation of acetophenone was very slow. Similar phenomena on 
p-substituent effect of acetophenone derivatives are usually observed in Baeyer-
Villiger oxidations with other reagents. (49) In reaction of pinacolone, 90 % yield of 
t-butylacetate was obtained as a sole Baeyer-Villiger product after 20 h (Eq. 7). 

hydrotalcite, benzaldehyde, 0 2 v. j? 

|T 1, 2-dichloroethane, 40 °C, 20 h. ^ x ^ " 0 
90% 

Such activity of the hydrotalcite can compete with other reported reagents for the 
oxidation of pinacolone, e.g., Ni / 0 2 / wovaleraldehyde (79), P11AS03HJ / H 2 0 2 (50), 
polymer-bound selenium complex / H 2 0 2 (46), and magnesium monoperphthalate. 
(51) Further, in the case of 3-methyl-2-butanone, 89 % of isopropylacetate was 
obtained after 24 h, accompanied by a small amount of methyl isabutylate. Similar 
regioisomer distributions of the esters are observed also in Baeyer-Villiger oxidation 
of pinacolone and 3-methyl-2-butanone using perorganic acids, which can be explained 
by aptitude of alkyl migration in a Criegee intermediate as follows: tertiary > secondary 
> primary > methyl. (52) l-Phenyl-2-butanone and benzyl phenyl ketone also could 
be oxidized to give the corresponding benzyl esters in high yields, respectively. On 
the other hand, reactions of 3-pentanone and 2,4-dimethyl-3-pentanone resulted in 
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Table V. Baeyer-Villiger Oxidation of Acyclic Ketones in the Presence and 
the Absence of Mg10Al2(OH)24CO3 a ) 

Run Substrate Reaction Time (h) Yield(%) 
Mg10AI2(OH)24CO3 No Catalyst 

0 
1 C H 3 0 — ^ ^ - C - C H 3 

24 quantitative 15 

0 

2 C H 3 - ^ ^ C - C H 3 24 35 23 

0 

3 ^ ^ - C - C H 3 24 11 trace 

24 26 14 

^ 0 
24 89 63 

e b ) > i r -
0 

20 90 38 

ib) >~n—< 
0 

24 21 8 

0 

8 < ^ C H 2 - C - ^ 24 62 6 

0 

9 ^ ^ C H 2 - C - C 2 H 5 24 89 59 

a ) Reaction conditions: Mg-Al-C03(Mg:Al=5:1) 0.05g, ketone 2 mmol, benzaldehyde 
6 mmol, 1,2-dichloroethane 20 ml, 40 °C. b)Catalyst 0.025g. 
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low yields of the Baeyer-Villiger products, respectively, under the present conditions. 
In comparison with oxidation of cyclic ketones discussed in a former section, acyclic 
ketones necessitates long reaction times to achieve high yields of esters. In many 
oxidizing reagents, reactivities of acyclic ketones for the Baeyer-Villiger oxidation 
are lower than those of cyclic ketone. (36) 

3) Baeyer-Villiger oxidation using m-CPBA 
We think that this Baeyer-Villiger oxidation using a combination system of 

molecular oxygen and benzaldehyde consists of the two steps of forming perbenzoic 
acid and of the oxygen transfer from perbenzoic acid to ketone.(Eqs. 8 and 9) In 

1) The step of generating peracid 

O O H 

X + °2 • A P <8> 
r\f H R{ O 

2) The oxygen transfer step of peracid 

O O H 0 O 

A * A> J U - A-H l9> 
Ri R2 O FV 0 r\( 0 
order to examine whether hydrotalcites accelerate the oxygen transfer step, the Baeyer-
Villiger oxidations using m-CPBA instead of a combination oxidant system of 
molecular oxygen and aldehyde was carried out with and without the hydrotalcite, 
respectively. The reactions of five-membered ring ketones in the presence of 
Mg 10A12(OH)24C03 gave higher yields of the corresponding lactones than those without 
the hydrotalcite. Particularly, in the presence of hydrotalcite, 2-methylcyclopentanone 
gave an almost quantitative yiled of 5-methylvalerolactone (Eq. 10), while the reaction 

without the hydrotalcite led to 12% of the lactone under the same reaction conditions. 
Notably, the strong catalytic effect of hydrotalcite could not be observed in the case 
of six-membered ring ketones. 

4) Catalysis of functionalyzed hydrotalcites 
It has been reported that transition metals, e.g., Ni, Fe, and Cu were effective 

catalysts for Baeyer-Villiger oxidation using a combination oxidant of molecular 
oxygen and aldehydes. (19-21) Various transition metal elements can be introduced 
into the Brucite-like layer in hydrotalcites to form multi-metallic hydrotalcites. (34) 
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If both basic and the transition metal active sites act cooperatively as a catalyst 
within hydrotalcites, it is expected that such designed hydrotalcites might have a 
highly catalytic activity for Baeyer-Villiger oxidation. Therefore, we prepared multi-
metallic hydrotalcites having transition metals of Fe(III), Ni(II), and Cu(II) in Brucite-
like layer. Baeyer-Villiger oxidations of various ketones using a combination oxidant 
of molecular oxygen and aldehydes were carried out in the presence of 
M g eAl 2R a 6(OH) 1 7. 2(C03) 1 3, M g e Al 2 M a 6 (OH) 1 T 2 C0 3 , and Mg.Al .CUo^OH),^^ 
Typical results are shown in Table VI together with those using Mg eAl2(OH)1 6C03. 
Three multi-metallic hydrotalcites had higher catalytic activities for the Baeyer-Villiger 
oxidation of many ketones than the MggAl̂ OH) 1 6C0 3 . In particular, the Mg-Al-Fe-C03 

hydrotalcite could efficiently oxidize various cyclic ketones to give high yields of 
the corresponding lactones, while the Mg-Al-Cu-C03 hydrotalcite showed high activity 
for bicyclic ketones. In changing the ratio of Mg to Cu, the hydrotalcite having Cu / 
(Mg+Cu)=0.5 gave the highest catalytic activity. 

5) Mechanism of Baeyer-Villiger oxidation 
During pretreatment of benzaldehyde solution with molecular oxygen, autoxidation 

of benzaldehyde occurred to give perbenzoic acid. Analysis of the resulting solution 
by 1 3CNMR showed formation of perbenzoic acid at 168.0 ppm due to 0=COOH in 
CDC13, whose value was in fair agreement with that of an authentic sample. It can be 
thought that the oxidation using a combination system of molecular oxygen and 
benzaldehyde consists of the two steps of generating the peracid and of the oxygen 
transfer of the peracid to the ketone in Eqs. 8 and 9. Using m-CPBA as an oxidant 
occurred Baeyer-Villiger oxidation smoothly in the presence of hydrotalcite (vide 
supra). The above result shows that hydrotalcites contribute strongly to the oxygen 
transfer step to afford ester and benzoic acid. It has been reported that Baeyer-Villiger 
oxidation using perorganic acids was promoted by basic compounds, e.g., Na 2C0 3 

and NaHC03. (53, 54) Therefore, we think that basic character of hydrotalcites plays 
an important role in the above Baeyer-Villiger oxidation. Figure 1 shows a possible 
mechanism of the Baeyer-Villiger oxidation using hydrotalcites. Reaction of hydroxyl 
group on hydrotalcite surface with perbenzoic acid gives metal perbenzoate and 
H 20. The perbenzoate attacks ketone to form a metal alkoxide intermediate which 
undergoes rearrangement to give lactone or ester, and benzoic acid. On the other 
hand, the reaction of perbenzoic acid with ketone gives a Criegee intermediate. The 
hydroxyl group promotes the rearrangement step of the Criegee intermediate. As 
mentioned in a previous section, Mg ^1(0\\)7AC03 showed the highest catalytic 
activity for the Baeyer-Villiger oxidation and had the largest quantity of the bases at 
the low strength range of 7.1-15.0 pK^. The above results indicate that this oxidation 
might favor the hydrotalcites having not strong basicity but weak one. 

Introduction of transition metals of Fe, Ni, and Cu into the Brucite-like layer 
leads to increases in the catalytic activity for the Baeyer-Villiger oxidation. Clearly, 
in the oxidation using a combination system of molecular oxygen and benzaldehyde, 
the transition metals in the hydrotalcites promote the oxygen transfer step of the 
perbenzoic acid to the ketone because multi-metallic hydrotalcites catalyzed the 
Baeyer-Villiger oxidation using m-CPBA. At present, we have not mentioned clearly 
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the role of transition metals in the Baeyer-Villiger oxidation. The transition metals 
might accelerate autoxidation of benzaldehyde to form perbenzoic acid. (55) 

Since the hydrotalcites acted as heterogeneous catalysts, they could be expected 
to be reusable catalysts for the Baeyer-Villiger oxidation. In oxidation of 
cyclopentanone, the catalytic activities of the spent hydrotalcites were examined in 
two cases of Mg 1 0Al 2(OH)2AC03 and Mg-Al-Fe-C03 under the same conditions as 
fresh hydrotalcites. The spent Mg10Al ^OH^CC^ hydrotalcite had an extremely low 
catalytic activity , but treatment of the hydrotalcite with aqueous Na 2C0 3 solution 
regenerated the activity to give a satisfactory yield of 6-valerolactone. On the other 
hand, oxidation with the spent Mg-Al-Fe-C03 hydrotalcite could give a high yield of 
6-valerolactone even without the aqueous Na2C03treatment. This result shows that 
introduction of some transition metals into the Brucite-like layer not only increases 
the catalytic activity of hydrotalcites, but also prevents catalyst deactivation. 

Conclusions 

Hydrotalcites catalyze the Baeyer-Villiger oxidation of various ketones using a 
combination oxidant system of molecular oxygen and benzaldehyde to give high 
yields of lactones and esters. The catalytic reactions can be explained in terms of the 
basic character of the hydrotalcites. Use of multi-metallic hydrotalcites having Fe, 
Ni, or Cu in the Brucite-like layer can lead to higher yields of the oxidation products, 
which might be due to the cooperative action between the basic sites of the hydrotalcites 
and the transition metal sites. These results give insight for the preparation of highly 
functionalized hydrotalcite catalysts for organic syntheses. Since hydrotalcites act as 
heterogeneous catalysts, there are advantages of easy separation of the hydrotalcites 
from the reaction mixture after the oxidation and of reuse of the catalysts. 
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Chapter 23 

The Oxidative Ammonolysis of Ethylene 
to Acetonitrile over γ-Al2O3-Supported 

Molybdenum Catalysts 

I. Peeters, J. van Grondelle, and R. A. van Santen 

Schuit Institute of Catalysis, Eindhoven University of Technology, 
P.O. Box 513, 5600 MB Eindhoven, Netherlands 

The reaction of ethylene with ammonia, without gaseous oxygen, to 
acetonitrile over γ-Al2O3 supported molybdenum catalysts was 
studied. The effects of molybdenum loading and pretreatment on 
the catalytic activity were investigated. Experiments showed that 
the activity at the semi-steady-state is highly structure sensitive. 
Pretreated in oxygen, the catalyst is highly selective towards 
CH3CN, with COx formed as side product. Pretreated in hydrogen, 
the catalyst is more active but less selective, with ethane formed as 
side product. Two mechanisms were deduced: 
1) ammoxidation mechanism with consumption of lattice oxygen. 
2) oxidative ammonolysis with coproduction of ethane, without 
lattice oxygen consumption. 
The steady-state activity was independent of pretreatment and no 
oxygen containing products were observed, indicating that 
mechanism 1) can gradually change into 2) when removable lattice 
oxygen becomes depleted. The product distribution indicated that 
the mechanisms can be active simultaneously and separately. 
Mechanism 2 appeared to be operational on a MoO2-like structure. 

Acetonitrile is a well-known polar solvent. Although one of the more stable nitriles, 
it can be used as a reactant in a wide range of typical nitrile reactions, such as the 
synthesis of amides, amines and isocyanates.(7,2) A multitude of different 
processes are known to produce acetonitrile, such as the decomposition of alkyl 
amines(5 ,4) Also, reactions of ammonia with ethanol(5), acetic acid, acetic 
anhydride or thermal decomposition of several nitrogen containing compounds, and 
reactions of cyanogen, hydrocyanic acid or ammonia with hydrocarbons all yield 
acetonitrile(r5,7). The most extensively studied system is the 

0097-6156/96/0638-0319$15.00/0 
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320 HETEROGENEOUS HYDROCARBON OXIDATION 

formation of acetonitrile from CO, H 2 and NH3.(6,# ,9) For this reason, catalysts are 
most frequently based on molybdenum(70 ,77 ) or iron oxides(72 ,13 ) on silica or 
alumina supports. The addition of silver, copper, rhodium(70), manganese and alkali 
earths(#) is mentioned to improve the selectivity to acetonitrile considerably. H C N 
has been suggested as the principal intermediate for this reaction.(77) So basically, 
acetonitrile is produced by catalytic decomposition of higher molecules, or by 
substitution of oxygen with nitrogen. C H 3 C N and H C N are the main side products of 
the propylene ammoxidation over Bi/Mo catalysts (Sohio process) and in some 
plants acetonitrile is recovered and purified.(7,2) 
Much research has been done on allylic (amm)oxidation of olefins over molybdenum 
containing catalysts. [14 ] However, little is known about vinylic (amm)oxidation. 
Here we report the formation of C H 3 C N from ammonia and ethylene as reactants 
over y - A l 2 0 3 supported molybdenum catalysts. To focus on the reactivity of lattice 
oxygen and to exclude surface reoxidation, oxidative ammonolysis experiments were 
done in the absence of gaseous oxygen. Two reaction mechanisms are proposed to 
explain the results. One is based on stoichiometric consumption of lattice oxygen 
and resembles the ammoxidation reaction mechanism, whereas the other is based on 
the hydrogenation of ethylene. Which mechanism is operative strongly depends on 
the catalyst pretreatment and the morphology created in time due to reaction. 

Experimental 

Catalysts were prepared by incipient wetness impregnation of a commercial y - A l 2 0 3 

(Akzo, Ketjen CK-300, 200 m 2 g"1, 0.6 ml g"1, 250-500 urn) with aqueous solutions 
of ammonium heptamolybdate ((NH 4 ) 6 Mo 7 0 2 4 ) , followed by drying overnight in air 
at 110 °C and heating in a flow of artificial air to 550 °C for lh. Before cooling to 
reaction temperature, the catalyst was heated in a 5 vol% 0 2 in helium flow to 550 
°C for 24 h and, when reductive pretreatment was desired, subsequently heated in a 
10 vol% H 2 in helium flow from room temperature to 650 °C for 24 h. The 
temperature ramp was set at 5 °C/min for all cases and the total flow was kept at 20 
Nml/min. No indications were found of the formation of bronzes (H x Mo0 3 ) after a 
hydrogen treatment. Bronzes are known for their colour changes while forming, and 
the formation is reversible, so a heat treatment in an inert atmosphere will reform the 
corresponding oxide. After testing no bronzes were observed. Reactions were 
performed in a fixed bed plug flow reactor, containing 1.0 g of catalyst. The 
temperature window applied was 350 to 550 °C and incremental molybdenum 
loadings were tested (3, 5, 10 and 15 wt%, based on atomic Mo). To a helium flow 
of 20 Nml/min containing 0.75 vol% of ethylene, pulses of ammonia were added, 
yielding 1.1 vol%. In this way flow conditions were mimicked. The reactor effluent 
was monitored on-line by a quadrupole mass spectrometer (Balzers QMG-420) 
which operated at ionisation potential of 70 eV and inlet pressure of 5.010"6 mBar. 
The Balzers software program "Quadstar 420 v3.05" was used in the multiple ion 
detection mode, where 16 different masses could be adjusted. The masses m/e= 2, 
17, 18, 27, 30, 40 and 44 were used for identifying hydrogen, ammonia, water, 
ethylene, ethane, acetonitrile and carbon dioxide, respectively. Organic compounds 
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were quantified by introducing a sample into a Hewlett Packard 5890 A gas liquid 
chromatograph equipped with a Poraplot Q column, 10 m * 0.32 mm i.d., and flame 
ionisation detector (FID). Besides on-line sampling, off-line analysis could be 
performed by storing 15 samples in a 16 loop valve. Inorganic compounds, such as 
CO x , were quantified by introducing a sample into a Porapak N column, 6 ft * 
3x2mm (e.d. x i.d.) 80/100 mesh equipped with a thermal conductivity detector 
(TCD). The GLC was connected to a Nelson interface and a computer for spectra 
assimilation. 
While collecting data, three important regions of the reaction could be distinguished, 
which are schematically shown in Figure 1: 
1) the first 2 hours of a semi-steady-state, which was reached within 10 minutes after 
starting the reaction. Although the acetonitrile production was constant over this 2 
hour period, the selectivity to other products was changing. 
2) a transition period where strong changes in conversion and selectivity occurred, 
dependent on the catalyst. 
3) after at least 20 hours of reaction when a real steady-state was reached. 
A quasi turnover frequency (qTOF) was defined as moles acetonitrile produced per 
mole molybdenum per hour. 
At various reaction times, samples for XPS analysis were taken. This was done by 
shutting the reactor after cooling the catalyst in helium. Subsequently the reactor was 
introduced into a nitrogen-filled glove box, where the XPS sample was prepared. 
The catalyst was crushed and mounted on an iron stub carrying an indium film. The 
sample was placed in a vessel in a nitrogen atmosphere for transport to the 
spectrometer. XPS spectra were measured on a V G - E S C A L A B equipped with a 
standard dual X-ray source, of which the Al-Koc part was used. Spectra were fitted 
with the V G analysis software.[15 ] Charging was corrected for by using the C 7s 
peak at 284.5 eV. The peak areas of the Mo 3d5/2 signals were used for calculating 
the percentage of Mo(IV) and Mo(VI). The ratio of Mo 3d and A l 2p areas was used 
as a tracer for changes in the dispersion of the molybdenum phase on the alumina 
surface. 

Results and Discussion 

Characteristic regions of the activity profile. Activity measurements were 
performed on catalysts with various molybdenum loading after an oxidative or a 
reductive pretreatment. Monitoring more than 20 hours time on stream, an unusual 
profile of acetonitrile formation was observed which is schematically shown in 
Figure 1. Three regions of interest are distinguished: a semi-steady-state, a transition 
and a steady-state period. 

The Semi-Steady-State Period. The semi-steady-state is characterized by 
the constant formation of acetonitrile, while the selectivity to side products is 
changing. Considering the yield of acetonitrile versus reaction temperature a 
temperature (T o p t) was found where a maximum yield of acetonitrile was obtained. 
This T o p t shifted to a lower value at increasing Mo content for both pretreatments 
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C H 3 C N production [a.u.] 
steady-state 

- 1 0 min ~ 2 h A B C >20h 
time on stream 

10 wt% and 15 wt% Mo, 0 2 pretreated 

other catalysts 

Figure 1: A schematic profile of the acetonitrile formation versus time on 
stream for various catalysts. 

400 I 1 • 1 • 1 1 • • 1 1 • — 1 

0 5 10 15 
Mo content [wt%] 

Figure 2: The temperature where maximum yield of acetonitrile is obtained 
versus molybdenum content for different pretreated catalysts at semi-steady-
state condition (after 2 h time on stream). 
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(Figure 2). At temperatures exceeding T o p t , the complete dissociation of ammonia 
started to dominate, resulting in the desorption of nitrogen and thereby suppressing 
the desired reaction. 
Figure 3 shows the ratio of the intensity of the XPS signals of Mo 3d and Al 2p for 
fresh catalysts and those which have been at various time on stream at 450 °C. 
Obviously, this ratio for the fresh catalysts increases with increasing molybdenum 
content (Figure 3; solid lines). Overall, this ratio of the oxygen pretreated catalysts is 
higher than the ones after a reductive treatment. Up to 5 wt% molybdenum, a similar 
increase is observed independent of the pretreatment applied. At higher molybdenum 
contents, however, the ratio for oxygen pretreated catalysts increased sharply 
compared to that of the hydrogen pretreated ones, which showed an almost linear 
behaviour. This observation is confirmed in the literature which states that 
molybdenum particles are better dispersed after calcination than after treating in 
hydrogen. [16 ] 
So, with increasing molybdenum content the dispersion decreases, while hydrogen 
pretreatment induces an even stronger decrease. Considering that larger 
molybdenum particles are expected to be more active towards complete ammonia 
dissociation, it is explicable that this reaction starts to dominate at lower 
temperatures, shifting T o p t to a lower value with increasing molybdenum loading. It 
also follows that, for hydrogen pretreated catalysts T o p t is lower for the whole range 
considered (Figure 2; solid triangles). 
Considering the optimal quasi turnover frequency (qTOFopt) versus molybdenum 
content, the oxygen pretreated catalysts were less strongly affected by variation of 
the molybdenum content, and decreased slightly at molybdenum contents exceeding 
10 wt% (Figure 4; solid squares). This indicates that the molybdenum added is well-
spread on the alumina surface and accessible for reaction. Seemingly, the influence 
of dispersion effects starts to dominate at higher molybdenum content. This trend is 
also illustrated earlier in Figure 3. 
The hydrogen pretreated catalysts with low molybdenum content initially had the 
best performance among all catalysts tested. At higher molybdenum content the 
qTOF o p t decreased sharply (Figure 4; solid triangles), due to the lower dispersion of 
the hydrogen pretreated catalysts. 
In summary, the semi-steady-state activity is highly structure sensitive. When 
oxygen pretreated, a higher yield of acetonitrile is obtained at higher molybdenum 
content (lower dispersion), whereas for hydrogen pretreated catalysts this concerns a 
low molybdenum content (high dispersion). This causes in Figure 4 the point of 
intersection at approximately 7 wt% molybdenum loading. Apparently the complete 
dissociation of ammonia, resulting in the desorption of nitrogen, is favoured on 
reduced larger molybdenum particles. 

Transition Period. During the transition period strong fluctuations were 
observed in both activity and selectivity. All hydrogen pretreated catalysts and the 
oxygen pretreated catalysts with 5 wt% Mo or less showed a gradual increase in the 
formation of acetonitrile, until an upper limit was reached (Figure 1; dotted line). 
During this increase, the formation of ethane and hydrogen increased, while the 
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0 -I—i—i—i—i—i—i—i—i—i—i—'—i—•—i—i 

0 5 10 15 
Mo content [wt%] 

Figure 3: Ratios of the intensity of the XPS signals of Mo 3d and A l 2p of 
different catalysts at various time on stream. 

0 -|—.—i—.—i—|—>—.—i—i—i—«—«—«—-—i 

0 5 10 15 
Mo content [wt%] 

Figure 4: The maximum quasi turnover frequency versus molybdenum content 
for different pretreated catalysts in the semi-steady-state (after 2 h time on 
stream). 
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formation of C O x and water decreased, resulting in an overall increase of the 
activity. 
Only with the 10 wt% and 15 wt% Mo catalysts pretreated in oxygen, the yield of 
acetonitrile passed through a minimum (Figure 1; solid line). Although a strong 
increase in activity is observed, the selectivity to acetonitrile drops sharply, resulting 
initially in an overall slight increase of the yield (Figure 1; A). During the period of 
low acetonitrile production the conversion of ethylene and ammonia increased to 
almost 100%, while products were methane, ethane, nitrogen, hydrogen and carbon 
monoxide (Figure 1; B). Despite the fact that the conversion slowly decreased, the 
formation of acetonitrile slowly increased. This was due to the reduction of methane, 
nitrogen and carbon monoxide formation (Figure 1; C). 
XPS analysis of different stages of reaction of the 10 wt% Mo catalyst showed 
clearly an increase of the Mo(IV) fraction (Figure 5; black bars). A fresh catalyst, 
containing 100% Mo(VI), was not very active, but highly selective to acetonitrile 
(Figure 5; after ~1.3 h). Before the yield started to decrease, little reduction of 
molybdenum was observed with XPS (after - 2.5 h). Evidently, due to the higher 
molybdenum content, the presence of a large amount of still removable surface 
oxygen in a partly reduced catalyst (due to reaction) leads to a very high activity, but 
only towards the side reactions. These side reactions are terminated at depletion of 
removable lattice oxygen. Apart from the fact that the start of the decrease of the 
yield of acetonitrile occurred several hours later, the oxygen pretreated 15 wt% Mo 
catalyst reacted similar to its 10 wt% analogue: A, B and C in Figure 5 represent 6, 
8.5 and 11.5 hours of reaction respectively. 
Due to the lower Mo content and to the poor reducibility of smaller particles, these 
catalysts contain less removable lattice oxygen. Apparently, the reductive treatment 
of the 10 wt% and 15 wt% Mo catalysts has removed enough lattice oxygen to 
suppress a larger part of the side reactions, resulting in also a gradual increase of the 
formation of acetonitrile, similar to the catalysts with lower molybdenum content. 

Steady-State Period. Compared to the semi-steady-state, significant 
increases in catalytic activity were observed over at least 20 hours time on stream at 
450 °C. No oxygen containing products were detected in the reaction stream and the 
product distribution was constant, so a real steady-state was reached. This is 
different from the ammoxidation of propylene. Aykan [17 ] observed a fast decline 
in catalytic activity with increasing reduction of the catalyst in the absence of 
gaseous oxygen. When using different ratios of bismuth and molybdenum, the 30% 
M o 0 3 on silica appeared to be a very poor catalyst. Experiments where acrylonitrile 
was introduced to the catalyst showed that a low activity to decomposition of this 
desired product gave a high selectivity to acrylonitrile. Amorphous S i 0 2 and M0O3 
were found to be inert with respect to acrylonitrile. Only after complete reduction to 
M o 0 2 the catalyst showed initially a high activity towards conversion of 
acrylonitrile to C 0 2 , acetonitrile and propionitrile which decreased very rapidly due 
to large amounts of carbon deposition. 
The point where steady-state was reached coincided with the absence of oxygen 
containing components in the product stream. Comparing the qTOF of the semi-
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100 
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• Conversion of C 2 H 4 

• Yield of C H 3 C N 

• Fraction ofMo(IV) 

El 1 nJ 

~1.3h ~2.5h ~4.3h 

reaction time 

~6.5h ~25h 

Figure 5: Reactivity profile of the oxygen pretreated 10 wt% Mo catalyst with 
corresponding percentage Mo(IV) obtained by XPS. 

t>20h 
t~2h 

H 2 ; 0 2 : H 2 : 0 2 ! H 2 : 0 2 ; H 2 : 0 2 

3wt% : 5wt% :10wt% : 15wt% 
catalyst 

Figure 6a: The quasi turnover frequency at semi-steady-state and steady-state 
conditions at 450 °C of various catalysts. 

O 

5wt% ;i0wt% 
catalyst 

15wt% 

Figure 6b: The area percentage of the 3d5/2 XPS signal of Mo(IV) at -228.5-
229.5 eV at semi-steady-state and steady-state conditions at 450 °C of various 
catalysts. 
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steady-state and the steady-state, the largest increase is observed when the catalysts 
were pretreated with oxygen (Figure 6a). Overall, when reaching the steady-state, the 
oxygen pretreated catalysts reacted similarly to the hydrogen pretreated ones, 
considering the qTOF and product distribution. 
Samples taken at various time on stream showed different ratios of Mo(IV)/Mo(VI) 
in XPS. Figure 6b depicts the percentage of Mo(IV) in the period of semi-steady-
state and in the steady-state of the reaction for the different pretreated catalysts with 
various molybdenum content. Again, it can be seen that large molybdenum particles 
are easier to reduce, because the amount of Mo(IV) increased with increasing 
loading. But it appeared that the hydrogen pretreatment did not remove all reactive 
oxygen, since in all cases the amount of Mo(IV) had increased after steady-state was 
reached. The increase of the yield of acetonitrile can not be attributed only to the 
increase of the amount of Mo(IV). Although the oxygen pretreated 5 wt% Mo 
catalyst yielded the highest qTOF, the largest amount of Mo(IV) was observed on 
the oxygen pretreated 15 wt% Mo catalyst. Evidently, a well-dispersed calcined 
precursor is needed to obtain the best performance in the steady-state, where both 
Mo(IV) and Mo(VI) species are present. At higher molybdenum loading the activity 
in the steady-state becomes independent of the pretreatment. This suggests the 
formation of a stable molybdenum structure during reaction. Fresh, hydrogen 
pretreated, catalysts with higher loading showed the Mo 3d5/2 peak at 228.5 eV. 
After a reaction period until steady-state was reached this peak shifted to 229.5 eV. 
Catalysts with lower loading showed already this Mo 3d5/2 peak at 229.5 eV after 
hydrogen pretreatment, suggesting a Mo0 2-like structure.(75) An X R D spectrum of 
the hydrogen pretreated 15 wt% Mo catalyst which had reached the steady-state 
showed clearly the presence of crystalline M o 0 2 . This in contrast with the fresh 
hydrogen pretreated catalyst, which showed no crystalline phase. 
When submitted to reaction, an increase of the C Is peak was observed suggesting 
that coke formation occurred. Since the catalytic activity showed no indications of 
deactivation, this carbon could be removed by the reaction stream, or even act as a 
reaction intermediate. 

Proposed reaction mechanisms. It is expected that the formation of the main side-
products is a strong function of the pretreatment. Water and CO x were dominant on 
oxygen pretreated catalysts. Because of the formation of water, the formation of 
acetonitrile on an oxidic catalyst surface is favoured thermodynamically. Hydrogen 
pretreated catalysts formed mainly ethane and hydrogen. It should be remembered 
that the formation of acetonitrile and hydrogen directly from ethylene and ammonia 
is thermodynamically unfavourable (AG°(427 °C) - 10 kJ/mol). This in contrast with 
the hydrogenation of ethylene: AG°(427 °C) - -50 kJ/mol. Since ethane is always the 
main side product for hydrogen pretreated catalysts and catalysts in the steady-state 
period (-50% selectivity), this exothermic reaction probably delivers the energy 
needed to drive the reaction. The following two mechanisms are proposed (Scheme 
1): 
It is obvious that deactivation occurs in mechanism (1), because the catalyst acts as a 
reactant. Apart from the fact that lattice oxygen is not replenished, this mechanism is 
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0 2 pretreated (1) 

C 2 H 4 + N H 3 + MoO •> C H 3 C N + H 2 0 + MoD 

H 2 pretreated (2) 

2 C 2 H 4 + N H ; 

Mo catalyst 
* C H 3 C N + H 2 + C 2 H 6 L3 

Scheme 1 

similar to the ammoxidation mechanism proposed by Grasselli et al.(14). In 
mechanism (2) no deactivation is expected due to the fact that the catalyst is not 
altered by reaction. It is therefore suggested that the two mechanisms occur on 
different sites formed by different molybdenum structures. 
Since conditions were found where besides acetonitrile, both oxygen containing 
products (water, CO x) and non-oxygen containing products (ethane, hydrogen) were 
formed, it is concluded that the two mechanisms can occur simultaneously. The 
semi-steady-state condition where this happened showed a strong structure 
sensitivity. 
In summary, it appears that during reaction a calcined catalyst, where mechanism (1) 
is dominant, changes into a catalyst where mechanism (2) dominates after removal 
of lattice oxygen. This transition proceeds gradually for molybdenum contents of 5 
wt% or less. At higher molybdenum contents only after reductive treatment a gradual 
transition is observed. When calcined, the transition proceeds via a minimum in the 
formation of acetonitrile, due to a highly active period where side reactions 
dominate. Surface oxygen is removed by reaction until depletion, reaching a steady-
state. This way the molybdenum phase is converted into a particular stable structure, 
acting as a real catalyst. The exact nature of this structure is suggested to be M o 0 2 -
like, and is independent of the pretreatment applied at higher molybdenum content. 

Conclusions 

The oxygen pretreated catalysts have initially a high selectivity to acetonitrile and 
water with total combustion as side reaction. At higher molybdenum content, the 
yield of acetonitrile passes through a minimum, while the activity goes through a 
maximum. A hydrogen pretreated catalyst exhibits a gradual increase in activity and 
is less selective. The major products, besides acetonitrile, are hydrogen and ethane. 
Two mechanisms are suggested: 
1) one based on the ammoxidation mechanism with the consumption of lattice 
oxygen. 
2) the other is based on oxidative ammonolysis, i.e. without consumption of lattice 
oxygen. For thermodynamic considerations a synergetic formation of ethane and 
acetonitrile is suggested. 
The mechanisms can occur separately or simultaneously, depending on the amount 
of removable lattice oxygen. XPS showed only Mo(IV) and Mo(VI) species. The 
fraction of Mo(IV) increases with increasing Mo content for both pretreatments, due 
to the reducibility of larger Mo particles. Freshly calcined catalysts are highly 
selective, attributed to Mo(VI) sites present on a Mo0 3-like structure. Catalysts in 
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the steady-state, containing reduced molybdenum, are highly active, but less 
selective. This is due to Mo(IV) sites, which enhance more effective N - H and C-H 
activation. For this reason the selectivity is also a strong function of the dispersion. 
Large, reduced molybdenum particles are too active towards complete ammonia 
dissociation, resulting in termination of the selective reaction. Although, due to the 
reaction the catalyst becomes more reduced, a large amount of removable lattice 
oxygen still present at higher molybdenum loading is very active, resulting in 
formation of methane, ethane, nitrogen, hydrogen and CO x . 
Finally, in the steady-state a reduced molybdenum structure is obtained which is not 
altered by reaction anymore, and acts as a real catalyst. This Mo0 2-like structure can 
only be formed by the removal of lattice oxygen under reaction conditions. 
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Chapter 24 

Catalytic Cooperation via Spillover of Oxygen: 
Dehydration—Dehydrogenation of 2-Butanol 

over SnO2-MoO3 Catalysts 

E. M. Gaigneaux1, D. Herla, P. Tsiakaras2, U. Roland3, P. Ruiz, 
and B. Delmon 

Unité de Catalyse et Chimie des Matériaux Divisés, Université 
Catholique de Louvain, Place Croix du Sud 2/17, 

B-1348 Louvain-la-Neuve, Belgium 

Strong synergetic phenomena in the dehydration-dehydrogenation of 
sec-butyl alcohol were observed at very low temperature using 
mechanical mixtures of separately prepared SnO2 and MoO3. The 
principal effects were an increase in conversion as well as increases in 
yields and selectivities for butene and methyl-ethyl ketone. 
Characterization of the solids before and after catalytic tests by X-ray 
Photoelectron Spectroscopy coupled with Transmission Electron 
Microscopy, Raman Spectroscopy and X-ray Diffraction analysis 
excluded the possibility of an in situ formation of a mixed oxide or 
mutual contamination. Attempts for preparing true mixed Sn/Mo oxides 
have been unsuccessful as predicted from the literature, and catalysts 
prepared by incipient decomposition of homogeneous precursor, which 
should exhibit maximum contamination, have exhibited much lower 
activities than the corresponding mechanical mixtures. Taking into 
account these and previous results with SnO2 + Sb2O4 and MoO3 + 
Sb2O4 mixtures, the origin of the observed synergy can be explained by 
a "Remote Control Mechanism" : SnO2 acts as a donor of spillover 
oxygen species (Oso) and MoO3 as an acceptor of Oso. The role of Oso 
is to create selective sites on MoO3 and to protect them from 
deactivation. 

When synergetic effects are observed between two oxide phases in a 
selective oxidation reaction, the existence of a mixed phase or its in situ formation 
during the catalytic test is a common way to explain the observed improvement of 

1Please see Acknowledgments, page 345. 
2On leave from Department of Chemical Engineering, University of Thessaloniki, Greece 
3On leave from University of Dresden, Germany 

0097-6156/96/0638-0330$15.00/0 
© 1996 American Chemical Society 
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24. GAIGNEAUX ET AL. 2-Butanol over Sn02~Mo03 Catalysts 331 

the catalytic performances compared to those observed with the pure oxides. It has 
been argued that, even if present in very small amounts in the outer surface of the 
catalyst, the supposed mixed phase could present a higher activity than the pure 
oxides (1). 

Nevertheless, several other hypotheses have been proposed in order to 
explain these synergetic effects. Among those, a promising one is the "Remote 
Control Mechanism" (RCM) concept. Remote Control involves the activation of 
molecular oxygen on one of the two oxides ("donor"), to form a mobile oxygen 
species, namely "spillover oxygen" (0So). This migrates onto the surface of the 
other phase ("acceptor") where it creates and/or regenerates selective active sites (2-
4). As a result, the performances of the biphasic catalyst are improved, presenting 
higher yields and selectivities for partial oxidation products, extended lifetime and 
enhanced resistance to deactivation by coke deposition (5). All those changes are 
the consequence of the improvement of the surface properties of the acceptor due to 
the action of the donor through the spillover species. 

The present work corresponds to studies of synergetic effects observed at low 
temperatures. In these conditions, the formation of new phases and mutual 
contamination between the oxides are minimized and the synergetic effects are 
consequently more easily explained. We have already presented the results of some 
studies dealing with the dehydration-dehydrogenation of 2-butanol to produce 
methyl-ethyl-ketone and butene, over S D 2 O 4 - M 0 O 3 and Sb204-Sn02 biphasic 
catalysts. The catalysts were prepared by mechanical mixtures of the oxides 
prepared separately. The reaction temperature was 190°C and 240°C. Strong 
synergetic effects were observed. The absence of any indication of the existence of 
a new contaminated phase led to the conclusion that the RCM was playing an 
important role in the reaction : S D 2 O 4 acts as "0So donor", thus improving the 
activities of the other oxides, which were "0So acceptors" (6). 

Okamoto et al obtained strange results in the dehydration-dehydrogenation of 
2-butanol on SnC>2 - M 0 O 3 catalysts. It was observed a change in the selectivities 
for butene and methyl-ethyl-ketone with the composition (Mo/Mo+Sn) in the 
surface of the bimetallic catalysts (7). These catalysts were co-precipitated, but no 
oxide containing Mo and Sn in the same structure was mentioned. The origin of the 
selectivity change was thus difficult to explain. 

In the present work, we investigate the same reaction, but the catalytic 
system chosen consisted of mechanical mixtures of Sn02 and M 0 O 3 . 

As both oxides have been previously reported to exhibit an "acceptor" 
behaviour (2-6), it was interesting to see if, even in this case, the RCM could operate 
and, if so, how it would operate. On the other hand, Sn02 has already been reported 
to be able to act as "Oso donor", nonetheless weaker than S D 2 O 4 (3-4). 

Much attention has been paid in this work to the detection of mixed phase, 
supposing that this could be formed during the preparation of the catalysts or during 
the catalytic reaction. For this, we used several characterization techniques, either 
bulk or surface sensitive. 

Very few mentions are made in the literature concerning the existence of 
mixed oxide phases containing Sn and Mo(8,9). Among these, only the compound 
Sn02.2 M 0 O 3 hse been the object of a deep crystallographic study. This compound 
is reported to be unstable below 500 °C, decomposing into the pure Mo and Sn 
oxides (9). This is in complete agreement with several papers dealing with the 
Sn02-Mo03 system. Solid solutions of Mo in Sn02 can be obtained using different 
preparation procedures, but no new bimetallic oxide phases were mentioned (10-12). 
In the present investigation, we attempted to prepare some tin-molybdenum mixed 
phases corresponding to the Sn:Mo =1:2 composition using the citrate method (13). 
This method has been shown to be particularly efficient homogeneously 
interdispersing several metals in the same phase. The preparation starts from a 
homogeneous bimetallic precursor obtained by simultaneous gelification. The 
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332 HETEROGENEOUS HYDROCARBON OXIDATION 

objective of this part of the work was to evaluate the possible role of the thus 
prepared phases, supposed to be as much "contaminated" by the other elements as 
possible in the activities observed for the corresponding mechanical mixtures. 

In the same context some catalytic tests have also been performed during 
long times of reaction (10 times longer than usual) in order to check the stability of 
the catalysts. Much attention was especially placed on the possibilities of 
interdiffusion of one metal into the phases containing the other metal (formation of 
solid solution). 

Experimental 

Catalyst Preparation 

Pure oxides 
Both pure oxide phases were prepared separately. SnC>2 was obtained by 

precipitation of an acidic SnCl2 aqueous solution with ammonia. The chloride 
anions were washed out of the resulting tin hydroxide using distilled water. The 
obtained solid was dried at 110 °C for 20 hours and calcined at 600 °C for 20 hours 
and at 900 °C for 16 hours. 

M0O3 was synthesized starting from an aqueous solution of ammonium 
heptamolybdate complexed with an adequate quantity of oxalic acid. The mixture 
was stirred at 40 °C until a homogeneous solution was obtained. After having 
removed the solvent under vacuum, the obtained solid was dried overnight at 80 °C, 
decomposed at 300 °C for 20 hours and calcined at 400 °C for 20 hours. 

Both phases were shown by X-ray Diffraction (XRD) to be respectively 
cassiterite and molybdite (14). Specific surface area measurements (SBET) gave 
values of 3.7 m2/g and 7.4 m2/g, for Sn02 and M 0 O 3 respectively. 

Mechanical mixtures 
Mechanical mixtures (MM) of different compositions (Rm = 0.05, 0.25, 0.5, 

0.75 - see Equation [1]) were prepared by vigourously mixing a suspension of 
adequate amounts of both finely ground pure oxides in n-pentane. After removing 
the solvent under vacuum at room temperature, the catalyst was gently dried 
overnight at 80 °C. 

mass M0Q3 r , 

mass catalyst 

Before being tested, the pure oxide phases, SnC>2 (Rm=0) and M 0 O 3 
(Rm=l), were treated according to exactly the same procedure as the mechanical 
mixtures. All the catalysts were prepared starting from the same batches of pure 
oxides. 

Attempt to prepare Sn/Mo mixed oxide phase, and artificially "possibly 
contaminated catalysts" - Citrate method 

The attempt to prepare a Sn/Mo mixed oxide phase with a composition 
Sn:Mo = 1:2 was performed using a variant of the citrate method( 13). A quantity of 
ammonium heptamolybdate tetrahydrate was complexed with an equivalent amount 
of citric acid monohydrate in the smallest possible volume of water. The same 
procedure was achieved with SnCl2. 2H2O. Adequate volumes of these solutions 
were mixed together in order to reach the desired Sn:Mo ratio. The resulting dark 
blue solution was thereafter stirred overnight at room temperature, and then 
concentrated under vacuum at 30 °C. The obtained viscous residue was maintained 
at 110 °C during 20 hours at 50 mbar, so forming a solid cake, hereafter called 
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"precursor". This was manually finely ground and separated into three parts. Each 
part was respectively calcined during 8 hours at 450 °C (Sample I), 550 °C (Sample 
II) and 700 °C (Sample III) and washed with distilled water in order to remove 
chloride anions. 

Figure 1 shows the XRD patterns obtained for the 3 samples. None of the 
samples exhibited any of the peaks distinguishing the Sn02-2 M 0 O 3 phase from the 
pure oxides (14). On the other hand, the sample III exhibited all the peaks 
corresponding to a mechanical mixture of Sn02 + M 0 O 3 . The intensities of the 
peaks were those of the mechanical mixture with a composition Sn:Mo = 1:2 
(corresponding to Rm=0.66). The same peaks were present on the pattern of sample 
II but with lower intensities. Sample I only exhibited the features of Sn02 with low 
intensities. 

Table I presents the specific areas measured for samples I to III. 

Table I. Specific surface areas values measured for the mixed Sn/Mo precursors 
calcined at 450 °C, 550 °C and 700 °C 
Sample Specific area 
Sample I (450 °C) 3.3 m2/g 
Sample II (550 °C) 24.2 m2/g 
Sample III (700 °C) 5.0 m2/g 

Considering these results, it is concluded that, as predicted from the 
literature, the true mixed oxide phase cannot be formed at low temperature (9-12). 
The calcination of the mixed Sn/Mo precursor triggers the independant 
crystallisation of pure Sn02 and M0O3. The SBET of sample III has a value similar 
to that of the corresponding mechanical mixture (Rm=0.66, SBET = 6.0 m2/g), 
meaning that the sizes of the crystallites are similar in the two samples. In sample I, 
Sn02 has just started to form small crystallites, while sample II is mainly constituted 
of M 0 O 3 crystallites and Sn02 bigger crystals. The fact that the M 0 O 3 crystallites 
are small explains the high SBET values measured for these samples as well as the 
low XRD intensities. 

Starting from the precursor, which associates homogeneously Sn and Mo, 
and considering the series of samples calcined at increasingly higher temperatures, 
this undergoes a progressive decontamination of each oxide (Sn02 and M0O3) from 
the foreign cation (Mo and Sn, respectively). The decontamination of the system 
Sn02-Mo03was already reported in papers dealing with "impregnated catalysts" 
(15). However, the possibility that the samples I to III could be, at least partially, 
constituted of a solid solution of Mo in the Sn02, as suggested in several papers (10-
12), could not be excluded. In this case, it is admitted that the amount of solid 
solution in the samples would decrease with the temperature of calcination. 

Samples I to III must thus be considered provisionally as constituted of Sn02 
and M0O3 oxides containing as much contamination as possible. 

Catalytic Activity Measurement. 
Catalytic tests were performed in a fixed bed reactor. The partial pressure of 

2-butanol was 176 mmHg in a 90 ml/min flow of air. We used 500 mg of catalyst 
for each test, with a granulometry between 500 and 800 |Lim. Preliminary 
experiments in the test conditions showed that no diffusion limitation occurred. 
Standard tests were run at 190 °C during 3 hours of steady state. Some additional 
reactions were carried out at 150 °C with different batches of catalysts. The amount 
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of unreacted 2-butanol and the products of the reaction, methyl-ethyl-ketone (MEK) 
and butene (But) were measured at the reactor outlet by on-line gas chromatography. 

Catalytic activity was expressed in terms of % conversion of 2-butanol (%C 
= number of moles of 2-butanol converted per 100 moles of 2-butanol introduced), 
% yields (%YMEK and % Yfiut = number of moles of MEK or But produced per 
100 moles of 2-butanol introduced) and % selectivities ( % S M E K and %SBut = 
number of moles of MEK or But produced per 100 moles of 2-butanol converted). 

For each mechanical mixture, theoretical values for these expressions have 
been calculated on the basis of the properly averaged sum of the activities measured 
for the pure oxides, as described in equations 2. These theoretical values are 
representative of the activity of a biphasic catalysts where the constituting phases 
perform the catalytic reaction without mutual interaction (namely, as if they were 
alone in the reactor) assuming, as a first approximation, zero-order reactions. 

Rm 
Theoretical Conversion for the MM (composition = R m ) = % C m 

R m * Conversion of pure M0O3 + (1 - R m ) * Conversion of the pure SnC>2 [2a] 

Theoretical Yield (But or MEK) for the MM (composition = R m ) = %Yj 

R m * Yield of pure M0O3 + (1 - R m ) * Yield of the pure Sn02 [2b] 

Theoretical Selectivity (But or MEK) for the MM (composition = R m ) = %S: 

No further normalisation of the observed activity with the specific areas, or with the 
number of surface exposed atoms of the active phases on the particles of the 
catalysts was made. As all the mechanical mixtures were prepared from the same 
batches of pure oxides, these values are directly correlated with the mass of each 
phases in the catalysts. 

Two additional tests have been performed with pure M0O3 and the 
mechanical mixture with Rm=0.25 during 30 hours in the same conditions of 
reaction as described before. 

Characterization. 
Before and after the tests at 190 °C, the mechanical mixtures were 

characterized by Transmission Electron Microscopy (TEM), X-ray Diffraction 
(XRD), BET specific surface area measurement (SBET), Photoelectron 
Spectroscopy (XPS) and Raman Spectroscopy. 

TEM investigations were performed on a JEOL microscope - Model 
TEMSCAN 100C. The accelerating voltage was fixed at lOOkV. The crystallites of 
each oxide present in the mixtures were identified using Energy Dispersive X-ray 
Spectroscopy (EDS) with a Kevex X-ray Energy Spectrometer 5100 interface. 

XRD was performed on a Kristalloflex Siemens D5000 diffractometer using 
the Kai,2 radiation of Cu (X= 1.5418 A) between 29 angles from 2° to 90°. 

SBET was measured on a Micromeritics Flowsorb II taking the single point 
approximation of the BET equation for the adsorption of N 2 at 77 K. A theoretical 
value of the SBET is calculated for the mechanical mixtures on the basis of a linear 
relation with the masses of each pure oxides in the mixture. 
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XPS analysis was carried out on a VG MKII spectrometer with a Mg anode 
(Mg Ka=1253.6 eV). Contamination carbon C i s peak, taken as a reference for the 
measurement of kinetic energies, was set at 284.8 eV. Particular attention was 
placed on the Ci s , Mo3d5/2, Sn3d5/2 and Oi s . The different elements were quantified 
using the Wagner sensitivity factors. 

A Bruker RFS100 spectrometer was used for Raman analysis. The power of 
the Nd-YAG excitation laser was 15 mW in order to avoid thermal radiation, 
fluorescence, and thermal degradation of the samples. Under these conditions, 
previous analysis of impregnated catalysts (0.5 to 2 monolayers of Sn02 on M0O3 
supports) had shown Raman spectroscopy to be a very sensitive technique (16). 

Results 

Catalytic Results. 

Mechanical mixtures 
Table II summarizes the results of the catalytic tests performed at 190 °C. 

M0O3 is highly active, producing principally butene, although it also produces some 
MEK. SnC>2 is nearly inactive. It produces only small amounts of MEK, probably 
with a high selectivity (mentioned as nearly 100 % in the Table). Strong synergetic 
effects were observed for the different mechanical mixtures, especially when 
considering the % conversion of 2-butanol and the % yields for MEK and butene. 
For high content of M0O3, an increase in the selectivity of MEK and butene was 
also observed. 

Table II. Observed and theoretical values (the bold figures in parentheses were 
calculated assuming no synergy) of the % conversion of 2-butanol (%C), % yields 
(%YMEK, %YBut) and % selectivites ( % S M E K , %SBut) for MEK and butene, for 
the different mechanical mixtures at 190 °C. Due to the low activity, selectivity of 
pure SnQ2 is an approximation (~ 100%). 
Rm %C % Y M E K % Y B u t % S M E K %SBut 
0 (Sn02) -1.0 -1.0 0 -100 -
0.05 24.3 5.7 5.8 25 23.9 

(3.3) (1.0) (0.8) (30.3) (24.2) 
0.25 32.1 3.9 10.5 12.6 32.6 

(12.7) (1.1) (4.2) (8.7) (33.1) 
0.5 40.9 3.4 15.1 8.7 37.5 

(24.45) (1.25) (8.4) (5.1) (34.4) 
0.75 44.4 2.4 15.9 5.5 36.2 

(36.2) (1.4) (12.6) (3.9) (34.8) 
1 (M0O3) 47.9 1.5 16.8 3.1 35 

Although presenting a lower activity (conversion of about 10%), the catalysts 
tested at 150 °C exhibited even stronger cooperative effects. 

For all the catalysts (excepted pure Sn02), an induction time of 
approximately 1 hour was observed. For the pure M0O3, decreases of the 
conversion (about 10%) and yield in butene (about 5%) in time were observed. The 
yield in MEK remained constant. For the mechanical mixtures, increases of the 
conversion (about 15%) and of the yield in butene (about 7%) were noted. After the 
induction period, the activities remained constant even after 30 hours of reaction. 

Samples prepared by citrate method 
Table HI presents the catalytic results obtained with the samples prepared by 

the citrate method (Samples I to III). 
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Table III. Observed values of the % conversion of 2-butanol (%C), % yields 
(%YMEK, %YBut) a n d % selectivites ( % S M E K , %SBut) for MEK and butene, for 
the samples prepared y the citrate method at 190 °C. The activities measured for the 
mechanical mixtures with similar Sn:Mo ratios are also presented. 
Sample %C % Y M E K %Yfiut % S M E K %Sfiut 
Sample I (450 °C) 15.2 3.7 3.6 24.7 23.8 
Sample II (550 °C) 73.8 6.7 24.5 9.1 33.3 
Sample III (700 °C) 43.9 4.4 16 10.2 36.4 
MM Rm=0.5 40.9 3.4 15.1 8.7 37.5 
MM Rm=0.75 44.4 2.4 15.9 5.5 36.2 

Sample I exhibited low conversion and yields both for MEK and butene. 
Sample II presented the highest conversion and yields, while sample III showed 
intermediates values. Conversely the selectivities for both butene and MEK were the 
highest of the series. Samples II and III exhibited very similar selectivities. 

In comparison with the mechanical mixtures with Sn:Mo ratios similar to 
those of the samples prepared by the citrate method (Sn:Mo = 1:2, i.e. Rm=0.66), 
sample I exhibited much lower conversion of 2-butanol, and lower yield and 
selectivity in butene. On the other hand, the selectivity in MEK was much higher. 
Conversion and yields of sample II were higher than the ones of the corresponding 
MM. The selectivity in MEK was also a slightly higher, but the selectivity in butene 
remained in the same range. The activity of sample III was similar to the ones of the 
MM. 

Characterization Results 

Transmission Electron Microscopy 
Figures 2 a, b, c and d shows micrographs of, respectively, pure Sn02 and 

pure M0O3 (both having been submitted to the same treatment as those used for 
preparing mechanical mixtures), the mechanical mixture with Rm=0.05 and the 
mechanical mixture with R m = 0.25. Pure tin oxide particles have a spherical shape 
with an average diameter of 50 nm. Pure molybdenum oxide particles exhibited the 
typical hexagonal prismatic morphology. The size of the crystallites were in the 
range 200 nm and 500 nm. In the mechanical mixtures, the shapes and sizes of the 
crystallites of both phases remained unchanged, showing that no degrading abrasive 
effect of one oxide on the other occured during the mixture. No autoaggregation of 
the cristallites was observed in any sample. Conversely, no deflocculation 
phenomena were observed in the mechanical mixtures when compared with the pure 
phases. 

The characterization of the catalysts after the tests did not reveal any changes 
when comparing with the corresponding samples before the reaction. 

X-ray diffraction 
X-ray diffraction patterns of the pure oxide phases submitted to the same 

treatment as that used for preparing the mechanical mixtures exhibited exactly the 
same features as the non treated oxides. Perfect fits were obtained with the ASTM 
patterns of cassiterite for Sn02, and molybdite for M0O3. The patterns of the 
mechanical mixtures presented, in proportions corresponding to the composition, all 
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338 HETEROGENEOUS HYDROCARBON OXIDATION 

Figure 2. TEM micrographs of pure tin oxide (a), pure molybdenum oxide (b) after 
mechanical mixture procedure, mechanical mixtures with Rm=0.05 (c) and 
Rm=0.25 (d) before catalytic tests. (Arrows indicates some M0O3 crystallites) 
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the features of both oxides without any shift or disappearance of peaks, nor 
appearance of new peaks. After the tests (3 hours and 30 hours), th e patterns of the 
used catalysts were absolutely identical to the ones before the tests. Figure 3 shows 
XRD patterns of the MM with Rm=0.75 before and after the catalytic test. 

Specific surface area 
Table IV gives a comparison of the SBET for the catalysts before, 

theoretically calculated and after the tests. 

Table IV. Specific surface area values of the catalysts (i) before the tests, (ii) 
theoretically calculated and (iii) after the catalytic tests 

R m Before test Theoretical After test 
0 (Sn02) 3.7 m2/g - 3.8m2/g 
0.05 3.9 m2/g 3.9 m2/g 8.2 m2/g 
0.25 4.4 m2/g 4.6 m2/g 8.3 m2/g 
0.5 5.9 m2/g 5.6 m2/g 8.8 m2/g 
0.75 6.9 m2/g 6.5 m2/g 8.0 m2/g 
1 (M0O3) 7.4 m2/g - 9.0 m2/g 

The SBET measured for the mixtures before the tests are very close from the 
calculated theoretical values. 

When tested alone, the SBET of M0O3 increases. On the contrary, when 
tested alone, the SBET of Sn02 remains unchanged. 

The general trend for the mixtures is an important increase of the SBET 
value after the test. This phenomenon, already reported in previous publications, is 
due to coke formation on the surface of the catalyst. 

Photoelectron spectroscopy 
For both mechanical mixtures and pure oxides, the binding energies of the 

M(>3d5/2 and Sn3d5/2 bands appeared to be characteristic of M o 6 + in M0O3 and Sn 4 + 

species in Sn02, respectively. No significant differences of binding energies were 
observed when comparing the catalysts before and after the tests. 

Table V presents the main atomic ratios calculated from the XPS data. 

Table V. Main atomic ratios calculated from the XPS data. Values in () were 
obtained after the catalytic tests (3hours). Values in [ ] were obtained after 30 hours 
of catalytic tests. 
Rm C/Mo C/Sn Mo/Sn 
0(SnO2) - 1.2 (0.7) 0(0) 
0.05 21.8 (2.8) 1.4 (2.0) 0.1 (0.7) 
0.25 5.6 (2.6) [3.5] 1.9 (4.6) [8.2] 0.3 (2.1) [2.3] 
0.5 3.1 (1.5) 3.2 (6.6) 1.0 (4.3) 
0.75 2.0 (1.7) 5.8 (21.8) 2.9 (13.2) 
l(Mo03) 0.3 (1.6) [3.0] - -

The coke content on pure Sn02 was lower after the test, while it increased on 
pure M0O3. When considering the mechanical mixtures, the general trend was an 
increase of the C/Sn ratio coupled with a decrease of the C/Mo ratio after the 
catalytic test, meaning that the coke deposition in the mixtures took place 
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preferentially or exclusively on the SnC>2 rather than on the M 0 O 3 surface. This is 
consistent with the apparent Mo/Sn ratio which was observed to be higher after the 
tests than before, because less photoelectrons of Mo are stopped by the coke 
overlayer while more of those originating from Sn are. 
After 30 hours of catalytic tests, in comparison with 3 hours of reaction, the coke 
level had increased both on the Mo and on the Sn in the MM, and on the Mo in pure 
M0O3. Nevertheless, the Mo/Sn ratio had remained constant. This evidenced that 
the decrease of the Mo/Sn during the test is an effect of a coke deposition occuring 
with different rates on each oxides rather than a migration of one metal into the 
oxide phase of the other. 

Raman spectroscopy 
Pure M0O3 exhibited a spectrum very similar to that of a reference 

commercial molybdenum oxide, presenting intense bands at 157, 284, 666, 818 and 
995 cm-1.(Fig. 4) Pure SnC>2 exhibited a typical tin oxide spectrum with main bands 
at 85, 475 and 633 cm"1. Nevertheless, the intensities of the bands were very weak. 
Consequently, in the mechanical mixtures containing more than 5% wt of M0O3, 
only the features typical of this last oxide were observed. 

After the tests, the catalysts presented all the bands exhibited before. 
Nevertheless, a slight broadening and a decrease in the intensity of the bands was 
noted. This could be attributed to the coke deposition on the surface of the catalysts 
(demonstrated by results of other characterization techniques), the increase of the 
coke level corresponding to an increase of the disruption of the signal due to the 
"black body" radiation. No additional bands or shifts were detected. Figure 4 shows 
Raman spectra for the pure M 0 O 3 , and for mechanical mixture (Rm=0.5) before and 
after the test. 

Discussion 

In situ formation of a contaminated phase 
The formation of a contamination phase between the pure oxides during the 

reaction would have led to modifications of the characteristics of the catalysts when 
comparing spectra before and after the tests. No such modifications were observed, 
even after a long time of reaction, either by "bulk sensitive" (XRD) or "surface 
sensitive" techniques (XPS and Raman). It must be concluded that no mutual 
contamination takes place between the pure oxides during the reaction. The only 
restriction is that the results are limited by the sensitivity of the techniques used. 

Owing to this restriction, it could however be argued that some 
contamination could take place between the two oxides, but in so small amounts that 
they would remain undetected by the characterization methods used. Some of the 
results obtained in the present investigation make this hypothesis very unlikely. 

Role of a true bimetallic oxide and of solid solution in the catalytic activity 
First, the attempt to prepare a true bimetallic oxide phase has been 

unsuccessful. This, and several other tentatives related in the literature, confirm that 
the mixed phase is not stable at low temperature, and in particular when in the 
presence of oxygen, which is the case in the conditions of reaction. It is therefore 
highly improbable that such a contamination phase be formed, even in small 
quantities, during the preparation of the mechanical mixtures (no thermal treatment 
at temperatures higher than 80 °C) or during the catalytic test. 

Second, the tests performed with the samples which should suffer maximum 
contamination (or even contain solid solutions of Mo in the Sn02) show that this 
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type of contamination, if it existed, could not explain the performances of the 
mechanical mixtures, and in particular the synergies. Indeed, sample I (the one 
whose preparation made the most difficult the segregation of the elements contained 
in the precursor) exhibits conversions and yields, in particular in butene, which are 
very modest compared to those of mechanical mixtures which have similar Sn:Mo 
compositions and specific areas. The higher selectivity in butene is probably 
explained by the fact that the conversion is much lower than for sample II and III, 
and the higher selectivity in MEK is very likely explained by the fact that SnC>2 
(which produces only MEK) is the only crystalline phase in the sample. 
Considering sample II, the very high activity exhibited comes from its high specific 
area, as M 0 O 3 (which is the major compound of the catalyst) has just started to form 
small crystallites. This also explains the increase of the selectivity in butene (M0O3 
produces mainly butene) and the decrease of the selectivity in MEK (Sn02 is no 
more the only crystalline phase and the size of the SnC>2 crystallites has increased), 
in comparison with sample I. In sample III, crystallites of Sn02 and M0O3 are more 
segregated. The fact that sample III presents performances very similar to those of 
the MM seems totally consistent with the above described data, because the two 
metals have completely segregated to form a mixture of pure simple oxides, as 
shown by the XRD. 
According to the hypothesis that the solid solution would be selective, and that 
sample II should contain more solid solution than sample III, sample II should thus 
be more selective than sample III. This is not observed. This thus shows 
undoubdtedly that the solid solution is not the selective element of the catalysts. 

Synergy between two separate phases 
The synergetic effects between SnC>2 and M 0 O 3 in the dehydration-

dehydrogenation of 2-butanol at low temperature cannot be explained by mutual 
contamination. Another explanation is necessary. A logical explanation of the 
cooperative effects has to be based on the existence of two separate phases in 
intimate contact. 

Possible physical changes of the catalyst particles 
It could be argued that the synergetic effects could be a consequence of the 

mechanical actions to which the oxide particles were subjected during the mixing 
procedure. This effect would mainly concern M 0 O 3 , which is the most active phase, 
under the influence of Sn02. SnC>2 would trigger a decrease of the size of the M 0 O 3 
crystallites and/or some deflocculation of the M 0 O 3 aggregates, with, as a 
consequence, an increase of the number of active atoms of Mo exposed on the 
surface of the catalysts. This is very unlikely because the reference samples were 
subjected to the same mechanical treatment as the mixtures. None of the techniques 
used detects any effect. TEM does not reveal such changes in the morphology of the 
particles, either during the preparation of the mixtures, or during the catalytic tests. 
Measured SBET values for the MM are the same as the theoretically calculted ones. 
The aforementioned hypothesis must thus be discarded. 

Existence of a Remote Control Mechanism 
On the other hand, the observed results can be easily explained by the 

existence of a "Remote Control Mechanism (RMC)", due to the migration of 
"spillover oxygen" species. 

The present results were unexpected. As mentioned in the introduction, we 
recently carried out the same reaction, under similar experimental conditions, over 
mechanical mixtures of (X-SD2O4 with M 0 O 3 and a-Sb204 with Sn02 biphasic 
catalysts, and found similar synergetic effects. We were led to the conclusion that 
both oxides, in the presence of (X-SD2O4, behave as acceptors. However, former 
studies dealing with other oxidations (or reactions in the presence of oxygen as 
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oxygen aided dehydrations) had shown that M0O3 was not an " O s o donor", and that 
Sn02, although not as effective as SI32O4, exhibited donor propertiesfi-^j. 

In the present case, it is suggested that SnC>2 very likely plays the role of the 
"donor", while M 0 O 3 would act as the "0So acceptor". This is supported by several 
experimental observations. The principal effect was an increase in the yields and 
selectivities for butene. As i) butene is not formed on pure SnC>2 and ii) no butene 
formation was reported in our previous study over Sb204-Sn02 catalysts, we must 
conclude that, even in the presence of 0So, SnC>2 does not present active sites 
selective for butene formation. Consequently, the effect of the 0 So present in the 
Sn02-MoC>3 system is probably to create active sites selective for butene on M0O3. 
Another argument for that is that a-Sb 20 4, which is a typical donor, produces 
similar effects when mixed with M 0 O 3 . 

These results can recieve easily an explanation. Dehydration of 2-butanol to 
butene needs acids sites. We have shown previously that in mechanical mixtures of 
M0O3 and a-Sb204, 0So produced by this last oxide reacts with the surface of 
M0O3 to produce, in a way which we have not yet fully clarified, new acid sites 
(Bronsted sites) (17). 

These observations strongly support the conclusion that SnC>2 acts as the 0So 
donor while M0O3 plays as the acceptor. The result is an increase in the acidic sites 
necessary for dehydration. 

The results concerning the second reaction, namely the oxidative 
dehydrogenation of sec-butanol to MEK, are also consistent with an effect of Oso. 
Only a small amount of M 0 O 3 in the mixture increases significantly the amount of 
MEK. This shows that the increase of MEK is due principally to the presence of 
M 0 O 3 . The results do not demonstrate unequivocally that new sites for the 
formation of MEK are also created on M0O3 by 0So- But the formation of MEK by 
oxidative dehydrogenation is an oxido-reduction process, and is similar to other 
similar reactions of alcohols we have investigated. In all these cases, we found that 
Oso increased the selective oxidative dehydrogenation of alcohols (18). It is 
therefore logical to suppose that the process needs superficial oxygen species to 
regenerate adequately the active sites which accidentally become deactivated during 
the reaction : Oso coming from Sn02 help to maintain those sites in an active and 
selective state. 

Both effects, that concerning acid sites and that involved in the oxidative 
dehydrogenation, correspond to a remote control mechanism (RCM). 

The RCM is also consistent as an explanation for the very high activity 
observed with sample II (the one constitued of small Sn02 crystals with crystallites 
of M0O3). As mentioned, part of the phenomenum comes very likely from the high 
specific surface of the sample. But in addition the crystallites of both phases are in 
extremely good contact in sample II, because they have just seggregated from the 
same precursor. In this case, the Oso formed on Sn02 can easily migrate onto the 
surface of the close M 0 O 3 , so triggering more efficiently the creation and the 
regeneration of the selective sites. 

On the other hand, the induction periods observed for mechanical mixtures 
also find a logical explanation in the RCM. In the first moments of the reaction, the 
main action of Oso will be to generate the selective sites on M0O3. This is probably 
made by triggering a reconstruction of the surface to structure permitting the 
selective coordinations of Mo atoms (19). As the amount of Oso produced by Sn02 
is relatively small (Sn02 is not a very efficient donor), the time needed to reach the 
equilibrium would be relatively long. 
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The coke content in pure oxides and their mixtures gives a new indication 
concerning the intervention of Oso-

We have shown previously that coke formation on M 0 O 3 decreases 
significantly in the presence of a donor of 0So- From Tables IV and V, it is 
observed that coke is formed on M 0 O 3 when M 0 O 3 is alone. Conversely, in the 
presence of Sn02, the coke is not formed (or formed in smaller amounts) on M 0 O 3 
but preferentially formed on Sn02. However, Sn02 alone does not form coke. 

These observations set new questions. It is well established that coke is 
burned off from the surface of the catalysts by the action of 0So- It turns out that 
Sn0 2 accumulates coke, which should be removed by 0So from Sn0 2 itself. We 
have no strong argument for clarifying this problem. There are strong indications 
with M 0 O 3 that coke elimination and formation of acid Bronsted sites are parallel 
phenomena (17). A possible explanation of the different behaviour of M 0 O 3 and 
Sn0 2 with respect to the ability of 0So to remove coke from their surface would be 
the absence of adequate sites on Sn02 (sites permitting the same parallel process as 
with M 0 O 3 ) . On the other hand, we have also observed that, according to 
experimental conditions, superficial oxygen can flow from an oxide to another. 
Another possible explanation would be that superficial oxygen (in particular 0So) 
could flow too easily from Sn0 2 to M 0 O 3 because of a too strong free energy 
gradient, thus letting the surface of Sn02 in a too reduced state and promoting its 
ability to accumulate coke. But these are mere speculations which should be 
verified experimentally. 

Conclusion 

Strong synergetic effects have been observed at low temperatures in the 
dehydration-dehydrogenation of 2-butanol over mechanical mixtures of Sn0 2 and 
M0O3: important enhancement of the conversion, yields and selectivities for both 
butene and methyl-ethyl-ketone have been observed. 

No phase different from the pure oxides are formed during the reaction. Solid 
solutions of Mo in Sn02 have been shown to be inactive. No physical changes of the 
catalysts particles have been observed. Consequently, the observed cooperative 
effects seem to be explained by the Remote Control Mechanism. Sn0 2 would play 
the role of a very weak 0So donor, M 0 O 3 , acting as acceptor of 0So; 0So on M 0 O 3 
creates and/or regenerates selective sites active for the production of butene and 
MEK. 

This is one of the first instances where a Remote Control process is shown to 
occur at temperatures below 200°C. 
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Chapter 25 

Interaction of CO2 with ZnO Powders 
of Different Microcrystalline Surfaces 

A. Guerrero-Ruiz1 and I. Rodriguez-Ramos2,3 

1Instituto de Catálisis y Petroleoquimica, Consejo Superior 
de Investigaciones Cientificas, Campus Universitario de Cantoblanco, 
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2Departamento de Quimica Inorgánica, Universidad Nacional 

de Educación a Distancia, Senda del Rey, s/n, 28040 Madrid, Spain 

The surface structure of several ZnO powder samples has been studied 
by temperature programmed desorption (TPD) of adsorbed CO2. The 
isotopic distribution of evolved CO2 species was followed when 18O 
labelled carbon dioxide was adsorbed. The CO2 species formed on the 
ZnO surface were studied by infrared spectroscopy on the samples 
with higher surface area. It is found that TPD profiles of CO2 

adsorbed on ZnO are affected by the chemical nature of the surface. 
On the other hand, the interaction of C18O2 with polar and nonpolar 
planes of ZnO is very different as showed by TPD. After C18O2 

adsorption an abundant C16O2 desorption takes place. The extension of 
the oxygen exchange between CO2 and the lattice oxygen of ZnO is 
related to the surface structure of the oxide and also to the CO2 

adsorbed species. 

Zinc oxide is an industrially important oxide that is widely employed as a catalyst. 
It is used for hydrogenation, dehydrogenation, dehydration and oxidation, and also 
is an essential component of methanol synthesis catalysts. Therefore, considerable 
effort has been devoted to the study of its surface properties. Zinc oxide crystallizes 
in a wurtzite-type structure. Microcrystalline powder of ZnO is usually made up of 
hexagonal prisms, where the (0001) and (0001) polar faces are located perpendicular 
to the c-axis while the apolar ones (1010) or (1120) are parallel to it. Studies on 
zinc oxide have demonstrate that its surface chemistry is dependent on the presence 
of point defects such as anion vacancies, step or line defects, and the atomic 
arrangement of the surface planes (1-4). It is well known that following different 
preparation routes the morphology of ZnO samples can be modified. Also catalytic 
properties (i.e. selectivity) change depending on the exposed faces. The catalytic 
performance of zinc oxide for the selective oxidation of light alkanes (C r C 3 ) is 
greatly affected by the catalyst preparation method (5). The same dependence has 
3Corresponding author 

0097-6156/96/0638-0347$15.00/0 
© 1996 American Chemical Society 
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348 HETEROGENEOUS HYDROCARBON OXIDATION 

been found for the oxidative dehydrogenation of propylene on zinc oxide (6). The 
results are explained in terms of the oxidation-reduction state of the catalyst surface. 
On the other hand, studies on CO oxidation using single crystals of ZnO have shown 
that the catalytic activity depends on the crystalline plane (7). So it is interesting to 
have experimental methods to detect the atomic arrangement of catalyst surface 
planes. The main difficulty in these studies lies in the limited surface area of metal 
oxide catalysts and techniques of high sensitivity are needed. 

Carbon dioxide is frequently used as a probe molecule for investigating the 
basic properties of metal oxide surfaces (8-10) using classical methods such as 
temperature programmed desorption (TPD) or infrared spectroscopy (IR). The TPD 
experiment with detection of desorbed gases by mass spectrometry is a very sensitive 
method to obtain information about the chemical nature of the surface sites exposed 
on a catalyst. Additional insight can be obtained by the study of the temperature 
programmed desorption of adsorbed C 1 8 0 2 (11, 12). Here the isotopic exchange 
between C 1 8 0 2 and Zn 1 60 can provide information about the structure of adsorbed 
C0 2 and about the surface acid-base properties. Moreover, the desorption 
temperatures combined with the isotope distribution reflect the variety of adsorption 
sites and their oxygen exchange reactivity. 

In this paper, we report a detailed TPD study of carbon dioxide chemisorption 
on several ZnO powder samples differing in origin and surface area. The effect of 
C0 2 surface coverage on the TPD profiles and the isotope distribution of evolved 
C x 0 2 species when C 1 8 0 2 was adsorbed has been studied. Also, an infrared study of 
adsorbed C0 2 on higher surface area samples has been performed. Direct observation 
of the morphology of the different samples was made by scanning electron 
microscopy. 

Experimental 

Four ZnO samples were studied. One of them is commercially available: ZnO-A 
(Analar, from B.D.H. Chemicals Ltd.), obtained by combustion of Zn. The specific 
surface area determined by the BET method, using nitrogen adsorption at 77 K, was 
3.6 m2g_1 (13). The three others were prepared by the thermal decomposition of zinc 
oxalate (ZnO-ox), zinc hydroxide (ZnO-h) and zinc hydroxy carbonate (ZnO-hc). 
Surfaces areas of these samples were 18.6 m2g_1 for ZnO-ox, 0.2 m2g_1 for ZnO-h and 
4.2 m2gl for ZnO-hc. 

For the temperature programmed desorption (TPD) experiments, the ZnO 
samples (0.1-1.0 g) were placed in an adsorption vessel and pretreated under vacuum 
at 773 K for 1 h. Then the sample was heated in oxygen at 873 K to remove any 
residual carbonate from the surface and again treated at 773 K for 1 h under vacuum. 
After cooling to room temperature, a known amount of C0 2 or C 1 8 0 2 was introduced 
into the vessel and contacted with ZnO for 30 min. Once the gas phase was evacuated 
at room temperature, the TPD was run at a heating rate of 10 K-min"1. The desorbed 
gases were analysed by a quadrupole mass spectrometer (Balzers QMG 421C). The 
ion current of the various products and the temperature of the sample were 
simultaneously collected in a personal computer. The 180-labelled carbon dioxide 
was supplied by Isotec Inc., and its isotopic purity was 95%. 

For the IR experiments, a ZnO disk was placed in an "in situ" IR cell, and 
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pretreated as described above for the TPD experiments. An amount of C0 2 (100 
Torr) was introduced into the cell. The gas phase was removed at room temperature 
and the sample with the adsorbed C0 2 was heated in vacuum, increasing the 
temperature by 100 K increments up to 573 K. After evacuating the sample at each 
step for 15 min, the sample was cooled to room temperature and an IR spectrum was 
recorded on a Nicolet 5ZDX FTIR spectrometer with a resolution of 4 cm1. The IR 
spectra of the adsorbed species were obtained by subtracting the spectrum of the 
clean ZnO sample (background) from the spectrum obtained after adsorption. 

The morphological study of the samples was carried out by scanning electron 
microscopy (SEM), using a Jeol JSM-35C electron microscope. The samples were 
pressed into wafers and then coated with a carbon film. 

Results and Discusion 

Scanning electron micrographs of typical crystallites of the different ZnO samples are 
shown in Figure 1. The ZnO-hc sample presents hexagonal crystals which average 
size is 0.6 (Figure l.a). The ZnO-ox shows an amorphous morphology (Figure 
l.b). The ZnO-h sample is made of rectangular crystallites which sizes are between 
0.3 and 1.8 /xm (Figure l.c). Finally, the ZnO-A sample has hexagonal crystals 
which size is 200 A (Figure I.d). Thus, the selected ZnO powders have different 
surface areas and morphologies. This indicates that the proportion of crystal planes 
and surface defects are different for each sample. So ZnO-A sample exhibits a higher 
proportion of lateral faces in comparison with the ZnO-hc sample, and in agreement 
with other authors (10). Consequently, the various chemical properties of the 
different surface sites can be studied by examining the adsorption and desorption of 
C0 2 and C 1 8 0 2 . 

The adsorption of C0 2 on the ZnO samples with higher surface areas was 
monitored by IR spectroscopy. Figure 2 shows the spectra for C0 2 adsorption on 
ZnO-hc and ZnO-A samples. It is seen that C0 2 adsorption on ZnO samples leads 
to very similar spectra with a multiplicity of species. The bands at 1575-95 and 1340-
45 cm"1 can be assigned to the antisymmetric and symmetric vibrations of bidentate 
carbonate species. The broad peaks at 1630, 1419 and 1227 cm1 can be ascribed to 
hydrocarbonate species formed through the adsorption of C0 2 on hydroxyl groups 
(8). These are reversibly adsorbed at room temperature and tend to disappear with 
time. The bands at 1515 and 1390 cm'1 are assigned to unidentate carbonates and the 
1540 cm"1 peak corresponds to carboxylates (8, 9). 

The multiplicity of species formed is due to the existence of different 
adsorption sites. The ZnO presents three natural surfaces: the Zn-polar (0001) plane, 
the O-polar (OOOl) plane, and the non-polar prismatic (1010) plane where both Zn 
and O ions are on the same plane. On the other hand, in powders, the number of 
surface step defects, (nO^l) and (nOn L) surfaces can be high. In addition to surface 
defects of steps and kinks, oxide surfaces often possess anion vacancies because of 
preferential removal of oxygen during vacuum activation processes. The IR results 
can be explained as the formation of: unidentate carbonates on O2" ions from the 
(0001) plane (8), bidentate carbonates on Zn 2 +0 2" ion-pair sites from either the non-
polar (1010) surface or the stepped surfaces (8), and carboxylates on Zn 2 + ions either 
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Figure 1.- Scanning electron micrograph of: a) ZnO-hc, b) ZnO-ox, c) ZnO-h 
and d) ZnO-A samples. 
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Figure 2.- Infrared spectra of C0 2 adsorbed on: a) ZnO-A and b) ZnO-hc 
samples. 

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
O

ct
ob

er
 1

1,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
3,

 1
99

6 
| d

oi
: 1

0.
10

21
/b

k-
19

96
-0

63
8.

ch
02

5

In Heterogeneous Hydrocarbon Oxidation; Warren, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



25. GUERRERO-RUIZ & RODRIGUEZ-RAMOS CO^ and ZnO Powders 351 

from the (0001) plane (8) or from the (1010) plane with adjacent anion vacancies 
(V 0 s ) (2) . 

Although the IR spectra showed in Figure 2 are essentially the same, C 0 2 

adsorption on the ZnO-hc sample seems to give rise to bands with a different relative 
intensity. So, bands at 1515 and at 1540 cm" 1 are relatively more important in the 
case of the ZnO-hc sample. Considering that the former characterizes unidentate 
carbonate species and the latter carboxylate species, it appears that the polar faces, 
respectively (000Ï ) and (0001), and/or (10ÎÏ0) with oxygen vacancies ( V Q s ) in the 
latter, are more important on the ZnO-hc than on the Z n O - A sample. 

Figure 3 shows the IR spectra of adsorbed C 0 2 on Z n O - A , which were 
obtained after heating the sample with C 0 2 adsorbed at different temperatures for 15 
min in vacuum. A t room temperature the above described peaks were observed. 
These peaks did not change by evacuation at room temperature, with the exception 
of those corresponding to hydrocarbonate species, which tend to disappear with time. 
B y elevating the temperature to 373 Κ and 473 K , the spectra changed. The peaks 
at 1575 and 1345 c m 1 , wich were assigned to a bidentate carbonate, disappeared and 
those at 1470 and 1341 cm"1 increased. These latter bands, associated with species 
formed at high temperature, may be assigned to polydentate carbonates (8). A l s o , 
Gôpel and coworkers (2) suggest the formation of carbonate-like complexes on the 

(10ΪΌ) surface, which are stable up to 500 K . The peaks at 1515 and 1390 c m 1 

stemming from unidentate carbonates remained unchanged. A s the temperature was 
raised to 573 Κ and above no peaks were observed. 

To have a deeper insight about the nature and chemical properties on the 
surface sites of the different Z n O samples, the adsorption of C 0 2 was studied by 
T P D . T P D profiles for C 0 2 desorption from Z n O samples are remarkably affected 
by the surface coverage. For lower surface coverage ( - 0 . 2 5 μτηοϊ C 0 2 / m 2 Z n O ) , as 
shown in Figure 4.a for the Z n O - A sample, desorption peaks at temperatures as high 
as 550 Κ can be identified. For higher surface coverage ( - 2 . 5 ftmol C 0 2 / m 2 Z n O ) , 
the main observed peaks correspond to those of lower desorption temperatures 
(Figure 4.b). Final ly , when the Z n O surface is saturated with C 0 2 , for instance by 
contacting the Z n O sample with a C 0 2 pressure of 30 Ton* (Figure 4.c), an increase 
of the peak intensity at lower desorption temperature ( - 4 1 0 K ) was observed. 

From Figure 4 the desorbed C 0 2 can be divided into three regions in terms 
of desorption temperature. The first region ranges from room temperature to 430 K , 
the second one from 430 to 520 K , and the third above 520 K . To compare the 
different Z n O sample their C 0 2 - T P D profiles at a surface coverage of 0.25 μπιοΐ/m 2 

and saturation are given in Figures 5 and 6, respectively. In general the desorption 
peaks despicted agree well with those observed by other authors (3,10). Nevertheless 
the peak at 540 Κ was not detected for zinc oxide single crystal samples (10), very 
probably because in powders the number of edge positions could be much higher. 

The appearance o f three regions in the T P D profiles suggests the existence of 
three kinds of adsorption sites, differing in adsorption strength for C 0 2 . O n the basis 
of the IR studies of the C 0 2 chemisorbed over the Z n O samples, the species 
associated with region I can be unidentate carbonate and/or bidentate carbonate, 
situated on the (000Ϊ ) plane and/or on the (10 Γ0) plane, respectively (8, 14). 
Moreover, oxygen vacancies act as specific sites for strong C 0 2 chemisorption (2). 
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CD O C 

o 
CO 
< 

1600 1400 1200 

Wavenumbers (cm-1) 

Figure 3.- Infrared spectra of C0 2 adsorbed on ZnO-A. The C0 2 was adsorbed 
at room temperature and desorbed by heating at different temperatures under 
vacuum: a) room temperature, b) 373 K, c) 473 K and d) 573 K. 

Figure 4.- TPD profiles for C0 2 adsorbed on ZnO-4. Amount of C0 2 introduced: 
a) 0.25 fxmol C0 2/m 2, b) 2.5 fimol C0 2/m 2, and c) saturation. 
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So region II can be assigned to carbonate species associates to oxygen vacancies 
located on lateral faces( step or edges) of ZnO. Finally region III can be assigned to 
carboxylates, which are found on the (1010) with adjacent anion vacancies (2) and/or 
on the (0001) plane (3). The former, which desorb at 540 K, are formed on ZnO 
samples with higher surface area in which the number of surface defects is larger. 
The latter, which appear at 670-700 K, are the strongest adsorbed C0 2 species on the 
ZnO samples. 

It is interesting to note that different C02-TPD profiles are obtained depending 
on the ZnO origin. It is ease to deduce from Figure 5 that the ZnO-hc sample 
exposes polar (0001) faces in higher quantities than the other ZnO samples. This 
finding agrees with the IR results (Figure 2) and SEM observations of these samples. 
On the other hand, the density of defects and therefore the reducibility of the lateral 
faces seems to be higher in ZnO-ox and ZnO-A than in other samples (regions II and 
III), since they form species associated with surface oxygen vacancies to a greater 
extent. To obtain this information the ZnO surface was not saturated with C0 2 , 
because under this latter conditions region I becomes the principal one (Figure 6). 

To investigate the C0 2 desorption in regions II and III in more detail, small 
amounts of C 1 8 0 2 were adsorbed on the ZnO samples and subjected to TPD 
measurements. Figures 7 and 8 show the TPD profiles for each isotopically labelled 
C0 2 , at surface coverages of 2.5 and 0.25 ^mol/m2, respectively. It can be observed 
that for all desorption regions the oxygen-exchange reaction between C 1 8 0 2 and the 
oxide surfaces is vesy extensive. At desorption temperatures above 500 K (region 
III), a nearly total oxygen exchange seems to take place (Figure 8). So, the desorbed 
C0 2 consisted of -90% C 1 6 0 2 and -10% C 1 6 0 1 8 0, with no apreciable amount of 
C 1 8 0 2 . As discussed above region III can be assigned to carboxylates on (10 L 0) with 
adjacent anion vacancies or on polar (0001) faces, both species with the two oxygen 
atoms of the C0 2 molecule bound to the ZnO surface. 

A slightly different picture is found in region II. As in region III the 
desorption of C 1 8 0 2 is absent, but a considerable fraction of C 1 6 0 1 8 0 was observed. 
This species, C 1 6 0 1 8 0, being dominant for the ZnO-ox sample. The adsorbed species 
was a carbonate, which is bound to the surface with oxygen vacancies through two 
bonds. If these two bonds are equivalent the desorbed C0 2 would be a 1:1 mixture 
of C 1 6 0 1 8 0 and C 1 8 0 2 upon TPD and C 1 6 0 2 should not have been included. 
Therefore, for the description of C0 2 in region II and III, processes other than simple 
adsorption-desorption of C0 2 on two ZnO sites are involved. 

To explain the isotopic distribution of region II and III, a multiple oxygen 
exchange between C0 2 and the lattice oxygen of the oxide has to occur. Different 
mechanisms have been proposed. First, repetitive adsorption-desorption of C0 2 

molecules has been suggested (75). This latter was observed in the presence of gas-
phase C0 2 (> lKPa). However, in our experiments after the dosage of 0.25 /xmol 
C0 2/m 2 the partial pressure of C0 2 was negligible and its occurrence is excluded. 
Other mechanisms proposed (16,17) contemplate the formation of a rolling three-fold 
coordinated carbonate, but this species would result in the desorbed C0 2 containing 
at least 17% C 1 8 0 2 . Finally, it has been proposed (12) that extensive oxygen 
exchange results from adsorbed C0 2 migrating over the surface without leaving the 
surface. During the migration over the surface, the adsorbed C0 2 species undergoes 
O exchange with the surface O atoms. 
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300 400 500 600 700 800 

T ( K ) 

Figure 5.- TPD profiles for C0 2 adsorbed on: a) ZnO-h, b) ZnO-hc, c) ZnO-A 
and d) ZnO-ox. C0 2 concentration: 0.25 fimol C0 2/m 2. 

13 
CO 

A- 1.0-

300 400 500 600 700 800 

T ( K ) 

Figure 6.- TPD profiles for C0 2 adsorbed on: a) ZnO-h, b) ZnO-ox, c) ZnO-hc 
and d) ZnO-A. C0 2 concentration: saturation. 
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13 
CD 

300 400 500 600 700 800 
T(K) 

Figure 7.- TPD profiles for C 1 8 0 2 adsorbed on: a) ZnO-h, b) ZnO-ox, c) ZnO-hc 
and d) ZnO-A. — C 1 6 0 2 , —C 1 8 0 1 6 0. C0 2 concentration: 2.5 jamol/m2. 

300 400 500 600 700 800 

T(K) 

Figure 8.- TPD profiles for C 1 8 0 2 adsorbed on: a) ZnO-hc and b) ZnO-ox. 
C 1 6 0 2 , —C 1 8 0 1 6 0. C0 2 concentration: 0.25 /xmol/m2. 
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Comparison of C0 2 desorption in region II for the different ZnO samples 
(Figure 7) shows that the migration process depends on the surface structure of the 
ZnO. So, differences in the probability of migration results in differences in the 
isotopic distribution in the desorbed C0 2 . 

Conclusions 

The results obtained allow us to say that the temperature programmed desorption of 
the adsorbed probe molecule C0 2 , with and without 180-labelled, provide information 
about the surface structure of microcrystalline ZnO samples with very different 
surface area. The TPD profiles reflect the variety of adsorption sites of the sample. 
So, the proportion of different adsorbing faces, the presence of surface defects such 
as steps, kinks and anion vacancies can be determined. 
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Chapter 26 

Alkene Oxidation on Pd (100): 
Total, Not Partial 

Xing-Cai Guo and Robert J. Madix1 

Department of Chemical Engineering, Stanford University, 
Stanford, CA 94305 

Partial alkene oxidation has previously been observed on Ag(110) and 
Rh(111) under ultrahigh vacuum conditions. Atomic oxygen on Ag(110) 
reacts with alkenes through acid-base reactions or epoxidations, whereas on 
Rh(111) alkenes can be oxidized to ketones. On Pd(100), a neighbor to 
both Ag and Rh in the periodic table, we detected no partial oxidation 
products for O(a) coverages up to 1 O/Pd for any of the alkenes studied 
including ethylene, propene, 1-butene, and 1,3-butadiene; only total 
oxidation (combustion) products were observed. We found that strong 
bonding of alkenes to Pd(100) invalidates the application of gas phase 
acidity concepts as on Ag(110) and that efficient O-H bond formation on 
Pd(100) prevents ketone formation as on Rh(111). Two different 
combustion pathways were identified, namely, direct (oxygen-activated) 
combustion and indirect (decomposition and oxidation) combustion. 

Alkene oxidation has been investigated and is relatively well understood on Ag(l 10) (7) 
and Rh(l 11) (2) under ultrahigh vacuum (UHV) conditions. Atomic oxygen on Ag(l 10) 
reacts facilely with alkenes through an acid-base reaction (proton abstraction from the 
acidic C-H bonds) or epoxidation (oxygen cyclic addition to the C=C double bonds)(7). 
Ethylene does not react with O(a) on Ag(l 10) under UHV because it desorbs before it 
can react (3). Propene is totally oxidized (or combusted) because of its most acidic allylic 
H (4,5). Partial oxidation occurs for 1-butene to form 1,3-butadiene via acid-base 
reaction; oxygen addition to butadiene yields 2,5-dihydrofuran which can be further 
converted to furan and maleic anhydride (5). 

In contrast, no acid-base reaction occurs on Rh(l 1 l)-p(2xl)-0 (0.50 O/Rh). On 
this surface alkenes with a vinylic C-H bond can be oxidized to ketones, e.g. propene to 
acetone, butene and butadiene to the corresponding methyl ketones (2). It has been 
proposed that direct oxygen addition to 2-C occurs to form an oxametallacycle, and 
subsequent (3-H elimination and 1-C hydrogenation form ketone. During these reactions 

1Corresponding author 

0097-6156/96/0638-0357$15.00/0 
© 1996 American Chemical Society 
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allylic C-H bonds are not broken. Inhibition of dehydrogenation by 0(a) is thought to be 
the key for partial oxidation of alkenes on Rh(lll)-p(2xl)-0, because at lower 0(a) 
coverages only combustion takes place. 

In the periodic table palladium is next to both Ag (on its right) and Rh (on its 
left), which makes one wonder what mechanism will be followed by alkene oxidation on 
Pd. Does acid-base reaction occur as on Ag(l 10)? Does oxygen atom attack the C atoms 
of alkene molecule to form a C-0 bond as on Rh(l 11)? Are there any partial oxidation 
products from alkene oxidation on Pd? With these questions in mind we have carried out 
alkene oxidation experiments on Pd(lOO). We have studied a wide range of 0(a) 
coverages up to 1 monolayer (1 ML = 1 O/Pd) using temperature-programmed reaction 
spectroscopy (TPRS) under UHV conditions. The alkenes studied include ethylene, 
propene, 1-butene, and 1,3-butadiene. Reactions on both clean and 0(a)-covered 
Pd(lOO) surfaces were investigated. Briefly, no partial oxidation products were detected 
for 0(a) coverages up to 1 O/Pd for any of the alkenes studied; only combustion 
products were observed. However, two different combustion pathways have been 
identified, namely, direct (oxygen-activated) combustion and indirect (decomposition 
and oxidation) combustion. Generally, combustion occurs at temperatures below which 
dehydrogenation would be complete on the clean surface. 

Results 

Evolution of Product Molecules H 2 , H 2 0, CO, and C0 2 . For the purpose of 
calibration we first determined the temperature programmed desorption (TPD) or TPR 
spectra of the product molecules H 2, H20, CO, and C0 2. Desorption of H 2 starts at 300 
K and reaches maximum at 355 K. This experiment sets a reference temperature for 
desorption-lirrrited H 2 evolution. H 20 evolution from H(a) adsorbed on Pd(100)-p(2x2)-
O starts at 195 K, showing a desorption maximum at 285 K. For lower 0(a) coverages 
H 20 evolves in the same temperature range. H 20 evolution in this temperature range is 
rate-limited by OH disproportionation, since desorption-limited H 2 0 evolves below 200 
K from Pd(100) (6). Desorption-limited CO evolution from CO(a) on clean Pd(100) is 
around 500 K. CO adsorption on Pd(100)-p(2x2)-O leads to C0 2 evolution at 335 K. 
C0 2 evolution is rate-limited by CO(a)+0(a) reaction, because C0 2 rapidly desorbs at 
this surface temperature. Reaction-limited CO and C0 2 evolution from reactions of 0(a) 
and C(a) on Pd(100) occurs at 625 and 500 K, respectively. 

Dehydrogenation of Ethylene, Propene, 1-Butene, and 1,3-Butadiene . Alkenes 
were adsorbed on clean Pd(100) at a surface temperature of 120 K with variable 
exposures. Dehydrogenation of alkenes yields adsorbed hydrogen H(a) on the surface, 
which desorbs associatively as H 2 . At low exposures no molecular alkene desorbs. All 
alkenes on the surface dehydrogenate, yielding H(a) and C(a). Even at very low 
coverages all four alkenes exhibit two H 2 evolution peaks: one at 350 K, and the other 
above 400 K. These results indicate that each alkene dehydrogenates in two major steps, 
one occurring around 300 K and the other above 400 K. As coverage increases further, 
a fraction of the adsorbed alkene molecules start to desorb. For butadiene at saturation 
coverage, self-hydrogenation forms 0.02 butene/Pd. No hydrogenation was detected for 
ethylene, propene, and butene. 
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Table I. Total Adsorption Coverage, Molecular Desorption Yield, and 
Dehydrogenation Yield of Alkenes on the Clean Pd(100) Surface for Saturation 
Exposures at 120 K. 

Alkene 
Molecule 

Desorption 
Yield 
(alkene/Pd) 

Dehydrogenation Yield 

(H2/Pd) (alkene/Pd) 

Adsorption 
Coverage 
(alkene/Pd) 

ethylene 0.15 0.19 0.10 0.25 

propene 0.13 0.32 0.11 0.24 

butene 0.12 0.36 0.09 0.21 

butadiene 0.12 0.38 0.13 0.27 

Table I lists the total adsorption coverages and the dehydrogenation yields for 
saturation alkene exposure at 120 K. The saturation coverage for simple alkenes is in the 
range from 0.25 to 0.21 alkene/Pd, decreasing as the molecular chain increases from 
ethylene to propene to butene. From butene to butadiene there is an increase of 8 
kcal/mol in adsorption energy as estimated from the high temperature desorption peak 
(225 K for butene and 350 for butadiene). The dehydrogenation yields are similar for 
simple alkenes (0.10 alkene/Pd), but slightly more dehydrogenation occurs for butadiene 
(0.13butadiene/Pd). 

Oxidation of Ethylene, Propene, 1-Butene, and 1,3-Butadiene. Adsorption of 
ethylene, propene, 1-butene, and 1,3-butadiene was studied on the atomic oxygen-
covered Pd(100)-p(2x2)-O surface at 120 K with a variable alkene exposure. Under 
these conditions TPR spectra heating up to 1070 K yielded no partial oxidation products; 
only total oxidation (combustion) products H 20 and C0 2 (and CO when alkene is in 
excess) were found. Even at higher O(a) coverages (up to 1 O/Pd) combustion was the 
only reaction detected. The product yields for the saturation alkene exposure are listed 
in Table II. 

Table H. Yield (molecules/Pd or atoms/Pd) of Alkene Combustion on the Pd(100)-
p(2x2)-0 Surface for Saturation Exposures at 120 K. 

Alkene 
Molecule 

Reaction Products Re
acted 
Alkene 

De
sorbed 
Alkene 

Ad
sorbed 
Alkene 

Alkene 
Molecule 

H20 H 2 C02 CO O(a) C(a) 

Re
acted 
Alkene 

De
sorbed 
Alkene 

Ad
sorbed 
Alkene 

ethylene 0.02 0.02 0.04 0.00 0.13 0.00 0.02 0.14 0.16 

propene 0.20 0.07 0.01 0.03 0.00 0.23 0.09 0.14 0.23 

butene 0.19 0.20 0.01 0.04 0.00 0.36 0.10 0.14 0.24 

butadiene 0.12 0.19 0.03 0.07 0.00 0.30 0.10 0.13 0.23 
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Very little ethylene reacts with 0(a) on Pd(100)-p(2x2)-O, and there is no 
indication of direct reactions. H 20 evolution near 350 K is rate-limited by ethylene 
dehydrogenation on Pd sites unaffected by adsorbed O and subsequent reactions between 
H(a) and 0(a), as the peak temperature for water evolution is well above that from 
H(a)+0(a) reaction on the clean surface. The C0 2 evolution at 530 K is apparently due 
to 0(a) reacting with totally dehydrogenated C(a) atoms, as it closely resembles that 
from 0(a)+C(a) reaction. No CO is formed from ethylene on Pd(100)-p(2x2)-O, since 
0(a) is in excess by 0.13 O/Pd. Of 0.16 ethylene/Pd adsorbed at saturation, which is 
considerably smaller than on clean Pd(100), 0.14 ethylene/Pd desorbs molecularly in a 
broad peak below 370 K. 0(a) on Pd(100) seems to block ethylene adsorption and 
inhibit ethylene dehydrogenation. 

Propene, butene, and butadiene have very similar reacted coverages (0.10 
molecule/Pd) and adsorbed coverages (0.23 molecule/Pd) for saturation exposures at 120 
K (Table II). In fact, these quantities on Pd(100)-p(2x2)-O are comparable to those on 
clean Pd(100) (cf. Table I). Clearly 0(a) does not block adsorption or inhibit reactions 
of propene, butene, and butadiene - unlike the case of ethylene. The TPRS spectra on 
Pd(100)-p(2x2)-O are also similar for propene, butene, and butadiene. At low coverages 
all H atoms of the alkene molecule react with 0(a) to form H 20 below 400 K; no H 2 

evolves from the surface. This result is in sharp contrast to the behavior on clean 
Pd(100), where reaction-limited H 2 evolves above 400 K in the second stage of 
dehydrogenation. Apparently, 0(a) facilitates the C-H bond scission of higher alkenes 
on Pd(100), at least subsequent to the first dehydrogenation step. 

For propene and butene there are two H 20 peaks which develop simultaneously 
as coverage increases, indicating that there are two stages in 0(a)+alkene reactions. The 
low temperature H 20 peak at 280 K coincides with that from H(a)+0(a) reaction on 
Pd(100), suggesting that the H 20 evolution is not rate-limited by C-H bond scission, but 
by recombination. However, the high temperature H 20 peak above 300 K (340 K for 
propene and 350 K for butene) is clearly rate-limited by C-H bond scission. As coverage 
increases, both H 20 peaks shift down in temperature and a shoulder appears above 400 
K. To further distinguish the two water evolution processes within the alkene, 
experiments were performed using deuterated alkenes. In these experiments alkene 
exposures were low enough so that there was no evolution of hydrogen or its isotopes. 
All alkene molecules reacted with 0(a) to form water. Experiment with D2C=CD-CD3 

shows that Deuterated propene reacts similarly as non-deuterated propene. Unlike the 
results for Ag(110)(3), there is no significant deuterium kinetic isotope effect. 
Qualitatively, in the low temperature peak there is little C-D bond breaking for H2C=CH-
CD 3 and D2C=CH-CH2-CH3. This result implies that the low temperature H 20 originates 
mainly from the vinylic 2-H atoms of the 1-alkene. Quantitative distributions of H (or D) 
in the two pathways to water are listed in Table III. 

The distribution remains approximately constant as the coverage varies. As Table 
III shows, of six H atoms in H2C=CH-CH3 one H goes to low temperature H 20, 
suggesting cleavage of one C-H bond, while the remaining five appear in the high 
temperature H 20. This ratio also holds for the corresponding routes of D2C=CD-CD3. 
For H2C=CH-CD3 one C-H bond reacts at low temperature, while the two C-H bonds 
and three C-D bonds react at high temperature. For H2C=CH-CH2-CH3 and D2C=CH-
CH 2-CH 3 the low temperature reaction occurs with two C-H bonds. The two C-D bonds 
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26. GUO & MADIX Alkene Oxidation on Pd (100) 361 

in D 2C=CH-CH 2-CH 3 all react at high temperature. Taken these together, it is clear that 
the vinylic C-H bond in propylene is predominantly cleaved at low temperature while the 
allylic or methylenic C-H bonds react at high temperature. The exact origin of the two 
hydrogens in 1-butene cannot be specified, however. 

Table III. Distributions of H or D in Water Evolution in the Low Temperature 
Range and in the High Temperature Range for Propene and 1-Butene on Pd(100)-
p(2x2)-0. The Numbers Shown Are Rounded from Those in the Parentheses. 

Hydrogen (H) Deuterium (D) 

Low High Total Low High Total 

H 2 C C H C H 3 1(1.2) 5(4.8) 6 0(0.0) 0(0.0) 0 

D 2 C C D C D 3 0(0.1) 0(0.0) 0 1(1.2) 5(4.8) 6 

H 2 C C H C D 3 1(0.8) 2(2.2) 3 0(0.2) 3(2.8) 3 

H 2 C C H C H 2 C H 3 2(2.1) 6(5.9) 8 0(0.0) 0(0.0) 0 

D 2 C C H C H 2 C H 3 2(2.2) 4(3.8) 6 0(0.1) 2(1.9) 2 

Formation of CO and C 0 2 from propene, butene, and butadiene on Pd(100)-
p(2x2)-0 represents a minor reaction channel compared to H 2 0 formation (Table II). 
Consequently, a large amount of C(a) is left on the surface. Two C 0 2 peaks emerge as 
coverage increases, which appear to coincide with the high temperature H 2 0 peaks. As 
proven by isotope coadsorption experiments, these C 0 2 evolution peaks are from neither 
CO(a)+0(a) reaction nor C(a)+0(a) reaction. They must be due to direct O(a) reactions 
with alkene intermediates following C-H bond scission, forming C-O bonds with an 
activation energy lower than that of C(a)+0(a) reaction but higher than that of 
CO(a)+0(a) reaction. This suggestion is further supported by the appearance of 
desorption-limited CO at 450 K. Although it occurs at 500 K on clean Pd(100), 
desorption-limited CO evolution is shifted down by 50 K with coadsorbed alkenes as 
shown by CO 1 8 coadsorption experiments. The desorption-limited CO evolution at 450 
K also indicates that the C-0 bond forms below 400 K. The high temperature CO peak 
around 600 K is from O(a) reaction with C(a) on the surface. 

Discussion 

Reactivity of the vinylic C-H bond on Pd(100)-p(2x2)-O seems not to be governed by 
the gas phase acidity, which applies well on Ag(l 10). The allylic C-H bond of propene 
is the most acidic ( A / / ^ = 391 kcal/mol), but it is less reactive than the vinylic C-H 
bond. We also found that norbornene (bicyclo[2.2.1]-2-heptene) combusts easily, despite 
the fact that its gas phase acidity AHKid = 402 kcal/mol) is similar to that of ethylene 
(A/Z^jd = 406 kcal/mol). On the other hand, initial C-H bond scission is not induced by 
O addition to the C atom of alkene as it is proposed to occur on Rh(100)-p(2xl)-O. 
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362 HETEROGENEOUS HYDROCARBON OXIDATION 

Oxygen addition to C atoms does occur on Pd(100)-p(2x2)-O, but apparently 
only to the C atoms of alkene intermediates after the C-H bond reaction with 0(a). In 
addition, efficient H 2 0 formation and evolution on Pd(lOO) make hydrogenation 
impossible, as no self-hydrogenation of butadiene occurs on Pd(100)-p(2x2)-O, although 
it occurs on clean Pd(lOO). Hydrogenation is an essential step in the proposed 
mechanism of ketone formation from alkene on Rh(100)-p(2xl)-O (2), where H 20 
evolves at a higher temperature than ketone evolution. In conclusion, efficient reactions 
between 0(a) and the C-H bonds may prevent ketone formation on Pd, while strong 
bonding of alkene to the surface prevents the application of gas phase acidity concepts 
to alkene oxidation on Pd. This is why Pd is a good catalyst for alkene total oxidation 
rather than partial oxidation. 

Summary 

The oxidation reactions of ethylene, propene, 1-butene, and 1,3-butadiene have been 
studied on atomic oxygen-covered Pd(100)-p(2x2)-O surface. It was found that 0(a) 
inhibits adsorption and reaction of ethylene, whereas 0(a) does not inhibit the adsorption 
of higher alkenes and also activates their reactions. At low alkene coverages, all C-H 
bonds react facilely with 0(a), forming water below the temperature of complete 
dehydrogenation on the clean surface. Isotope experiments show that the low-
temperature water evolution at 280 K results predominately from 0(a) reactions with the 
vinylic C-H bonds of 1-alkenes. Low-temperature C0 2 evolution and desorption-limited 
CO evolution indicate that 0(a) directly attacks the C atoms of dehydrogenated alkene 
intermediates. However, efficient water formation prevents O-containing intermediates 
from hydrogenating and producing partial oxidation products. 
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Chapter 27 

Catalytic Methane Oxidation 
at Low Temperatures Using Ozone 

W. Li and S. Ted Oyama1 

Department of Chemical Engineering, Virginia Polytechnic Institute 
and State University, 133 Randolph Hall, Blacksburg, VA 24061 

Methane oxidation using ozone at low temperatures (< 673 K) was 
studied both in the gas phase and with catalysts. Gas phase reactions 
were significant even at low temperatures, however, catalysts could 
improve the reactivity both under oxygen-rich and oxygen-deficient 
conditions. MgO was found to be active for the conversion of methane 
to CO and CO2 at oxygen-rich conditions, while Li/MgO catalyst 
promoted the production of formaldehyde at oxygen-deficient 
conditions. A selectivity to HCHO over 90% was achieved with a 4% 
methane conversion at 650 K on a Li/MgO catalyst, while no detectable 
conversion of methane was observed using oxygen as the oxidant. 
Methane oxidation to form formaldehyde was found to occur at the 
same temperature range when ozone decomposition happened, which 
suggested that the active oxygen species for methane oxidation were 
formed by ozone decomposition. Values of the ratio of converted 
CH4/converted O3 above unity clearly indicated the involvement of a 
chain reaction mechanism. 

The direct oxidation of methane to methanol or formaldehyde has been receiving 
considerable attention due to its fundamental as well as practical significance. Oxygen 
is the most commonly used oxidant. However, severe conditions (>400 °C) are usually 
necessary to achieve detectable conversion of methane, and high selectivities to the 
desired oxygenates occur only at small (<2%) methane conversion levels (1-7). 
Consequently, alternative oxidants, i.e. O3, N 20 etc. (8-15) have also been studied. As 
methane is the most stable hydrocarbon, its interaction with 0 3 is particularly interesting 
because ozone is the second strongest oxidizing agent, only next to fluorine (16). 
Hutchings and co-workers (11,12) studied the effect of ozone versus oxygen on the 
methane oxidation reaction. Ozone was found to be more active and selective than 
oxygen at temperatures < 400 °C. Hydrogen, carbon monoxide, and carbon dioxide 
were the only products observed. Two crucial questions were unanswered in that 

1Corresponding author 

0097-6156/96/0638-0364$15.00/0 
© 1996 American Chemical Society 
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27. LI & OYAMA Catalytic Methane Oxidation Using Ozone 365 

study. First, ozone is thermodynamically unstable, and it decomposes to oxygen both 
thermally and catalytically. Hence ozone can be consumed by reaction with methane 
as well as by decomposition to oxygen. The role of ozone decomposition in relation 
to its reaction with methane needs to be clarified. Second, because of the strong 
oxidizing ability of ozone, contributions from gas phase reactions cannot be neglected 
even at low temperatures. The importance of these homogeneous reactions needs to 
be quantitatively resolved. 

In this paper, we report a detailed study of methane oxidation at relatively low 
temperatures (< 400 °C) using ozone or oxygen as the oxidizing agents. Due attention 
has been given to establish the role of gas phase reactions. The ozone and methane 
concentrations before and after the reaction were monitored to determine the 
stoichiometry of the reaction and the possible involvement of chain reactions. MgO 
and Li/MgO were used as catalysts for this reaction. 

Experimental 

The catalysts used in this study were MgO and 5 wt% Li/MgO. MgO (Alfa, 99.85%) 
was treated with distilled water to form a paste, which was dried at 120°C and then 
calcined at 500°C for 6 hours. The Li/MgO catalyst was prepared by a similar 
procedure described in ref. 17. An aqueous solution of LiOH (Aldrich, 99.9+%) was 
added to MgO to form a paste. Then the catalyst was dried and calcined as the MgO 
catalyst. The surface area of the catalysts was measured by nitrogen adsorption using 
the BET method. Methane oxidation was carried out in a fixed-bed flow reactor 
system using 100 mg of catalysts. Ozone was produced by passing oxygen (Air 
Products, 99.6%>), dried with a gas purifier (Alltech, Drierite and Molecular Sieve 5 A), 
through an ozone generator (OREC, Model V5-0), and its concentrations before and 
after the reaction were monitored by an ozone analyzer (H-l , IN-USA). In this study, 
the initial ozone concentration was always lower than 2 mol%. Methane (Air 
Products, 99.99%) and helium (Air Products, 99.999%) were also dried using the gas 
purifiers, and their flow rates were controlled by mass flow controllers (Brooks 
5850E). The flow rate of the ozone and oxygen mixture was set by a needle valve 
(Nupro), and monitored by a mass flow meter (Aalborg, GFM17). The product 
compositions were determined by an on-line gas chromatograph (SRI, 8610) with a 
TCD and an FID detector. The gas phase reaction was evaluated with a reactor 
loaded with quartz chips (18-20 mesh), using oxygen-rich and oxygen-deficient 
conditions. The flow rates for these conditions are listed in Table I. 

Table I. Flow Rates for the Oxygen-Rich and Oxygen-Deficient Conditions 
Gas Oxygen-Rich Oxygen-Deficient 
He 6 0 510cm3min"1 379 umol s"1 

C H 4 12 cm3min 1 8.9 umol s"1 60 cm^min"1 45 umol s"1 

0 2 (0 3 ) 800 cm^in" 1 595 umol s"1 30 cnr'mm1 22 umol s"1 

(1.5 mol%03) (8.9 umol s'1) (2 mol% Q 3) (0.4 umol s'1) 

Under all the reaction conditions studied, no methane conversion was observed 
when oxygen alone was used as the oxidizing agent. Methane conversion was 
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366 HETEROGENEOUS HYDROCARBON OXIDATION 

calculated by summing all of the products, and the converted CFLt/converted O 3 ratio 
was calculated as (CH4 conversion x CH4 flow rate)/(03 Conversion x 0 3 flow rate). 
During the experiments, special caution was taken due to the high toxicity of ozone. 
The reactor system was carefully leak-tested, and the effluent gas was properly vented 

Results and Discussions 

Gas Phase Reaction. The role of the gas phase reaction in methane oxidation by 
ozone was studied using a reactor filled with quartz chips (18-20 mesh). The quartz 
chips used had a very low specific surface area (< 0.2 m2/g). The gas phase reaction 
was carried out under both oxygen-rich and oxygen-deficient conditions. As shown in 
Figure 1, significant gas phase reactions between ozone and methane were observed 
even at low temperatures, especially in an oxygen-rich atmosphere (Figure la). Under 
these conditions, the main product was C O 2 (Figure lb). A substantial amount of CO 
was produced only at temperatures higher than 550 K. Interestingly, the reaction rate 
was observed to decrease with increasing temperature. This can be understood as 
arising from the decreasing availability of ozone in the gas phase. With increasing 
temperature, ozone decomposes faster and is less available to react with methane. 
Thus, the observed kinetic behavior is a combination of the kinetics of ozone reaction 
with methane and of ozone decomposition to oxygen. 

I 1 1 1 1 1 T = = a " ' I I 

350 400 450 500 550 600 650 700 750 

Temperature / K 

Figure 1. Gas phase reactivity under both 0 2 rich and 0 2 deficient conditions 

At the oxygen-deficient conditions, CO and C O 2 were the only products at 
low temperatures (Figure lc). However, the amount of formaldehyde produced 
increased sharply at about 523 K, and a very high selectivity to formaldehyde was 
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27. LI & OYAMA Catalytic Methane Oxidation Using Ozone 367 

observed at higher temperatures. At even higher temperatures (>750 K), the further 
oxidation of formaldehyde became important, and CO formation increased. 

Notice that the selectivities are different from those reported by Hutchings and 
coworkers (77,72). The reason is probably that the contact time used in this study (< 
0.05 s) is much shorter than that used in their study (> 5 s). It is well accepted that 
selectivity depends strongly on the contact time in partial oxidation reactions. 

To better understand the relationship between ozone decomposition and its 
reaction with methane, we also carried out ozone decomposition with no methane 
under oxygen-deficient condition. Interestingly, the ozone decomposition was found 
to follow the same temperature profile as the reaction between ozone and methane 
(Figure 2). The reaction rates of both reactions were found to follow Arrenhius 
equation (Figure 3) within the temperature range of 473 to 523 K. Their activation 
energies were determined to be 74 klmol"1 for methane oxidation, and 80 kJmol"1 for 
ozone decomposition. This suggests that the active oxygen species for methane 
conversion are probably formed by ozone decomposition. 

0.7 

0.6-

- 0.5-

S 0.4 

0.3" 

0.2 

0.1 

0.0 

-#— Ozone decomposition 
- • — Methane oxidation 

350 400 450 500 550 

Temperature / K 
600 650 

Figure 2. Comparison of methane oxidation rate and ozone decomposition rate 
in the gas phase under 0 2 deficient condition 

The mechanism of methane reaction with ozone in the gas phase was 
postulated to go through the following steps (18): 
(1) the decomposition of ozone to form an atomic oxygen species and an oxygen 

molecule, 
(2) the reaction between methane and the atomic species to form methyl radicals, 
(3) the further oxidation of methyl radicals to methanol and/or formaldehyde. 
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-4.0-
1 • 1 • 1 • 1 ^ 1 • 1 

1.8 1.9 2.0 2.1 2.2 2.3 

1000/T/K-i 

Figure 3. Arrenhius plots for ozone decomposition and methane oxidation rates 

Our results are consistent with this mechanism, however, there exists a possible 
involvement of a chain reaction mechanism. The measurement of inlet and outlet 
ozone concentrations allowed calculation of converted CHVconverted O 3 ratio (Figure 
4). This ratio gives information on the stoichiometry of the reaction as well as insights 

2.0 

— 1 1 1 • 1 1 1 • 1 1 — 

300 400 500 600 700 

Temperature / K 

Figure 4. Converted C H 4 / Converted O 3 ratio in the gas phase reaction 
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27. LI & OYAMA Catalytic Methane Oxidation Using Ozone 369 

for the reaction mechanism. The ratio was found to be larger than 1 under certain 
conditions, which indicates that a chain reaction mechanism may be involved. The 
ratio for oxygen-rich conditions was found to be considerably higher than that for 
oxygen-deficient conditions, which suggests that molecular oxygen is involved in the 
chain propagation reaction. 

Reaction over Catalysts. MgO and 5 wt% Li/MgO were used to study the 
effect of catalysts on the reaction between ozone and methane. 

MgO. Under oxygen-rich conditions, MgO showed considerably higher 
reactivity than quartz for methane conversion, especially at lower temperatures (Figure 
5a). However, the selectivities were comparable to those over quartz (Figure 5b). On 
the other hand, the gas phase reaction dominated under oxygen-deficient conditions 
(Figure 6a, b). Both the activity and the selectivities over the catalyst showed no 
difference from those over quartz. Therefore, under the latter conditions the reaction 
occurred mainly in the gas phase instead of on the MgO surface. 

Temperature / K 

Figure 5. Reactivity of MgO under 0 2 rich condition 

Notice that the selectivities under oxygen-deficient conditions were remarkably 
different with increasing temperature. At lower temperatures, the main products were 
CO and C 0 2 , while formaldehyde became the predominant product at higher 
temperatures. The production of CO and C 0 2 at lower temperatures suggests that 
they are not produced by the further oxidation of formaldehyde, even though the 
oxidation of formaldehyde to CO is observed at higher temperature (> 650 K). There 
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370 HETEROGENEOUS HYDROCARBON OXIDATION 

exist two reaction pathways: one to formaldehyde, which can be further oxidized to 
CO, and a separate one to CO and C 0 2 . The production of formaldehyde increased 
sharply around 523 K. This large temperature dependence indicated a high activation 
energy for the oxidation of methane to produce formaldehyde. 

c 2.0 
o 

— i « 1 « — * — i > 1 1 

300 400 500 600 700 
Temperature / K 

Figure 6. Reactivity of MgO under O2 deficient condition 

Li/MgO. Under oxygen-rich conditions, Li/MgO showed similar reactivity to 
MgO. The methane conversion over Li/MgO was much lower than that over MgO, 
however, their areal rates were comparable because of the lower surface area of the 
Li/MgO catalyst (Figure 7a, b). C 0 2 was the main product. Only at temperatures 
higher than 550 K, was a substantial amount of CO formed. 

Under oxygen-deficient conditions Li/MgO showed higher activity and 
selectivity than MgO. A 4% methane conversion was achieved with the selectivity to 
formaldehyde exceeding 90% at 650 K (Figure 8a, b). 

Li/MgO is known as an effective catalyst for the oxidative coupling of 
methane, which involves the generation of methyl radicals and its coupling to C2H6 
(19). Surface O" species (Li+0") are proposed as the active centers. When ozone is 
used as the oxidizing agent, O" species and methyl radicals could be generated at much 
lower temperatures on the Li/MgO catalyst surface as well as in the gas phase. 

The reaction of methyl radicals with metal oxides has been studied by Lunsford 
and coworkers (20). CH 3 OH and HCHO are formed by the reaction of methyl 
radicals with metal oxides at temperatures lower than 773 K. It was concluded that 
high selectivity and yield to oxygenates are possible to achieve if C H 4 could be 
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- • — M g O 
- • — L i / M g O 

• — M g O 

• • — L i / M g O 

Temperature / K 
Figure 7. Comparison of activities of MgO and Li/MgO under 0 2 rich condition 

U — i • * i 1 i 1 • 1 

300 400 500 600 700 

Temperature / K 
Figure 8. Reactivity of Li/MgO under 0 2 deficient condition 
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372 HETEROGENEOUS HYDROCARBON OXIDATION 

converted to CH3« radicals at moderate temperatures. When ozone is used as the 
oxidant, active oxygen species can be produced through ozone decomposition. The 
formed oxygen species can react with methane to generate methyl radicals. In the 
experiments here the formation of HCHO was observed to increase sharply at about 
523 K, which is the thermal decomposition temperature of ozone. Therefore the 
results are consistent with a radical reaction mechanism shown earlier, with the 
calculation of converted CH^converted 0 3 ratio confirming the occurrence of the 
chain reaction mechanism (Figure 9). 

t; 
CD 

o 
U 

X 
u 

€ 
CD 

O 
U 

7 

6 

5H 

4 

3 

2 

H 

0 

O Deficient 
2 

O Rich 
2 

400 500 

Temperature / K 
700 

Figure 9. Converted C H 4 / Converted 0 3 ratio over Li/MgO 

Conclusions 

The direct oxidation of methane using ozone at low temperatures (< 673 K) was 
studied both in the gas phase and over MgO, Li/MgO catalysts. Although significant 
reaction in the gas phase was observed, catalysts could improve the reactivity both 
under oxygen-rich and oxygen-deficient conditions. MgO was found to be active for 
the conversion of methane to CO and C 0 2 at oxygen-rich conditions, while Li/MgO 
catalyst promoted the production of formaldehyde at oxygen-deficient conditions. A 
4% methane conversion with a selectivity to HCHO over 90% was achieved at 650 K 
on a Li/MgO catalyst using ozone as the oxidant. Our calculations of converted 
CHVconverted O 3 ratio clearly indicate the involvement of a chain reaction 
mechanism. 
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Chapter 28 

Alkane Oxidation on Vanadium Silicalite 
Compared to Titanium Silicalite 

T. Tatsumi, Y. Hirasawa, and J. Tsuchiya 

Engineering Research Institute, Faculty of Engineering, 
University of Tokyo, 2-11-16 Yayoi, Bunkyo-ku, Tokyo 113, Japan 

Silicates containing Ti and V, TS-2 an VS-2, have been synthesized 
using tetrabutylammonium cation as the template. Contrasted with 
TS-2, VS-2 gives appreciable terminal oxidation products in the 
oxidation of hexane and allylic oxidation products in the oxidation of 
hexenes. The relative rate of 2-hexene/1-hexene epoxidation is 
much lower on VS-2 than on TS-2. These findings indicate the 
radical character of the active oxygen species on VS-2. Spin trapping 
experiments have revealed that the primary hexyl radical is generated 
in the VS-2-H2O2-hexane system and that no alkyl radical is observed 
with the TS-2 system. For both TS-2 and VS-2, hydroperoxy 
radicals are trapped by nitrones. It is proposed that in the oxidation 
of alkanes the oxidation of internal carbons and that of terminal 
carbons proceed by different mechanisms. 

The Ti analogs of ZSM-5 (TS-1) (1) and ZSM-11 (TS-2) (2) catalyze the oxidation 
of simple alkanes at mild temperatures (3-5). Similar materials containing V have 
also been prepared (6-8) and exhibit interesting oxidation properties: the 
oxyfunctionalization with hydrogen peroxide of the primary carbon atom leading to 
the formation of primary alcohols and aldehydes was observed only with the 
vanadium silicalite VS-2 (8) and not with TS-1 or TS-2 (3-5). A comparison has 
been made of the oxidation efficiency of Ti and V silicalites and it has been 
postulated that a predominantly heterolytic pathway is operative in the case of TS-2 
and that the principal pathway is homolytic in the case of VS-2 (9). 

The purpose of this study is to synthesize and characterize silicalites containing Ti 
and V and to investigate the similarities and differences in the metal environments 
and reaction pathway in the oxidation of hydrocarbons. Attention has been also 
focused on identifying the reactive radical intermediates. Although direct 
observation should generally provide the most reliable information of the radical, 
many radicals cannot be observed directly by ESR. The technique of spin trapping 
has been developed to detect and identify radicals too short lived or too scarce for 
direct ESR observation. In this approach, a transient radical reacts with a spin trap to 
produce a persistent radical, a spin adduct. The ESR spectrum of the adduct is 
characteristic of the trapped radical and can help in identifying the transient species. 

0097-6156/96/0638-0374$15.00/0 
© 1996 American Chemical Society 
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Experimental 

Catalysts. Titanium silicalite (TS-2) was prepared by the method reported by Reddy 
and Kumar (2). Vanadium silicalite (VS-2) was prepared as follows: 54 g of 
tetrabutylammonium hydroxide (TBAOH) (40% aqueous solution, TCI) was added 
slowly under nitrogen atmosphere at 273 K to 136.5 g of tetraethyl orthosilicate 
(TEOS) (TCI) dissolved in 2-propanol (45 g). To the resultant mixture, a solution of 
2.1 g of vanadium trichloride in 30 g of deionized water was added slowly together 
with 177 g of T B A O H (6.1 wt%) under vigorous stirring. Then 60 g of T B A O H (10 
%) was added and the mixture was stirred for 90 min. Then the temperature was 
raised to 323-333 K and the solution was stirred at that temperature for 2 h. The clear 
green liquid was then transferred into a teflon flask, placed into an autoclave and 
heated at 433 K under static conditions for 4 days. After crystallization, the white 
solid materials were recovered by filtration, washed with water and dried overnight at 
383 K. The template was removed by calcining the solid at 763 K in air for 6 h. 

Characterization. X-ray diffraction (XRD) powder patterns were collected on a 
Rigaku RINT 2400 X-ray diffractometer. Fourier-transform infrared spectra were 
recorded on a Perkin Elmer 1600 spectrometer. Raman spectra were obtained on a 
Nihon Bunko NR-1800 spectrometer. Electron spin resonance spectra were recorded 
at room temperature on a JEOL JM-EFIX spectrometer at 9.3 GHz (X-band). U V -
visible diffuse reflectance spectra were recorded on a Hitachi 340 spectrometer. 

Reactions. The oxidation of hexane and the epoxidation of 1 -hexene and 2-hexene 
were performed in a flask with 30% aqueous H 2 0 2 . The products were analyzed on a 
Shimadzu GC 14 gas chromatograph equipped with a Nukol capillary column for 
alkane oxidation and an OV-17 capillary column for alkene epoxidation. 

Spin trapping. The spin traps 2-methyl-2-nitrosopropane (MNP), phenyl-N-tert-
butyl nitrone (PBN) and a-4-pyridyl 1-oxide N-tert-butyl nitrone (POBN) were used 
as purchased. To detect radicals in the presence of hexane, 0.3 ml of 30% aqueous 
H 2 0 2 was added to 1.25 ml of hexane in 4.0 ml of acetonitrile. To the resultant 
mixture, 4 mg of MNP and 16 mg of catalyst was added and the mixture was shaked 
for 30 seconds. To detect radicals in the absence of hexane, 20 mg of catalyst was 
added to the mixture of 1.0 ml of 30% aqueous H 2 0 2 and 10 mg of PBN or POBN 
was added and the resultant mixture was shaked for 30 seconds. An aliquot of the 
supernant was transferred to an ESR cell and the ESR spectrum recorded. Highly 
dispersed M n 2 + on MgO was used as a marker. 

Results and discussion 

Structure of TS-2 and VS-2. XRD data show that TS-2 and VS-2 samples are 
highly crystalline and their patterns closely matched with those reported for M E L 
structures (8). However, T E M observation suggests that these materials are 
agglomerates of very small crystallites of MFI structure, not the M E L structure 
expected from the template (10). The absence of (110) reflection in their X R D 
pattern is also indicative of the MFI structure. The apparently singlet peak at 2 6 = 
45° would be due to the coalescence resulting from line broadening of the (0 10 0), 
(0 8 4), (10 0 0) and (8 0 4) reflections. 

In the ESR spectrum of the as-synthesized VS-2, the anisotropic hyperfine 
splitting (8-fold) caused by 5 1 V nucleus is very well resolved without the presence of 
appreciable superimposed broad singlet, indicating the atomic dispersion and 
immobility of the V 4 + species. The g-values (g „ =1.935, g A = 1.994) and hyperfine 
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coupling constants (A,, = 188 G, A ± = 72 G) are typical of V 4 + =0 complexes with 
square pyramidal coordination (11). The high dispersion is preserved after 
calcination at 763 K and subsequent photoreduction with H 2 at 77 K (12). 

The IR spectrum of calcined VS-2 exhibits a medium intensity band at 965 cm ~\ 
although it shows no band around this wavenumber as synthesized. The Raman 
spectrum of VS-2 also shows an intense peak at 965 cm"1. Photoluminescene studies 
indicates the presence of tetrahedrally coordinated V-oxide species; a vibrational fine 
structure owing to the vanadyl band was clearly observed (12). The energy gap 
between the (0 -> 0) and (0 -> 1) transition bands of the V=0 vibration was found to 
be ca. 965 cm"1 in good agreement with the IR and Raman V=0 stretching bands. 
This energy gap is slightly different from that of the vanadium oxide species highly 
dispersed on Vycor glass or silica (1035 cm"1), suggesting the presence of some 
electronic perturbation owing to the neighboring OH group in the zeolite lattice. 
Although there is an IR band at 960-970 cm'1 in the TS-1 and TS-2 samples, no 
evidence for the Ti=0 structure is obtained from their phosphorescence spectra. This 
IR band is assigned to Si-O" defect or Si-OH associated with the incorporation of Ti 
into the zeolite framework (13-15). 

Oxidation Reaction. The catalytic activities of these materials are shown in Table I. 
In the oxidation of hexane, VS-2 gives appreciable terminal oxidation products as 
well as products formed by the oxidation of internal secondary carbons, in contrast 
with TS-2, which gives only internal oxidation products. These results are in 
agreement with the previously reported ones (8,9). Since the relative rate of 2-
hexene/l-hexene epoxidation is much lower on VS-2 than on TS-2, it is shown that 
VS-2 generates active oxygen species of less electrophilic character. This finding 
and formation of allylic oxidation products on VS-2 suggest radical character of the 
active oxygen species. 

Table I. Oxidation of Hexane and Hexenes with Aqueous H 2 0 2 

Catalyst Reactant Turnovers Terminal Oxidation Allylic Oxidation Turnover Rate 
(mol/mol-Ti or V) (%) (%} (x 10 3 s 1) 

TS-2 Hexane 20 0 _ 2.8 
TS-2 1-Hexene 14 - 0 1.9 
TS-2 2-Hexene 74 - 0 10.3 

VS-2 Hexane 4.4 32 _ 0.61 
VS-2 1-Hexene 15 - 51 2.1 
VS-2 2-Hexene 20 - 31 2.8 

TS-2 (Si/Ti = 85) 50 mg, H 2 0 0 (30% aq.) 2.5 ml, substrate 2.5 ml, 333 K, 2 h. 
VS-2 (Si/V = 58) 50 mg, HoO,T(30% aq.) 1.0 ml, substrate 3.9 ml, acetonitrile 
12.5 ml, 333 K, 2 h. 

Spin trapping is a valuable tool for the study of free radical processes. Two kind 
of spin traps have been developed, nitrone and nitroso compounds. Nitroso 
compounds, such as MNP, can provide considerably more information than nitrones 
as the radical to be trapped adds directly to the nitroso nitrogen. 

When MNP is added to the hexane oxidation system catalyzed by VS-2, we have 
obtained an ESR spectrum consisting of a triplet (1:2:1) of triplets (Figure 1). This 
signal is identified as originating from the MNP-CH 2 (CH 2 ) 4 CH 3 . This clearly 
shows that the CH 3 (CH 2 ) 4 CH 2 • radical is generated' in the VS-2-H 202-hexane 
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system. If secondary hexyl radical such as CH 3 (CH2)3 CH(CH3)» had been trapped 
instead of CH^CH^CFL,*, the ESR signal would have been doublet of triplets. 

In spite of the predominant oxidation of secondary carbon atoms of hexane in the 
case of VS-2, no MNP-sec-hexyl radical adduct is observed. There are two 
explanations for this finding. One explanation is that, owing to the transition state 
shape selectivity in the restricted space in the zeolite channel, the interaction of 
sec-hexyl radical with MNP may be hindered. The other explanation is that only the 
terminal oxidation proceeds by a homolytic mechanisM.; a distinct homolytic 
mechanism involving free radicals operates for this terminal oxidation whereas a kind 
of heterolytic mechanism seems to operate in the oxidation of secondary carbon 
atoms. In line with this hypothesis, as shown in Figure 2, the ESR signal assignable 
to MNP-radical adduct was hardly observed with the TS-2-H202-hexane system 
which gives only the products resulting from the oxidation of secondary carbons. 

Postulated Reaction Mechanism. While oxygen-centered radical adducts of MNP 
are quite unstable, nitrones can be used for the study of oxygen-centered radicals. 
To detect the reactive species generated directly from H 2 0 2 in the presence of VS-2, 
PBN and POBN were employed. The ESR spectrum of the PBN adduct is shown in 
Figure 3. Its coupling constants, A N = 14.4 G and A H = 2.63 G, suggest that the 
trapped radical is «OOH (16). For the PBN-OH radical adduct in aqueous solution, 
A N larger than 15.2 G is expected (16). This means that the VS-2-H202 system is 
clearly different from the Fenton system, in which the reactive species is revealed to 
be the hydroxy radical by using PBN (17) and POBN (18). The coupling constants of 
the POBN adduct, A N = 13.8 G and A H = 1.66 G, also support this conclusion. The 
POBN- OH radical adduct should have A N = ca. 15 G (16). Similar spectra are 
obtained with the reaction of H 2 0 2 and TS-2 in the presence of the spin trapping 
agents (Figure 4). 

O N HOO 0 ^ 
• 

Thus, it has been revealed that the «OOH radical is generated and is the major 
product both in the VS-2-H202system and in the TS-2-H202 system. Since -OOH 
radical is relatively stable, it is unlikely that the »OOH radical abstracts the H» 
radical from an alkane. Therefore it is not unreasonable that no alkyl radical is 
detected in the TS-2-H202-hexane system. Considering that VS-2 has vanadyl 
groups, the following reaction scheme is proposed. On addition of aqueous H p ^ 
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Figure 2. ESR spectrum of spin adduct of MNP in the hexane oxidation 
by aqueous H 2 0 2 catalyzed by TS-2. 
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10 G A N =14.4 G AH=2.63 G 

Figure 3. ESR spectrum of spin adduct of PBN in the reaction of VS-2 
with aqueous H 2 0 2 . 

f\ ft A n rh 

Figure 4. ESR spectrum of spin adduct of PBN in the reaction of TS-2 
with aqueous H 2 0 2 . 
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Figure 5. ESR spectrum of VS-2 contacted with aqueous H 2 0 2 
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the IR band at 965 cm"1 assignable to the vanadyl group disappears, while it is 
virtually unchanged on addition of water. Although the calcined VS-2 is ESR-
silent, the typical spectrum of V 4 + reappears when VS-2 is contacted with H 20 2 . The 
ESR spectra of the VS-2 which has been calcined, treated with H 2 0 2 and evacuated 
at increasing temperatures are shown in Figure 5. The spectra are only partly 
anisotropic at room temperature. Evacuation of the H202-adsorbing sample at 
temperatures higher than 343 K reduces the ESR signal intensity, indicating 
reoxidation of V 4 + to V 5 + . 

/ 
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/ \ 
H o O : 2̂ 2 

- NSi / 

HOO OH 
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As shown below, we propose that the formation of V 4 + -00 • concomitant with 
the release of water might be responsible for the oxidation of primary carbons of 
alkanes. However, we could not detect such species, probably because they are too 
short-lived. 
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382 HETEROGENEOUS HYDROCARBON OXIDATION 

This scheme is similar to the one proposed by Hari Prasada Rao et al. (19). Since 
only the primary hexyl radical is observed, only the oxidation of terminal carbons 
may be envisaged to occur via this pathway; the oxidation of internal carbons might 
proceed by a different mechanism, which may be common to both VS-2 and TS-2 
systems. 

Since titanyl groups are absent on TS-2 and most Ti is considered to be 
surrounded by three SiO and one OH groups (14,15) we can depict the following 
scheme. Although the redox potential of the T i 4 + / T i 3 + couple suggests that T i 4 + is 
hardly reducible, it can be expected that the highly sensitive ESR measurements 
enabled us to detect the • OOH radical trapped by the nitrones. 

HO p HOO O -OOH O 
V i 4 + \ i 4 ' + ^ - i f 

o \ > - H 2 O o \ > o /
 x o 

It is conceivable that oxidation of internal carbons of alkanes on both TS-2 and 
VS-2 proceeds via a mechanism involving a metal coordinated OOH group (5, 20) 
while the electrophilicity of this group should be influenced by the difference in the 
electron-withdrawing nature between T i 4 + and V 4 + . 

Conclusions 

A comparison of oxidation reactions on VS-2 and TS-2 shows that the active oxygen 
species on VS-2 have more radical character than those on TS-2. Spin trapping 
experiments have revealed that the primary hexyl radical is generated in the VS-2-
H202-hexane system, in contrast with the TS-2 system where no alkyl radical is 
observed. The formation of hydroperoxy radicals is observed both for TS-2 and 
VS-2. It is proposed that the oxidation of internal carbons of alkanes on VS-2 and 
TS-2 proceeds by a mechanism involving a metal coordinated OOH group and that 
V 4 + - 0 0 • is the active species for oxidation of terminal carbons of alkanes on VS-2. 
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Chapter 29 

Retardation of Carbon Deposition 
in CO2-CH4 Reaction on Metal Sulfide 

Catalysts 

Toshihiko Osaki 

National Industrial Research Institute of Nagoya, Hirate-cho, Kita-ku, 
Nagoya 462, Japan 

The CO2-oxidation (reforming) of methane on MoS2 and WS2 

catalysts was compared to that on a Ni/SiO2 catalyst using a continuous 
flow technique. The sulfide catalysts had lower activity than the 
Ni/SiO2 catalyst, however in contrast to Ni catalyst, deactivation due to 
carbon deposition was not observed on the sulfide catalysts. The direct 
decomposition of CH4[g] to C[s] and 2H2[g] was much less significant 
on the sulfides than on Ni, however, the dissociation of CO2[g] to 
CO[g] and Ο[ads] occurred to a greater extent on the sulfide surface. 
The rate was expressed by the following equations: r = 
kPCH40.54~0.76PCO2-0.09~-0.10 on MoS2 and WS2 and r = kPCH4-0.30 
PCO20.16 on Ni/SiO2, respectively. The rate equations suggest that 
during steady-state reaction, CO2 species are abundant on the surface 
of the sulfide catalysts, while CH4 species are abundant on Ni. This is 
probably the cause for the retardation of carbon deposition on the 
sulfide catalysts and for their low activity for this reaction. 

Much attention has been paid to the C02-oxidation (reforming) of methane from the 
view point of producing valuable synthesis gas (CO and H2, syngas) (1-2). The 
conversion of methane into syngas has been usually carried out by the H20-reforming 
reaction (3), however, there has been a need to operate at lower H/C ratio to obtain the 
optimum H2/CO ratio for the synthesis. This can be achieved by using CO2 alone or 
by combining CO2 with H2O as oxidant for the reforming reaction. 

Attention has been given to the CO2-CH4 reaction from another point of view. 
Because both CO2 and CH4 are greenhouse effect gases, their emission in the 
atmosphere causes global warming. Among the gases, released the quantity of CO2 is 
enormously large. In order to decrease the emission of CO2, great efforts have been 
paid to the separation of CO2 from exhaust gas and its utilization (4). Therefore, the 
C02-oxidation of methane can be considered as an appropriate reaction because both 
harmful gases can be converted to useful gases. 

Most of the previous work on the C02~oxidation of methane has concerned with 
supported Ni catalysts because the reaction can be regarded as related to the steam-
oxidation of methane (5). One of the major challenges in the commercialization of the 
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29. OSAKI Retardation of Carbon Deposition in C(X-CH4 Reaction 385 

C H 4 - C O 2 reaction is the development of a high-performance catalyst which can 
efficiently produce syngas without the formation of carbon. Carbon deposition 
commonly leads to catalyst deactivation and reactor blocking. The deposition has 
been controlled by the use of excess carbon dioxide and by the addition of alkaline 
metals to the supported Ni catalysts to accelerate the oxidation of carbon by carbon 
dioxide and also to retard the coking (6-9). A serious carbon build-up commonly 
reported with acidic-supported catalysts tends to disappear as basic supports are 
employed (10-11). Another way for large-scale applications is the use of a partly 
sulfur poisoned Ni catalyst as in the SPARG process in which sulfur blocks active sites 
for the nucleation of carbon (12). 

Although the catalyst performance of Ni has been extensively studied, little work 
has been reported on metal sulfides of Mo and W. It was reported that on Ni, the 
activity for the methanation of CO significantly decreased with time, however, not so 
significantly on M 0 S 2 (13). In the present paper, the catalyst performance for C H 4 -
C O 2 reaction and the carbon deposition due to the decomposition of methane were 
investigated on M 0 S 2 and W S 2 catalysts and compared to that on Ni/Si02- It was 
hoped that the sulfides of Mo and W would exhibit high performance for the C O 2 -
oxidation of C H 4 without deactivation due to carbon deposition. The results are 
discussed in terms of the abundance of adsorbed species on the catalyst surface. 

Experimental 

Catalyst and Reagents 

M 0 S 2 and W S 2 catalysts were prepared by decomposing (NH4)2MoS4 and 
(NH4)2WS4 (both from Aldrich, purity; both more than 99.9 %), respectively, in a 
stream of H2. For comparison, a 20 wt % N1/S1O2 catalyst was prepared by 
impregnating a Si02 (GL Science, surface area; 401.9 m^/g) support with an aqueous 
solution of Ni(N03)2, followed by drying and subsequent calcination at 773 K for 3 h. 

Hydrogen was purified by passage through a silica gel column where the small 
amount of oxygen present were converted to water. Helium was purified by passage 
through a titanium metal sponge heated at 1073 K, and then through a molecular sieve 
trap. Both C O 2 (ca. 99.9%) and C H 4 (> 99.9 %) were used without further 
purification. 

Apparatus and Procedure. The C H 4 - C O 2 reaction was carried out using a 
conventional flow type microreactor. After reducing the catalysts in flowing hydrogen 
at 723 K for 3 h, helium (40 ml/min) was passed over the catalysts at 723 K for 0.5 h. 
Then an equimolar mixture of C H 4 and CO 2 (28 ml/min) was introduced onto the 
catalyst. The catalyst weight was 5.1 mg, 305.1 mg, and 359.0 mg for Ni/Si02, 
M0S2, and WS2, respectively. The reaction was carried out under the conditions of a 
differential reactor. Effluent gases were analyzed by gas chromatography using 
separation columns (Shimadzu GC-14A). 

The dependence of methane conversion on reaction time was investigated by 
reducing the catalyst (catalyst weight, 93.5 mg for Ni/Si02 and 500 mg for M0S2) in 
flowing hydrogen at 873 K for 3 h, passing helium over the catalyst at 873 K for 0.5 h, 
followed by an equimolar mixture of C H 4 and C O 2 (total flow rate, 28 ml/min and 60 
ml/min for M 0 S 2 and Ni/Si02, respectively) at 873 K for 6 h 

The rate of carbon deposition was investigated by thermal gravimetric analysis 
(TGA, Shimadzu DT-20B). After the reduction of a catalyst with hydrogen followed 
by purging with helium at 773 K, C H 4 (40 ml/min) was introduced onto the catalyst 
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386 HETEROGENEOUS HYDROCARBON OXIDATION 
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Fig. 1 Arrhenius plots for the rate of methane conversion in steady-state 
C H 4 - C 0 2 reaction on Ni/Si0 2 (O) , on MoS 2 (O), and on WS 2 (A ) by use of a 
continuous flow technique at atmospheric pressure. 
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Fig. 2 Deactivation of a catalyst in the C02-reforming of C H 4 on Ni/Si0 2 (O) 
and on MoS 2 (O). Reaction temperature = 873 K. W/F = 0.582 g h mol"1 for 
Ni/Si0 2 and 6.67 g h mol"1 for MoS 2 . 
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29. OSAKI Retardation of Carbon Deposition in C02~CH4 Reaction 387 

and the catalyst weight was continuously measured. The weight of the catalyst used 
was 25.5 mg for Ni/SiC>2, 16.5 mg for M 0 S 2 , and 50.7 for WS2-

The dissociation of carbon dioxide on a catalyst was investigated by a 
conventional pulse technique with a thermal conductivity detector (Shimadzu GC-
3BT). After reducing a catalyst with hydrogen (catalyst weight was 100.5 mg and 
224.6 mg for Ni/Si02 and W S 2 , respectively) at 973 K for 3 h, CO2 (0.54 ml) was 
pulsed onto the catalyst for 15-16 times at 973 K in a helium carrier gas. The amount 
of CO 2 dissociatively adsorbed on the catalyst was determined by the amount of CO 
generated. 

The dependence of reaction rate on partial pressures was investigated under 
differential reactor conditions. After reducing a catalyst followed by purging with 
helium at 973 K, a mixture of C H 4 , C O 2 , and helium (total flow rate, 54 ml/min) was 
introduced onto the catalyst. The catalyst weights were 5.1 mg, 305.1 mg, and 280.3 
mg for Ni/Si02, M0S2, and WS2, respectively. 

Characterization of catalysts. The BET surface area of the prepared sulfide 
catalysts was measured with an N 2 adsorption apparatus (Carlo Erba Sorptomatic 
1800). X-ray diffraction analysis of the prepared sulfide catalysts was carried out 
using a Rigaku RAD-1VC (CuKa, 30 kV, 30 mA). Chemical analysis of the prepared 
sulfide catalysts was carried out using a sulfur-carbon analyzer and an oxygen-
nitrogen analyzer (LECO). The amount of CO adsorbed on the catalysts was 
measured using a conventional pulse microreactor at 298 K in a flow of helium carrier 
gas. 

Results 

Characterization of catalysts and amount of CO adsorbed on catalysts 

X-ray diffraction patterns of the sulfide catalysts prepared from (NH4)2MoS4 and 
(NH4)2WS4 showed broad diffraction peaks due to molybdenum disulfide and 
tungsten disulfide, respectively. It was also found that the ratio: S/Mo (W) of the 
prepared sulfide was close to the stoichiometric value of ca. 2 by chemical analysis. 
The BET surface area of the sulfide catalysts were 34.2 m^/g and 63.8 m 2/g for M 0 S 2 

and WS2, respectively, which were much larger than those of commercially obtained 
M 0 S 2 (0.90 m2/g) and W S 2 (1.34 m 2/g). 

The amount of CO adsorbed on the catalysts was; 41.0, 15.0, and 38.6 umol/g 
for Ni/Si02, M0S2, and W S 2 catalyst, respectively. Even on the sulfide catalysts, a 
considerable amount of CO was adsorbed. 

C H 4 - C O 2 reaction under steady-state reaction conditions. Fig. 1 shows Arrhenius 
plots for the rate of methane conversion on sulfide catalysts and on Ni/Si02 catalyst in 
the initial period of time. The rates are displayed on the basis of turnover frequency 
(NcH4/ s"l), where methane conversion rate is divided by the number of adsorbed CO 
on the catalyst. On the sulfide catalysts, selective oxidation of methane to CO was 
observed, while no ethane nor higher hydrocarbon was obtained. As shown in Fig. 1, 
the sulfide catalysts showed lower activity than the Ni/Si02- Between the sulfide 
catalysts, M0S2 exhibited a little higher activity than W S 2 , while the apparent 
activation energy seemed a little larger on W S 2 than on M 0 S 2 . 

Results of continuous C H 4 - C O 2 reaction for 6 h are shown in Fig. 2. As shown, 
Ni/Si02 gradually lost its activity with time; the methane conversion decreased from 
ca. 20 % to ca. 13 % over a period of 6 h at the described conditions. This can be 
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I 1 T T — T — Y Y Y Y Y Y Y Y Y Y r 
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Pulse number 

Fig. 4 Dissociation of C0 2 on Ni/Si02 (O) and WS2 (A) at 973 K. 
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29. OSAKI Retardation of Carbon Deposition in C02~CH4 Reaction 389 

ascribed to the deposition of carbon on the Ni surface due to the decomposition of 
methane, viz. 

CH 4[g] > C[s] + 2H 2 [g] (1) 

On the other hand, the deactivation of the catalyst was not observed on the 
sulfide catalyst; the methane conversion was kept about 10 % for 6 h under the 
conditions, although the activity was lower than on the supported Ni catalyst. 

Carbon deposition and dissociation of C 0 2 on catalyst surface. The activity 
for methane decomposition in the absence of CO2 was examined by TGA. Fig. 3 
shows the results on the sulfides and on the supported Ni. The amount of carbon 
deposited on the catalyst is shown on the basis of deposited carbon weight (mg) per 
catalyst weight (mg) used. When methane was continuously flowed over the catalyst, 
the catalyst weight increased with time, indicating the decomposition of methane to 
produce carbon and hydrogen. As shown, supported Ni exhibited significantly high 
activity for the decomposition of methane, while the sulfide catalysts showed much 
lower activity. 

The activity for dissociation of CO 2 in the absence of methane was investigated 
by a conventional pulse technique. When CO2 was pulsed onto the catalyst in a 
flowing carrier gas of helium, the production of CO was observed, indicating that C O 2 
was dissociatively adsorbed to give CO[g] and 0[ads] on the catalyst surface, viz. 

C0 2[g] > CO[g] + 0[ads] (2) 

Fig. 4 shows the results on the sulfide and the supported Ni catalyst. The 
amount of CO 2 dissociated was compared on the basis of mole of dissociated CO 2 
(mol) per mole of catalyst (mol) used. As shown, the amount of dissociated C O 2 
decreased with pulse number, indicating that the active sites on the catalyst were 
gradually filled with the adsorbed 0[ads]. The amount of C O 2 dissociated was much 
larger on the sulfide catalysts than on the Ni catalyst. 

Dependence of reaction rate on partial pressure of C H 4 and C O 2 . The 
dependence of the reaction rate on the partial pressure of C H 4 and CO 2 was 
investigated to determine which adsorbed species were more adsorbed on the catalyst 
surface. The rate for the C H 4 - C O 2 flow reaction is represented by the following 
equation: 

r i=kiPcH4 x P002y (3) 

where ri and kl are the reaction rate and the rate constant, respectively, and pj is the 
partial pressure of C H 4 and C O 2 . Fig. 5 shows the dependence of the reaction rate on 
the partial pressure. From the slope of the straight line obtained, the kinetic orders, x 
and y, can be calculated, and are summarized in Table 1. The Ni/Si02 catalyst used in 
our experiment gave almost similar results to those already reported on Ni/Si02 (14) 
and preliminarily on Ni/Al203 (15). The reaction order on Ni is zero or negative with 
respect to the partial pressure of methane, while positive with respect to that of CO 2-
On sulfide catalysts, on the other hand, the orders are positive with respect to the 
partial pressure of methane, while negative with respect to that of CO 2-
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Fig. 5 The dependence of the reaction rate on the partial pressure of CH 4 and 
C0 2 for the C02-reforming of CH 4 on Ni/Si02 (a), on MoS 2 (b), and on WS 2 (c) 
at 973 K. A : log r vs. log P(CH4), • : log r vs. log P(C02). 

Table 1. Kinetic orders for the rate equation: r = k P C H M X P C 0 2 V 

in C H 4 - C O 2 reaction 

Catalyst X y Temperature Partial pressure11 

K atm 

M 0 S 2 0.76 - 0 . 1 0 973 0.26-0.74 

W S 2 0.54 -0.09 973 0.26-0.74 

Ni/Si02 -0.30 0.16 973 0.26-0.74 

Ni/Si02b 0.02-0.05 0.5-0.6 823-973 ca. 0.15 - 0.60 

Ni/Al203c -0.27 0.21 1073 0.11 -0.56 

"Examined Range of partial pressure for C H 4 and C O 2 . 
1 }Y. Sakai et al., see reference (14). 
cOur preliminary data, see reference (75). 
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Discussion 

Selectivity for methane oxidation reaction by carbon dioxide 

It has been proposed for the C02-reforming of methane that the following steps are 
involved, viz. 

C02[g] <=> CO[ads] + 0[ads] (4) 
CH 4[g] <=> CHx[ads] + (4-x)/2H2[g] (5) 

CHx[ads] + 0[ads] <=> CO[ads] + x H[ads] (6) 
CO[ads] <=> CO[g] (7) 
xH[ads] <=> x/2H2[g] (8) 

The surface reaction between CHx[ads] and 0[ads] gives CO[ads] and H[ads] as 
shown in equation 6, from which both CO and H 2 are produced. It is reported that the 
formation of C 2 H 6 was observed in the initial stages of reaction on a Rh catalyst, 
indicating the coupling of CHx[ads] on the Rh surface (16). On sulfide catalysts, on 
the other hand, no ethane, ethylene, acetylene, nor other higher hydrocarbon were 
produced during the steady-state reaction, suggesting that the sulfide catalysts are 
selective for the conversion of methane to CO by carbon dioxide. 

In the continuous C H 4 - C 0 2 reaction, carbon deposition due to the 
decomposition of methane was significant on supported Ni catalysts. The deposited 
carbon accumulated on the Ni surface, and resulted in a gradual deactivation of the 
catalyst as shown in Fig. 2. On the sulfide catalysts, on the other hand, the 
contribution of equation 1 seems small since little coking was observed. Therefore, it 
can be concluded that sulfide catalysts are more selective because of lack of coking 
from C H 4 , although the activity was lower than that of supported Ni catalysts. 

Strongly adsorbed species on catalyst surface. The formation of carbon from 
methane could involve intermediate hydrocarbon species, CHx[ads], produced through 
the consecutive elimination of hydrogen atoms: 

CH4[g] —> CH4[ads] —> CH3[ads] —> CH2[ads] —> CH[ads] —> C[s] (9) 

Each adsorbed species including surface carbon, C[s], react with C O 2 (or 
0[ads]) to give CO (and H2). From the results in Fig. 3, supported Ni seems to have a 
strong affinity for C H 4 , causing the dehydrogenation of methane step by step to 
deposit carbon. On the sulfide catalysts, on the other hand, there seems to be not so 
strong on affinity for methane. This must be one of the causes for the suppression of 
carbon deposition on the sulfide catalysts in addition to the their low activity for this 
reaction. 

It is reported that the dehydrogenation of 2-propanol proceeds preferentially on 
reduced M 0 S 2 , while dehydration proceeds on partially oxidized M 0 S 2 . The active 
sites of reduced and partially oxidized M 0 S 2 catalysts are assumed to be 
coordinatively unsaturated sites and acidic sites formed by reduction and partial 
oxidation of M 0 S 2 , respectively (17). During the C H 4 - C O 2 reaction, a part of the 
active sites, the coordinatively unsaturated sites on the sulfide catalysts might be 
oxidized by CO2 to give acidic sites. This is evidenced by the finding that C O 2 pulse 
onto sulfide catalysts produced significantly large amounts of CO as was shown in 
Fig. 4. 

The most abundantly adsorbed species on the catalysts is indicated by the 
dependence of the reaction rate on the partial pressures of C H 4 and C 0 2 - As shown in 
Table 1, the reaction order on the Ni/Si02 catalyst is negative with respect to C H 4 
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partial pressure while positive with respect to CO2 partial pressure. The result 
indicates that C H 4 is strongly adsorbed species on the Ni surface. On the sulfide 
catalysts, on the other hand, the reaction order is positive with respect to C H 4 partial 
pressure while negative with respect to CO 2 partial pressure, suggesting that CO 2 
species are strongly adsorbed on the sulfide surface. 

The kinetic orders on other supported Ni catalysts are also shown in Table 1 for 
comparison. Although the reaction conditions are significantly different for each set 
of experiments, the reaction order with respect to C H 4 partial pressure is zero or 
negative, while positive with respect to CO2 partial pressure. From the data on the 
supported Ni catalysts, it is found that C H 4 rather than CO2 is more strongly adsorbed 
on Ni and that the results obtained in our experimental conditions are in qualitative 
agreement with those reported earlier, despite the large differences in conditions. 

These findings indicate that during the steady-state C H 4 - C O 2 reaction, C H 4 

species are abundant on the Ni/Si02 surface, while CO 2 species are abundant on the 
sulfide surface. The speculation is substantiated by the results shown in Figs. 3 and 4. 
The retardation of deactivation due to carbon deposition on sulfide catalysts can be 
ascribed to the abundantly adsorbed C O 2 species. 

From the results shown in Figs. 3, 4, and 5, it seems for the C H 4 - C O 2 reaction 
that the first step on the sulfide catalysts is the dissociative adsorption of C02[g] on 
the active site, the coordinatively unsaturated site, to give CO [ads] and 0[ads]. 
Whereas, the coordinatively unsaturated site accepts 0[ads] from C02[ads], being 
changed to an acidic site, viz. 

C02[ads] CO[ads] 
<=> - — 

coordinatively unsaturated site acidic site (0[ads]) 

On Ni catalysts, on the other hand, the first step must be the decomposition of 
methane to give CHx[ads] and (4-x)/2 H2. Since carbon deposition is caused by the 
decomposition of methane, covering the catalyst surface with adsorbed C O 2 (or 
0[ads]) should give favorable conditions for the suppression of coking, which results 
in no deactivation as shown in Fig. 2. Our preliminary investigation also showed that 
the promotion of Ni/Al203 by alkaline metal salts changed the reaction order from 
negative to positive with respect to C H 4 partial pressure, while positive to negative 
with respect to C O 2 pressure (15). The addition of alkaline metal salts also decreased 
the activity of supported Ni for the direct decomposition of methane (15). The results 
on alkali-promoted Ni catalyst are very similar to the present findings on sulfide 
catalysts, which lead us to speculate that the sulfide catalysts play the same role as 
alkali-promoted Ni catalysts. 

It is found that the sulfide catalysts retard the coking reaction, while still 
maintaining an adequate, although reduced, activity for the C02-reforming of 
methane. A similar effect was observed by adding H2S to the reactant gases of C H 4 
and CO 2 on a nickel catalyst in a process, called the SPARC process (12). In this 
process, the sulfur inhibits the rate of carbon formation more than that of the reforming 
reaction on the nickel. The effects are explained by assuming that a larger ensemble is 
involved in the formation of carbon than in the reforming reaction. In our present 
study, although the active sites on M o S 2 and/or W S 2 is still not identified, the sulfide 
catalysts used seem to exhibit a similar tendency to the partly sulfur poisoned nickel 
catalyst. Further study is necessary for clarification. 

The carbon deposition deactivates a catalyst, however, the ease of C H 4 
decomposition on a catalyst appears to be important to obtain high activity for 
methane conversion reactions. In fact, the activity difference between the sulfide 
catalysts and the supported Ni catalyst in the C H 4 - C O 2 reaction must be ascribed to 
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the relative ease of adsorption and decomposition of C H 4 on the catalyst surfaces. 
Therefore, the promotion of C H 4 adsorption, which may lead to not only high activity 
but also significant coking, must be reconciled with the retardation of carbon 
formation for developing a practical catalyst for industry. 

Conclusions 

The C02-reforming of methane was investigated on sulfide catalysts of Mo and W by 
comparison to a supported Ni catalyst. Little carbon formation on the sulfide catalysts 
occurred in contrast to the supported Ni catalyst. Rate equations for both catalysts 
were determined. From the dependence of reaction rate on the partial pressures of 
C H 4 and C O 2 , it was deduced that the sulfide surface was covered with adsorbed 
C02[ads] (or 0[ads]) during the steady-state C H 4 - C O 2 reaction. This must be one of 
the causes for the retardation of carbon deposition in addition to their low activity for 
this reaction. 

Acknowledgment 

I am grateful to Dr. Toshiaki Mori of National Industrial Research Institute of Nagoya 
for the helpful discussions. 

Literature Cited 

(1) Richardson, J. T.; Paripatyadar, S. A. Appl. Catal. 1990, 61, 293. 
(2) Perera, J. S. H. Q.; Couves, J. W.; Sankar, G.; Thomas, J. M. Catal. Lett. 1991, 11, 
219. 
(3) Rostrup-Nielsen, J. R. In Catalysis, Science and Technology; Anderson, J. R.; 
Boudart, M., Ed.; Springer, Berlin, 1984, Vol. 5; 1. 
(4) Proc. Symp. on Chemical Fixation of Carbon Dioxide, Nagoya 1991. 
Proc. Int. Conf. on Carbon Dioxide Removal, Amsterdam 1992. 
Proc. Int. Conf. on Carbon Dioxide Utilization, Bari 1993. 
Proc. Int. Conf. on Carbon Dioxide Removal, Kyoto 1994. 
Proc. Int. Conf. on Carbon Dioxide Utilization, Oklahoma 1995. 
(5) Gadalla, A. M.; Sommer, Μ. Ε. Chem. Eng. Sci. 1989, 44, 2825. 
(6) Sacco, Α.; Geurts, Jr., F. W. A. H.; Jablonski, G. Α.; Lee, S.; Gately, R. A. J. 
Catal. 1989, 119, 322. 
(7) Gadalla, A. M.; Bower, B. Chem. Eng. Sci. 1988, 43, 3049. 
(8) Gadalla, A. M.; Sommer, Μ. Ε. J. Am. Ceram. Soc. 1989, 72, 683. 
(9) Yamazaki, O.; Nozaki, T.; Omata, K.; Fujimoto, K. Chem. Lett. 1992, 1953. 
(10) Mizuhara, Y.; Miyashita, Y.; Fujita, T.; Ishihara, T.; Takita, Y. Preprint of Spring 
Annual Meeting of Chem. Soc. Jpn. , 1992, 3C441. 
(11) Ashcroft, A. T.; Cheetham, A. K.; Green, M. L. H.; Vernon, P. D. F. Nature, 
1991, 352, 225. 
(12) Dibbern, H. C.; Olesen, P.; Rostrup-Nielsen, J. R.; Tottrup, P.B.; Udengaard, N. 
R. Hydrocarbon Processing, 1986, 65, 71. 
(13) Saito, M.; Anderson, R. B.J. Catal. , 1980, 63, 438. 
(14) Sakai, Y.; Saito, H.; Sodesawa, T.; Nozaki, F. React. Kinet. Catal. Lett. , 1984, 24, 
253. 
(15) Sakuma, K.; Horiuchi, T.; Fukui, T.; Osaki, T.; Mori, T. Preprint of Spring 
Annual Meeting of Chem. Soc. Jpn. , 1995, 2H628. 
(16) Solymosi, F.; Kutsan, Gy.; Erdohelyi, A. Catal. Lett. 1991, 11, 149. 
(17) Sugioka, M.; Kimura, F. J. Japan Petrol. Inst. 1985, 28, 306. 

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

G
U

E
L

PH
 L

IB
R

A
R

Y
 o

n 
O

ct
ob

er
 1

0,
 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 1
3,

 1
99

6 
| d

oi
: 1

0.
10

21
/b

k-
19

96
-0

63
8.

ch
02

9

In Heterogeneous Hydrocarbon Oxidation; Warren, B., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 1996. 



Chapter 30 

Short-Chain Alkane Activation 
An Investigation of SO2-Promoted Propane Oxidation 

over Pt (111) and Pt-AlOx Model Systems 

Karen Wilson1, Christopher Hardacre2, and Richard M. Lambert1 

1Department of Chemistry, University of Cambridge, Lensfield Road, 
Cambridge CB2 1EW, England 

2School of Chemistry, Queen's University of Belfast, Belfast BT9 5AG, 
Northern Ireland 

SO2 chemisorption on oxygenated Pt(111) enormously enhances the 
dissociative chemisorption and subsequent combustion of propane. 
This activation of the metal surface is induced by an adsorbed sulfoxy 
species which is formed > 220 K. In the absence of adsorbed SO2 the 
sticking probability of propane is immeasurably small. However in the 
presence of SO2, the precursor-mediated initial sticking probability 
rises from ~0.02 at 300 K to ~ 0.15 at 160 K. XPS and HREELS 
measurements identify the active species as SO42-, and also 
demonstrate the consumption of SO4 during the oxidation reaction. 
Coincident CO2 and SO2 formation suggest decomposition of a 
complex reaction intermediate: this is supported by isotope 
experiments involving CO adsorption onto SO2/18O2 precovered 
Pt(111). Propane oxidation over sulphated AlOX films on Pt(111) is 
also reported, with increased activity for submonolayer oxidised Al 
films being observed compared to clean Pt(111). 

The activation of short chain alkanes is often the rate limiting step in catalytic 
oxidation of hydrocarbons [1]. In particular, the slow oxidation of alkanes, namely 
propane and methane, is a technological problem faced by the automotive exhaust 
catalyst industry [2]. Reactor studies of Pt/Al203 and Pt-Rh/Al203/Ce02 catalysts 
have shown that the inclusion of S O 2 in the gas feed significantly promotes the 
oxidation of propane [3,4], whilst inhibiting reactions of CO, NO and propene. It has 
also been observed that in the presence of S O 2 , the activity of Pt/Al203 catalysts for 
propane oxidation becomes independent of Pt loading. In the absence of S O 2 , the 
activity usually increases with Pt loading, a result which suggests the formation of 
different active sites on inclusion of S O 2 in the gas feed. Infra-red analysis of these 
catalysts following exposure to O 2 and S O 2 , indicates the presence of S04^" on the 
support, which is thought to be involved in the activation process. Enhanced C-H 
bond dissociation is often attributed to catalyst acidity [5]; for example homogeneous 
Pt(III) solutions display increased oxidative capacity in the presence of sulphuric acid. 

0097-6156/96/0638-0394$15.00/0 
© 1996 American Chemical Society 
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30. WILSON ETAL. SO^Promoted Propane Oxidation 395 

In the case of heterogeneous catalysis, the effects of acid strength have been 
investigated for propane oxidation over Pt/Zr02, Pt/Si02 and Pt/Al203 [6]. 
Following sulphonation, the increase in acid strength of Pt/Zr02 is more than that 
observed for Pt/Al203? however only A I 2 O 3 supported catalyts display the S O 2 

promotional effect. Effects due to support acidity do not therefore explain the 
activation of alkane oxidation by S O 2 , so there appears to be little fundamental 
understanding of the mechanism involved. 

Recently we have shown that under UHV conditions S O 2 can promote propane 
dissociation over oxygenated Pt(lll) at 300 K [7]. This dissociative chemisorption 
occurs only in the presence of coadsorbed 02 and S O 2 , which is striking in view of 
the fact that clean Pt(lll) is inactive towards the dissociative chemisorption of 
propane [8]: only molecular physisorption occurs at 100 K. 

We report here the results of a study of propane adsorption/oxidation in the 
presence of S O 2 over Pt(l 11). Particular attention is given to the identity of the active 
sulphur species to understand the likely mechanism of S O 2 induced propane 
activation. 

Experimental 

Experiments were performed using two different UHV chambers. Chamber 1 [9] was 
used for all TPRS and Al deposition experiments, and is equipped with a RFA for 
LEED/Auger measurements and a multiplexed mass spectrometer. XPS and 
HREELS experiments were performed on Chamber 2 [10], which was a VSW 12" 
ARIES system equipped with a HA-100 hemispherical analyser, Mg K a X-ray 
source, and a HA-300 HREELS analyser. In both chambers the sample could cooled 
to 160K. HREELS measurements were taken in the specular direction (45°) using a 
primary beam energy of 9.6eV. 

Crystal cleaning was achieved by Ar+ bombardment and 800K oxygen 
treatment. Gases used in these experiments were CO (99.97%); O 2 (99.995%); C 3 H 8 

(99.995%) and S O 2 (99.98%) which were supplied by M.G.Distillers. Al deposition 
was achieved by means of a heated ceramic crucible filled with an Al wire melt 
(99.99% Goodfellow Metals), the design of which has been described in detail 
elsewhere [11]. Al uptakes were performed by following the attenuation of the 44 eV 
Pt Auger transition inorder to ascertain the monolayer point. 

No S (152eV) Auger data are reported, due to the susceptibility of S O 2 and SO x 

species to electron stimulated desorption/dissociation [12]. Post-reaction Auger 
spectroscopy did not show any detectable amounts of residual S or C remaining after 
the propane oxidation experiments. 

Results 

The interaction of propane over clean and oxygen pre-covered Pt(lll) was initially 
studied at 300 K. As may be predicted from earlier studies of hydrocarbon adsorption 
[8], no adsorption occurred over the clean or oxygen pre-covered surface at either 
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Figure 1: TPR following 300K adsorption of 6L C 3 H 8 on Pt(l 11) pre-
covered by saturation O 2 and 24L S O 2 . (Reproduced with permission from 
ref. 7. Copyright 1995 American Chemical Society) 
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Figure 2: TPR following 160K adsorption of 6L C 3 H 8 on Pt(l 11) pre-
covered by saturation O 2 and 24L S O 2 (dosed at 300K). (Reproduced with 
permission from ref. 7. Copyright 1995 American Chemical Society) 
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temperature. Likewise, over S O 2 pre-covered P t ( l l l ) , no adsorption of C 3 H 8 was 
observed at any temperature. However, stepwise exposure of P t ( l l l ) at 300K to (i) 
O 2 then (ii) S O 2 produced a surface active for dissociative adsorption of C 3 H 8 , with 
C02 being observed at 420K in the subsequent TPR spectrum (Figure 1). 

We examined other saturated hydrocarbons ranging from C l to C 7 for their 
oxidation activity over Pt(l 11), n - butane exhibited similar promotional behaviour to 
propane in the presence of both chemisorbed oxygen and S O 2 . However with n-
heptane, oxidation was possible in the presence of chemisorbed oxygen alone. In this 
instance S O 2 appears to behave as an extra source of 0( a ) , with an increased amount 
of CO being formed during the reaction. For C H 4 and C2H6> no promotional effect of 
S O 2 was observed, in good agreement with conventional catalytic studies; no 
beneficial effect of S O 2 was observed for methane oxidation over Pt-Rh/Ce02/Al203 
[4]. 

Reactively-formed H 2 O desorbs from P t ( l l l ) < 300 K, hence in order to study 
the oxidation reaction in its entirety the 300 K O 2 / S O 2 pre-treated crystal was cooled 
to 160 K prior to C 3 H 8 adsorption. The resulting TPR spectrum is shown in Figure 2, 
with H 2 O , C O 2 and CO desorbing at 320 K, 430 K & 500 K respectively. A low 
temperature shoulder in the 44 amu desorption is also visible at 320K, the 
temperature at which CO oxidation occurs over P t ( l l l ) [13]. However when the 
P t ( l l l ) /0 ( a ) system was exposed to S O 2 at 160 K, no subsequent adsorption of 
C3H8 occurred (Figure 3), suggesting that there is a threshold temperature for 
formation of the surface species responsible for activation of Pt with respect to C 3 H 8 

adsorption. In order to determine this threshold temperature, S O 2 was adsorbed on 
the Pt(l 1 l)/0(a) surface at 160 K, then annealed to 220 K, 250 K, 300 K, 400 K and 
600 K prior to C 3 H 8 exposure at 160 K. The degree of C 3 H 8 oxidation was found to 
increase sharply (Figure 4) following annealing the surface to 250 K, and continued 
to increase with annealing temperature, before passing through a maximum at 300 K. 
No C 3 H 8 adsorption was observed following 600 K pre-treatment. The trend in CO 
and C O 2 production with annealing temperature indicates that the active S O x species 
is stable up to 400K; however by 600 K loss of SO x by desorption has occurred, and 
C 3 H 8 adsorption is no longer possible. In all instances, no residual carbon was 
detectable by AES or XPS, indicating complete combustion of the hydrocarbon. 

Additional information about reaction intermediates and mechanism was 
acquired by XPS and HREELS. The Pt sample was first exposed to O 2 then S O 2 at 
160 K; X P and HREEL spectra of the surface species were then recorded as a 
function of annealing temperature. Figure 5 shows the resulting XPS, in which the 
S(2p) state is observed at 170.7 eV, approximately the same energy as that for S O 2 on 
clean Pt [14]. However annealing to 250 K and 300 K, resulted in the binding energy 
increasing to 171.8 and 172.3 eV respectively. This is consistent with oxidation of 
S O 2 to an S O x species (x>2). On Ag(l 10) [15], the S(2p) binding energy of S O 3 and 
S O 4 were reported to be 0.7 eV and 2.5 eV higher than S O 2 respectively. We observe 
a final shift of 1.6 eV, which is therefore attributed to S O 4 formation. 

For S O 2 on P t ( l l l ) three vibrational states are observed at 524, 910 and 1240 
cm"l which correspond to the deformation, symmetric and asymmetric modes of S02 
[16]. On the O 2 saturated surface (Figure 6) the deformation mode is very weak, and 
the symmetric and asymmetric modes are observed at 855 and 1250 cm~l 
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Figure 3 : TPR following 160K adsorption of 6L C 3 H 8 on Pt(l 11) pre-
covered by saturation O 2 and 24L S O 2 (dosed at 160K). 

200 300 400 500 600 

Pre-annealing Temperature (K) 

Figure 4: Oxidation product yield following 160K C 3 H 8 adsorption over 
Pt(lll) pre-covered by saturation O 2 (at 300K) and 24L S O 2 (at 160K) as 
a function of annealing temperature of the O 2 / S O 2 adsorbate over layer. 
(Reproduced with permission from ref. 7. Copyright 1995 American 
Chemical Society) 
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Binding Energy (eV) 

Figure 5: S(2p) XPS 160K O2+SO2 annealed to 250K and 300K 
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Figure 6: HREELS of 160K 0 2 + SO2 annealed to 250K and 400K 
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Figure 7: Comparison of 64 amu desorption obtained following co
adsorption of saturation 02 and 24LS02 (dosed at 300K then cooled to 
160K), with that obtained following 160K adsorption of 3L C 3 H 8 on the 
O 2 / S O 2 overlayer. The corresponding 44 amu desorption is also shown to 
illustrate the correlation between the 420K S O x peak and C O 2 . 
(Reproduced with permission from ref. 7. Copyright 1995 American 
Chemical Society) 
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respectively. Following annealing to 250K, the intensity of the 610 cm"! state 
increases, and there is broadening of the asymmetric loss which can be attributed to 
two new states around 1150 and 1300 cm~l. The stretching and deformation modes 
of S O 4 range from 1290-856 cm"1, and 660-493 cm"1 respectively [17]. The 
corresponding modes for S O 3 are observed in the range 1110-940 cm'* and 670-461 
cm'l: this implies that the observed changes in HREELS can only be accounted for 
by formation of adsorbed S O 4 . When the sample is annealed to 450K, the precursor 
to S O 3 desorption is isolated on the surface (see Figure 3). Thus at this temperature, 
the surface species that desorbs as S O 3 can be isolated, and we observed an 
associated asymmetric stretch at 1340 cm"* . From the frequency data quoted, this 
value is obviously too high for S O 3 , confirming that the species must be S O 4 . 
However 1340 cnr 1 is high even for S O 4 , although frequency shifts of this magnitude 
may be produced if there is a change in coordination to the surface, e.g. from mono-
dentate to bi-dentate, and indeed such transitions have been observed for S O 3 on 
Ag(110) [18]. That is, as free surface sites are produced, the interaction of another S-
O bond with the surface should be facilitated, producing a bi-dentate chemisorbed 
S O 4 . Desorption of S O 3 would result from cleavage of one of the surface-coordinated 
S -0 bonds. 

Significant modification of the 64 amu desorption occurs following adsorption of 
C 3 H 8 on the O 2 / S O 2 precovered surface. Figure 7 shows a comparison of the 64 amu 
desorption following adsorption at 160 K of (i) 0 ( A ) and S O 2 alone and (ii) in the 
presence of C 3 H 8 . In the absence of C 3 H 8 two 64 amu desorption states are observed 
at 370 K and 550 K. This high temperature state is coincident with a peak in the 80 
amu spectrum (Figure 7A) and is ascribed to S O 3 , in agreement with previous 
workers [19]. Following reaction with C 3 H 8 , (Figure 7B) substantial changes in the 
64 amu TPR occur: the 550 K state is attenuated and a new state at 420 K appears. 
This 550 K 64 amu state continued to decrease with increasing C 3 H 8 exposure, and 
was no longer observed under partial oxidation conditions (i.e. when CO desorption is 
observed e.g. Figure 2). There is a strong correlation between the intensities of the 
coincident 420 K 64 amu and 44 amu features, Figure 8. These observations suggest 
complex formation between the promoting S O 4 species and the hydrocarbon either as 
it adsorbs, or decomposes. Evidence for the formation of such a C O - S O 4 complex 
decomposing to form C O 2 is found in CO oxidation over Pt(lll) precovered by 

1 8 0 2 and S l 6 0 2 - Figure 9 shows the resulting TPR spectrum from which C 1 8 0 1 6 0 

(46 amu) is seen to desorb at 310 K - the expected desorption temperature for C O 2 by 
the Pt/O system. Two 44 amu states are also observed at 370 K and 500 K which 
correspond to oxidation using 1 ^ 0 f r o m S 0 2 - The 370 K state is coincident with the 
64 amu desorption, suggesting decomposition of a common intermediate (CO -SO4). 

It should be noted that desorption of C O 2 at 500 K would result from CO oxidation 
by residual O(a) remaining on the surface after the C O - S O 4 complex has decomposed 
to C 0 2 and S O 2 + O(a). 

The consumption of S O 4 by C 3 H 8 can be followed using HREELS as shown in 
Figure 10. Pt(lll) was exposed to O 2 and S O 2 at 300 K, cooled to 160 K prior to 
C3H8 exposure, then annealed to 400 K. In the control spectrum (with no C3H8 
exposure), the losses at 1325 and 925 cm - 1 are assigned to the asymmetric and 
symmetric stretching modes of S O 4 . If the 0 ( a ) / S 0 2 covered surface is exposed at 
160 K to C 3 H 8 prior to annealing to 400 K, these S O 4 loss features are significantly 
attenuated. For low C 3 H 8 exposures (<1L), the S O 4 modes are still visible, which is 
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Figure 8: Total CO x yield as a function of the 420K 64amu desorption 
yield. Increase in this 64amu state intensity was obtained by increasing the 
02 exposure (at 300K) followed by 24L S02 (at 300K) and 6L C 3 H 8 . 

Reproduced with permission from ref. 7. Copyright 1995 American 
Chemical Society) 
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Figure 9: TPR following 160K CO adsorption over Pt( 111) pre-covered 
by 1 8 0 2 and S O 2 at 300K. 
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consistent with the TPD observation that SO3 still desorbs under these conditions. 
However for larger exposures, complete extinction of the SO4 modes occurs, again 
in accord with the TPD results which show no SO3 desorption. We have thus 
demonstrated that adsorbed S O 4 plays a direct role in triggering the dissociative 
chemisorption of C3H8 on Pt. 

Having shown that under UHV conditions SO2 promotes propane chemisorption 
and oxidation over unsupported Pt, we now address the question "what is the role of 
alumina in the conventional catalyst during SO2 promoted alkane oxidation?". To 
investigate this, Al films of varying thicknesses were deposited on the Pt(lll) single 
crystal and oxidised (100 L O2, 300 K), prior to performing the TPR experiment with 
O(a), SO2 and C3H8 chemisorbed at 300 K. Oxidation by O2 at 300 K yields A10x 

films characterised by an Al(KLL) Auger transition at 58 eV [20]; exposure to SO2 
shifts the Auger emission to 53 eV indicating complete oxidation and the formation of 
Al3+. The TPR yields of CO2 and CO are shown as a function of as-deposited Al film 
thickness in Figure 11. In the presence of submonolayer oxide films the yield of CO 
is increased compared to the clean metal surface, whilst the C O 2 yield decreases. The 
enhanced oxidative capacity of the submonolayer films is clearly demonstrated by the 
total C O x yield which passes through a maximum at ~1ML Al, decreasing for higher 
initial Al loadings. This enhancement in oxidation capacity induced by the presence 
of A10x on Pt suggests that the former acts to enhance the population of S O 4 on the 
surface of the model catalyst. 

Discussion 

Promotion of propane oxidation has been studied only over supported Pt catalysts 
[3,4,21], the results being interpreted in terms of support-mediated effects due to the 
presence of sulphate on the oxide phase; this view is at least consistent with infra-red 
observations which show that sulphated alumina adsorbs propane [3]. However, the 
present results clearly demonstrate that in the presence of chemisorbed oxygen, S O 2 
dramatically enhances the chemisorption and oxidation of propane on platinum in the 
absence of any effects due to a support phase. 

There is some uncertainty in the literature regarding the nature of S O 2 adsorption 
on clean Pt(lll) and no detailed information is available about the co-adsorption of 
O 2 and S O 2 . Wassmuth et al concluded that S O 2 adsorbs dissociatively at 160 K 
forming SOa and Oa, which undergo recombinative desorption at 300 K [22,23,24]. 
In the light of their HREELS and XPS data, White et al [16] argue in favour of 
molecular adsorption at 130 K, followed at 300 K either by desorption as S O 2 , or 
dissociation to form adsorbed S, SO and S O 4 . We have studied S O 2 [14] adsorption 
over both clean and O 2 exposed Pt(lll) and conclude that for low coverages S O 2 
dissociates to SO + O, with non-dissociative adsorption at higher coverages. In 
contrast to the work of White et al, we find that formation of S O 4 requires prior 
exposure of the surface to 0 2 . In the presence of oxygen a threshold temperature of 
>220 K is observed for the formation of the hydrocarbon activating species: 
formation of this sulphate species at 250 K gives rise to new vibrational modes at 
1150 and 1300 cm"1. (For S O 2 bonded through oxygen as in S D F 5 . S O 2 [25], v s and v a 

are observed at 1100 and 1323cm-1 respectively. This supports our assignment of the 
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500 1000 1500 2000 
Electron Energy Loss (cm"1) 

Figure 10: HREELS of O 2 + S O 2 dosed at 300K and cooled to 160K prior 
to C 3 H 8 exposure then annealing to 400K 

Figure 11: Reactivity of A10 x films on Pt(l 11) towards propane oxidation 
in the presence of S O 2 
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1150 cm - 1 and 1300 cm-1 losses to S O 4 bonded to the surface through oxygen). The 
observed changes in the HREELS suggest that upon annealing the S O 4 species is 
also bound through oxygen to Pt. The increase in frequency of the S042"(a) 
asymmetric stretch which occurs upon annealing to 450K indicates an increase in the 
S-0 bond order. This is consistent with a change in bonding geometry from 
monodentate to bidentate. For S O 4 2 " the net negative charge would be localised near 
the surface S-0 bonds [18], thus in the bidentate geometry the terminal S-0 bond 
order would be ~2. The transformation is shown in scheme 1. 

Scheme 1 

The 560 K S 0 2 + peak (Figure 7B) and the associated coincident 80 amu signal 
(S03 + ); (Figure 7 A) are ascribed to S O 3 desorption. In these experiments, S O 2 was 
dosed at 300 K, which is above the dissociation temperature for molecular S O 2 [16]. 
Therefore as the 370 K 64 amu feature is not associated with a coincident S 0 3 + peak, 
we assign it to S O 2 desorption resulting from Oa + SOa recombination. In the 
presence of adsorbed propane (Figure 7B) this feature is masked by a 330 K 64 amu 
peak: since C 3 H 8 chemisorption almost certainly involves H-abstraction, we 
tentatively suggest that the 330 K S 0 2 + peak is due to adsorbed H S O x which 
undergoes decomposition to S02- (In this connection it should be noted that Leung et 
al have suggested that S O 2 and H 2 S can react to form H 2 S O 3 over Cu(100) [26].) 
Furthermore, this is consistent with the pronounced decrease in S O 3 desorption 
induced by the presence of co-adsorbed propane which strongly suggests the 
occurrence of a reaction between the hydrocarbon and the precursor to S O 3 
desorption (Figure 7). Our HREELS data (Figure 6) identify this precursor as S O 4 , 
and in Figure 10 it can clearly be seen that following coadsorption of C 3 H 8 the 
sulphate stretches are significantly diminished. This result therefore confirms that 
sulphate species are consumed in the oxidation of propane and accounts for the 
reduction in S O 3 desorption. The correlation between the integrated intensity of the 
440 K S 0 2 + feature and the C O 2 desorption yield (Figure 8) points to the formation 
of a complex between the S O 4 species and either the hydrocarbon fragments or 
reactively formed CO. Note that the C O 2 peak exhibits a shoulder at -320 K which 
corresponds to oxidation of C O a by O a [13] indicating that some of the reactively-
formed CO is adsorbed directly onto the metal surface and not incorporated into a 
S04-containing complex. Strong evidence for the formation of a C O - S O 4 complex is 
shown in Figure 9, which demonstrates that there are two distinct routes to CO 
oxidation by 1 80(a) and S 1 6 02. 

CO desorption (Figure 2) is observed only under oxygen-lean conditions (i.e. in 
the absence of the 560 K S 0 2 + peak due to S O 3 desorption). This CO peak occurs at 
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406 HETEROGENEOUS HYDROCARBON OXIDATION 

the same temperature (500 K) as that observed during TPR oxidation of ethene and 
propene on Pt: therefore it probably results from the oxidation of adsorbed carbon 
atoms[27,28,29]. 

Our observations may be rationalised in terms of the following scheme. 

1. Initial dissociative adsorption of propane involving H abstraction by S O 4 . The 
surface intermediate resulting from this process has not yet been identified, however 
there are two plausible possibilities: 

SO, + CH 0 -> CH + HSO 
4 3 8 3 y 4 

Scheme 2 
In scheme 2 , H abstraction yields H S O 4 and a hydrocarbon fragment in a single step, 
both of which chemisorb on the Pt surface. An alternative explanation involves the 
formation of an alkyl sulphate (scheme 3), which undergoes pyrolysis on heating 
[30]. 

0 
1 

C H -O-S-O-H-^ HC=CH.CH + SO + HOH + O(a) 
3 7 1 2 3 2 

O 
Scheme 3 

The olefin formed during the decomposition step would be rapidly 
dehydrogenated [31,28] and oxidised on Pt(lll) to yield CO and H 2 0 . The CO 
formed may then be further oxidised by surface oxygen to form C O 2 at 320K, or 
incorporated in the C O - S O 4 complex as already discussed. 

2. Coincident desorption of S O 2 and C O 2 at 440 K indicates decomposition of a 
surface complex. No coincident H 2 O desorption occurs, suggesting that the complex 
does not contain any H, i.e. is of the form C O - S O 4 . This could decompose according 
to: 

CO-SO4 -> C 0 2 + S0 2 + O a ~ 440 K 

At high propane coverages (oxygen-lean system) incomplete oxidation occurs. 
No S O 3 formation is observed as all the S O 4 has been consumed, hence the 
associated 560 K amu desorption feature is no longer observed. CO is then produced 
by the oxidation of surface carbon by residual O(a) at the characteristic temperature 
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associated with this process, as observed during catalytic hydrocarbon oxidation 
[27,28,29]. 

When the reaction was performed over the Pt(lll)/A10x model catalyst, an 
enhanced yield of oxidation products was observed for submonolayer A10x films. 
This can be rationalised in the following terms. Pt(lll)/Submonolayer A10x behaves 
as an efficient bifunctional catalyst. Oxygen, S O 2 and propane chemisorption occur 
on the metal, with propane also adsorbing on the sulphated A10x [3]. Enhanced 
oxidation activity then results from spillover of adsorbed propane on the support to Pt 
sites, where adsorbed 0(a) facilitates catalytic oxidation. The reduced activity with 
increased AlOx loading can simply be understood in terms of there being fewer bare 
Pt sites, which is indeed confirmed by CO titration of these surfaces [32]. The 
reduced surface concentration of 0(a) is also demonstrated by the transition from total 
oxidation ( C O 2 formation) to partial oxidation (CO only) as the Al thickness 
increases. 

In this study we have shown that S O 2 is capable of promoting propane oxidation 
over Pt alone, and submonolayer A10x films further enhance this activity. We are 
now able to explain some of the observations in the original reactor study [3,4]. 
Sulphate species were only identified on the support. However, this is hardly 
surprising, because with the real catalyst, the infra red spectrum would be dominated 
by sulphate species on the support, obscuring any contribution from the metal 
component. Recall that for Pt/Al203 [3] the presence of S O 2 makes the catalytic 
activity invariant with Pt loading. This is understandable in the light of our UHV data 
and the bifunctional behaviour proposed above. 

Conclusions 

1. At 300K, adsorption of propane occurs over Pt(l 11) pre-covered by 0(a) and S 0 2 -
The promotional effect of S O 2 on hydrocarbon oxidation can thus be observed over 
Pt alone and does not require A I 2 O 3 to stabilise the adsorbed S 0 X species. 

2. There is a threshold temperature of -220K for the formation of the active S 0 X 

species. 

3. HREELS and XPS measurements enable us to identify the S 0 X species as S O 4 . 
The direct involvement of S O 4 in propane oxidation has also been demonstrated. 

4. S O 2 promotion of oxidation also occurs for C 3 - C 7 hydrocarbons, but not for 
methane and ethane. 

5. 64 and 44 amu TPR spectra suggest formation of a CO-SO x complex during the 
reaction by S O 4 scavenging reactively formed CO. CO oxidation over !802 /S R 6 02 
precovered Pt(lll) show that there are two distinct routes to C O 2 formation, 
supporting the proposal of a S O 4 - C O complex. 
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408 HETEROGENEOUS HYDROCARBON OXIDATION 

6. Submonolayer films of A10 x further enhance the promotional effect of S O 2 
compared to clean Pt(l 11). This may be rationalised in terms of bifunctional catalytic 
behaviour. 
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Chapter 31 

Selective Photooxidation of Small 
Hydrocarbons by O2 with Visible Light 

in Zeolites 

Hai Sun, Fritz Blatter, and Heinz Frei1 

Structural Biology Division, Calvin Laboratory, Lawrence Berkeley 
National Laboratory, 1 Cyclotron Road, Berkeley, CA 94720 

Small alkenes, alkanes, or alkyl substituted benzenes loaded with O2 

gas into cation-exchanged zeolite Y react upon irradiation with 
visible light to yield corresponding carbonyl products at very high 
selectivity. Alkyl (alkenyl) hydroperoxides are formed as 
intermediates, in the case of isobutane as the final product. This was 
observed when monitoring the reactions in situ by Fourier-transform 
infrared spectroscopy. Experiments were typically run at room 
temperature, in some cases at zeolite temperatures as low as -100°C 
to elucidate mechanisms. Chemistry was induced by light from a 
tungsten lamp. Frequently, studies were also conducted with the 
emission of an Ar ion or cw dye laser in order to determine the visible 
wavelengths responsible for the reaction. Diffuse reflectance spectra 
revealed a visible absorption tail which originates from a 
hydrocarbon•O2 collision complex. It is attributed to the 
hydrocarbon•O2 charge-transfer absorption whose onset is shifted 
from the UV into the visible region by the very high electrostatic field 
of the zeolite (shifts of the order of 1.5 to 3 eV). Quantum 
efficiencies are in the region 10-30%, and selectivities remain high 
even upon conversion of more than 50% of the hydrocarbon loaded 
into the zeolite matrix. Many of the reactions studied are of 
commercial importance: toluene to benzaldehyde, propylene to 
acrolein or propylene oxide, isobutane to t-butyl hydroperoxide, 
cyclohexane to cyclohexanone, ethane to acetaldehyde. 

Oxidation by 0 2 is the single most important process for the conversion of 
abundant hydrocarbons to oxygenated derivatives such as organic building 
blocks for die manufacture of plastics and synthetic fibers, and industrial 
intermediates for the synthesis of fine chemicals (2-6). In large-scale 
synthesis, the use of molecular oxygen as oxidant is dictated primarily by 
economic factors. Yet, autoxidation of small hydrocarbons is inherently 
unselective, whether conducted in the gas or liquid phase, or whether catalyzed 

1Corresponding author 

0097-6156/96/0638-0409$15.00/0 
© 1996 American Chemical Society 
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410 HETEROGENEOUS HYDROCARBON OXIDATION 

by transition metals or not (1-4). One reason is that the desired products such 
as alcohols or carbonyls are more easily oxidized by 0 2 than the parent 
hydrocarbon. Overoxidation can only be minimized by keeping conversions low 
(at a few percent). Another factor is diversion of the radical chain reaction 
leading to the primary product (alkyl or alkenyl hydroperoxide) by termination 
steps which result in the formation of oxy radicals. This is especially a problem 
in the case of olefin oxidations. The highly reactive oxy radicals can undergo 
several competing reactions that lead to a multitude of products. Hence, 
oxidations by O2 exhibit most often little chemo- or regioselectivity. A major 
challenge in the field of hydrocarbon + O2 chemistry is, therefore, to find 
reaction paths that afford the primary product with high selectivity at high 
conversion. 

We have developed a method that affords partial oxidation of small 
alkenes, alkanes, and substituted aromatics by O2 at very high selectivity. The 
approach is based on photoexcitation of hydrocarbon«02 pairs in a large-pore 
zeolite (faujasite). The 3-dimensional network of molecular-size cages of the 
latter offer a natural environment for the formation of hydrocarbon»02 collisional 
pairs at high concentration (Fig. 1). The key to selectivity is a low-energy 
reaction path that is opened up by a very strong stabilization of the 
hydrocarbon«02 excited charge-transfer state by the high electrostatic field of 
the zeolite cage. The stabilization causes a red-shift of the charge-transfer 
absorption from the UV into the visible region. Access to this low-energy 
excited state, coupled with the positional constraint imposed by the zeolite 
nanocage furnishes a new, tightly controlled reaction path for small hydrocarbon 
+ O2 systems. 

Experimental 

Self-supporting zeolite wafers of 5-10 mg (1.2 cm diameter) were placed in a 
miniature infrared or UV-Vis vacuum cell (7-14). For infrared measurements, 
the cell was mounted inside a variable temperature vacuum system (Oxford 
Model DN1714 or DN1724). The zeolite was dehydrated by heating the cell to 
200°C for 12-15 h while evacuating with a turbomolecular pump. The reactants 
were subsequently loaded from the gas phase into the zeolite. The loading 
level was adjusted by the gas pressure and the zeolite temperature. Both 
laboratory-synthesized and commercial zeolite NaY (Aldrich) were used. 
Alkaline-earth exchanged zeolite Y (BaY, CaY) was prepared by repeated ion-
exchange of NaY at 90°C in 0.5 M solution of the corresponding chloride salt 
(15). The degree of exchange (ICP) was typically 95% or better. 

Photochemistry was monitored in situ by Fourier-transform infrared 
spectroscopy using a Bruker Model IFS 113 or IR 44 instrument. Zeolite Y is 
transparent in the infrared except for the region 1200-920 cm*1 and below 800 
cm - 1. For photolysis, a prism-tuned cw Ar ion laser (Coherent Model Innova 
90) or the emission of a tungsten lamp was used (equipped with a UV cut-off 
filter). The light beam was expanded to cover the entire zeolite pellet. 
Experiments were conducted at temperatures between 100 K and room 
temperature. UV-Vis spectra were recorded by the diffuse reflectance method 
using an integrating sphere (Shimadzu Model 2100 equipped with a Model ISR-
260 sphere). 
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31. SUN ET AL. Selective Photooxidation of Small Hydrocarbons by 02 411 

Results 

Our work has focused on the partial oxidation of small olefins, aromatics, and 
alkanes. A partial overview of the reactions studied thus far is given in Scheme 
1. We will present, in turn, one or two examples for each class of 
hydrocarbons. 

Toluene to Benzaldehyde Conversion. Upon loading of toluene (5 Torr) and 0 2 

(760 Torr) into a BaY or CaY matrix, a continuous absorption with a tail 
extending into the visible region is observed (Fig. 2) (9). Alkali or alkaline 
earth exchanged zeolite Y has no optical absorption in this spectral range (16). 
The band appears only when the hydrocarbon and O2 are simultaneously 
present in the zeolite. The absorption can be reversibly removed by pumping 
off the oxygen gas, which constitutes direct evidence that it originates from the 
hydrocarbon«02 complex. Use of the diffuse reflectance method is required 
because of the strong scattering behavior of the zeolite pellet (type Y 
crystallites have a size of about one micron). 

The onset of the lowest energy absorption of toluene»02 contact 
complexes in the oxygen-saturated liquid lies in the UV region around 370 nm 
(17). It originates from excitation of the hydrocarbon«02 charge-transfer state. 
By contrast, the diffuse reflectance spectra indicate onset of the toluene»C>2 
absorption in BaY and CaY at 500 and 600 nm, respectively. 

Speculating that the very large red shift of the hydrocarbon»02 
absorption is caused by high electrostatic fields inside the cage (18), we have 
determined experimentally the magnitude of the field in the exchanged zeolite Y 
samples used in our work (19). The method consists of measuring the induced 
infrared fundamental absorption of O2 or N2, or the symmetric stretch vibration 
of C H 4 loaded into the matrix. These infrared-forbidden transitions become 
active in the presence of an electrostatic field, and the band intensity is 
proportional to the square of the field (20). The method has previously been 
used by Cohen de Lara in the study of zeolite A (21). Fig. 3 shows the induced 
infrared absorption of O2 at 1550 cm"1 upon loading of the gas into a NaY or 
BaY pellet. Pressures were adjusted so as to obtain 1.5 molecules O2 per 
supercage on average. These intensity measurements revealed very high 
electrostatic fields. For example, in NaY at -50°C the molecules experience a 
field of 0.3 V A - 1 , or 0.9 V A 1 in BaY (19). 

When shining green or blue light on zeolite BaY loaded with toluene and 
02, benzaldehyde and H2O grew in under concurrent depletion of toluene. Fig. 
4 shows an infrared difference spectrum after photolysis with 488 nm light from 
an Ar ion laser at room temperature (400 mW cm - 2, 3 h). The same result was 
obtained when using the visible emission of a tungsten lamp. Yields were 
independent of the light source and simply reflect the number of light quanta 
absorbed by the reactants. The use of monochromatic laser light had the 
advantage of furnishing the wavelength-dependence of product yields. The 
positive bands agree completely with the spectrum of an authentic sample of 
benzaldehyde in BaY. Aside from a shoulder at 1640 cm"1 which is due to H2O 
coproduct, no other infrared absorption grew in even upon prolonged photolysis. 
This signals completely selective oxidation of toluene to benzaldehyde by 62. 
Observation of some thermal growth of benzaldehyde after toluene + O2 
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412 HETEROGENEOUS HYDROCARBON OXIDATION 

Figure 1. Photo-induced reaction of hydrocarbon«02 collisional pairs inside a 
zeolite Y supercage. 

) 1 1 1 f 

300 400 500 600 700 

W a v e l e n g t h (nm) 

Figure 2. Toluene«C>2 diffuse reflectance spectra in zeolite BaY and CaY. 
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CH 3 H CH 2 OOH QH 2 0 

/ C " C \ + 0 2 NaY, BaY* / C ^ C ^ H + H 2 ° 
H CH 3 H C H 3 H CH 3 

J) 
C H 2 = C H — CH 3 + 02 ^ y * CH 2 =CHCH 2 OOH • C H 2 = C H — C ^ + H 2 0 

CH 3 CH 2OOH 

.cu X<600 nm ^ 
+ 0 2 BaY, CaY 

H OOH 

H 

+ H 2 0 

<fH3 £ H 3 

C H 3 - C - H + 0, X ^ n m » C H 3 - C - O O H 
I 
CH 3 CH 3 

CH 3 CH 3 

CH 3 CH 2 CH 3 + 0 2 X.<500 nm „ C HOOH • C = 0 + H 2 0 

CH 3 CH 3 

CH 3 CH 3 + 0 2 ^< 5 Q Q n m > CH 3CH 2OOH • CH 3 — C ^ +H 20 
CaY H 

Scheme 1. Examples of reactions studied. 
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0.03 

-u.ui-t , 1 1 1 f 

1500 1520 1540 1560 1580 1600 crrrl 

Wavenumbers 

Figure 3. Electrostatic field-induced infrared absorption of 0 2 in zeolite NaY 
and BaY at -100°C. Each supercage is loaded with 1.5 molecules on 
average. 

1 8 0 0 1600 1 4 0 0 9 0 0 8 0 0 

Wavenumber (cm "1) 

Figure 4. Infrared difference spectrum of zeolite BaY loaded with toluene 
and 0 2 taken upon photolysis with Ar ion laser irradiation at 488 nm (400 
mWcm-2,3h). 
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photolysis is consistent with the formation of benzyl hydroperoxide as a 
reaction intermediate (9). Photooxidation of toluene to benzaldehyde in zeolite 
CaY proceeded without side reaction as well. However, the rate of reaction 
was faster, presumably reflecting the higher extinction of the visible toluene*C>2 
absorption band (Fig. 2). 

Propylene to Acrolein and Propylene Oxide. Selectivity is a particular challenge 
in the case of autoxidation of propylene and other small olefins, as mentioned in 
the introduction (1,4,6,22). We have studied visible light induced reactions of 
0 2 with all methyl substituted ethylenes. 

Irradiation of propylene and 02-loaded zeolite BaY at room temperature 
with green or blue light of an Ar ion laser, or a tungsten lamp, induced partial 
oxidation of the olefin (12). Readily identified products in the room temperature 
zeolite are acrolein and allyl hydroperoxide. Since the hydroperoxide is stable 
at -100°C, experiments at this temperature allowed us to find out about the 
details of the reaction path. Fig. 5 shows spectra of such a photochemical run 
at low temperature. The top trace presents the infrared spectrum recorded after 
loading of 3 Torr propylene and 700 Torr O2 gas into BaY (corresponding to 4 
olefin and 4 oxygen molecules per supercage) (18). The infrared difference 
spectrum upon 488 nm photolysis (Fig. 5b) shows allyl hydroperoxide as the 
main product (characteristic modes: C=C stretch at 1640 cm - 1, COH bending 
mode at 1343 cm"1). Identification of this product is based on 1 8 0 and D 
isotope frequency shift, and a good agreement with literature infrared data (12). 
The growth of some propylene oxide is signaled by absorptions at 1490 cm*1 

(CH 2 bending mode), 1268 cm*1 (CC stretching absorption), and 820 cm"1 (CO 
stretching mode). This assignment was confirmed by recording spectra of an 
authentic propylene oxide sample in BaY. Aside from allyl hydroperoxide 
(87%) and propylene oxide (13%) only a small trace of acrolein was observed 
at -100°C (C=0 stretch at 1670 cm"1). 

Warm-up experiments following photo-accumulation of allyl 
hydroperoxide at -100°C allowed us to elucidate the path leading to acrolein 
and propylene oxide, and establish ways to control the formation of the two 
final oxidation products. In one experiment, the remaining reactants were 
removed from the zeolite by evacuation. The infrared spectrum of Fig. 5c 
shows that allyl hydroperoxide rearranges quantitatively to acrolein upon 
warm-up to room temperature. Hence, the acrolein produced upon 
photooxidation of propylene by 0 2 at ambient temperature stems from 
dehydration of allyl hydroperoxide intermediate (Scheme 2). On the other hand, 
when conducting the warm-up of allyl hydroperoxide in the presence of excess 
propylene, growth of propylene oxide is observed. This signals formation of the 
epoxide by a secondary thermal reaction in the zeolite in which allyl 
hydroperoxide transfers an O atom to propylene, presumably under concurrent 
formation of allyl alcohol (12). Our observation that the allyl hydroperoxide 
rearrangement to acrolein shows a steep temperature dependence while 
epoxidation of propylene does not, opens up a means to manipulate the 
aldehyde to epoxide branching ratio by the zeolite temperature. Variation of 
the propylene loading level gives an additional handle on the acrolein/propylene 
oxide branching. The most important result, however, is the unprecedented 
selectivity in terms of the allyl hydroperoxide intermediate (>98% at ambient 
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1.6 
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0 1 0.8 
o 

< 0.4H 

0.0 

C H 3 - C H =CH 2/0 2/BaY 

-100°C 

1 7 0 0 1 6 0 0 1500 1 4 0 0 1300 900 800 

C H 2 = C H — C H 2 O O H 

C U . U 4 
(0 

n 
S o.oo 
< 

-0 .04 

-0 .08-

1.0-1 

(D 0.8-
O 
c 
(0 0.6-

.Q 
0.6-

O 
(0 0.4-

< 
0.2-

o.o-

H.O 

C H 2 = C H - C 

P 

\ 
H 

488 nm 
photolysis 

C H 2 - C H — C H 3 

warm-up to RT after 
removal of C H 3 - CH= C H 2 

. ẑ -

1 7 0 0 1 6 0 0 1500 1 4 0 0 

W A V E N U M B E R S [cirri] 

1 3 0 0 900 800 

Figure 5. Visible light-induced reaction of propylene with 0 2 in zeolite BaY 
at -100°C monitored by FT-IR spectroscopy. Top: Difference spectrum 
before and after loading of propylene and 0 2 . Middle: Difference spectrum 
following irradiation at 488 nm (400 mW cm-2) for 300 minutes. Bottom: 
Difference spectrum following warm-up of the photolysis product allyl 
hydroperoxide to room temperature. 
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Photochemical Reaction 

CH 3—CH=CH 2 + 0 2 v i ^ b l e > CH2=CH-CH2OOH 

Subsequent Thermal Reaction 

CH2=CH—CH2OOH 

CH 2 =CH—CH 3 

CH2=CH-C + H20 
H 

CH 2—CH CH 3 + CH2=CH—CH2OH 

Scheme 2. Reaction scheme for propylene oxidation. 
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Figure 6. Infrared difference spectrum upon prolonged irradiation at 488 nm 
of BaY loaded with isobutane and O2. Conversion of the initially loaded 
alkane is 57%. 
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temperature, >99.8% at -100°C) (12). The selectivity is undiminished even 
upon consumption of 20% of the propylene loaded into the zeolite. Note that 
since the strong scattering of the visible photolysis light restricts penetration to 
the front section of the zeolite, the conversion of propylene in the irradiated 
section of the pellet is substantially larger. On the basis of diffuse reflectance 
spectroscopy of the visible propylene«02 charge-transfer absorption and the 
measured infrared product growth, a rather high reaction quantum yield of 20% 
was estimated (12). 

Selective Oxidation of Isobutane and Ethane. Particularly interesting is the 
finding that even small alkanes can be partially oxidized by oxygen in cation-
exchanged zeolite Y under visible light. The corresponding alkyl 
hydroperoxides and carbonyl compounds are produced with very high selectivity 
at high conversion of the hydrocarbon. 

When loading isobutane (1.6 Torr) and 0 2 (900 Torr) into zeolite BaY 
and irradiating with visible light, f-butyl hydroperoxide grew in at 98% 
selectivity (13). As in all hydrocarbon oxidations studied thus far, the linear 
dependence of the yield with photolysis light intensity indicated a single photon 
process. Fig. 6 shows the infrared difference spectrum upon photochemical 
conversion of more than half (57%) of the isobutane loaded into the matrix. All 
positive bands originate from f-butyl hydroperoxide growth except for the small 
absorption at 1686 cm"1, which indicates the formation of 2% acetone. 
(CH3)2C=0 and CH 3OH (which was observed when accelerating the f-butyl 
hydroperoxide rearrangement at 50°C (13)) are established thermal products of 
(CH 3) 3COOH (23). Hence, the trace amount of acetone and methanol in the 
zeolite is secondary thermal products of the hydroperoxide. The absorption of 
the isobutane»0 2 complex in BaY was observed by diffuse reflectance 
spectroscopy (13). While the band was weak because only a fraction of the 
reactant pairs are probed by visible light in the highly scattering pellet, it was 
sufficiently strong to allow a quantum efficiency estimate of 15% (blue and 
green photons). 

An interesting aspect of the synthesis of f-butyl hydroperoxide in the 
zeolite is the opportunity of in situ use for olefin epoxidation. This allows us to 
avoid accumulation of the important but hazardous oxidizer in bulk quantities. 
After photochemical synthesis of the hydroperoxide in BaY, the remaining 
oxygen and isobutane were pumped off and te/w-2-butene was loaded into the 
zeolite. Growth of £rans-2,3-epoxybutane and f-butanol was observed in the 
dark at room temperature only a few minutes after adsorption of the olefin. 
Infrared spectroscopic analysis showed that no cis-epoxide was formed upon 
conversion of as much as one third of the butene. Similarly, complete 
stereospecificity was obtained when conducting the epoxidation reaction with 
cis-2-butene (Scheme 3) (13). 

Ethane was found to react with 0 2 in zeolite CaY under irradiation with 
blue light when several hundred Torr C2H£ and one atm of 0 2 were loaded into 
the dehydrated pellet (24). Fig. 7 shows the infrared product growth after 3 
hours of photolysis at room temperature with the 488 nm line of an Ar ion laser 
(500 mW cm"2). Acetaldehyde (1707, 1419, 1357 cm"1) and H 2 0 (3400, 1650 
cm -1) are the only observed products. Not even a trace of carbon dioxide was 
produced. The latter could have easily been detected by its very strong infrared 
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absorption at 2340 cm*1. The same selective oxidation of ethane was observed 
when using a tungsten lamp instead of the laser source. We conclude that 
photooxidation of ethane by 02 in zeolite CaY to acetaldehyde under blue light 
is completely selective. In contrast to the isobutane and cyclohexane»02 
systems, the diffuse reflectance method was not sensitive enough to reveal the 
visible tail of the ethane«02 absorption. This presumably reflects the 0.9 eV 
higher ionization potential of ethane compared to isobutane. 

Discussion 

Electronic Absorption of Hydrocarbon«02 in Zeolite Y. We can conceive of two 
possibilities for the appearance of an electronic transition in the visible spectral 
region when coadsorbing a hydrocarbon and O 2 on the zeolite. One is an 
oxygen-enhanced triplet absorption of the hydrocarbon, the other a 
hydrocarbon»02 charge-transfer absorption. The assignment to a triplet state 
absorption can be ruled out because the lowest triplet states of small alkanes, 
alkenes, and alkyl-substituted benzenes in conventional phase lie in the UV 
region (25). According to numerous studies reported in the literature (e.g., 
phosphorescence work by Ramamurthy (26)), spectral shifts of triplet states 
are negligible compared to the red shifts of hydrocarbon»02 absorptions by the 
zeolite that we encountered here. By contrast, assignment to the well-known 
hydrocarbon«02 charge-transfer transition (27) is strongly supported by the 
observed dependence of the photochemical reaction threshold on the ionization 
potential of the hydrocarbon. The onset of photolysis shifts monotonically to 
higher energies (shorter wavelengths) with increasing ionization potential of 
the hydrocarbon. For example, 2,3-dimethyl-2-butene, trans (or cis)-2-butene, 
and propylene«02 complexes have photolysis thresholds in NaY at 760, 600, 
and 460 nm, reflecting ionization potentials of 8.30 eV (2,3-dimethyl-2-butene), 
9.13 eV (trans, cis-2-butene), and 9.73 eV (propylene), respectively (8,12). In 
a plot of the reaction threshold energy versus hydrocarbon ionization potential, 
not all data points lie on a straight line, however. This is because the reaction 
onset depends not only on the absorption cross section, but also on the 
quantum efficiency. The latter is influenced by electronic and steric factors that 
vary among olefins, alkanes, and aromatics. Note that no maximum of the 
absorption band is discernible, very similar to most hydrocarbon«02 charge-
transfer absorptions in the gas phase and solution (17,28). 

The large cages of zeolite Y (so-called supercages shown in Fig. 1) are 
approximately spherical and have a diameter of 13 A. Window openings 
between these cages are 8 A across. The walls of the supercage carry a formal 
negative charge of 7 due to the presence of Al in the zeolite lattice (Si/Al « 
2.5). This charge resides on the framework oxygen atoms and is 
counterbalanced by 7 alkali, or 3-4 alkaline earth cations per cage (18,29). In 
the case of Na + exchanged zeolite Y approximately half of the cations are 
located in the supercage while the rest resides in the smaller sodalite and 
hexagonal cages (30). The much larger Ba 2 + ions have difficulty entering the 
smaller cavities and hence occupy mostly sites in the supercages (31). The 
electric shielding of these cations in the supercages, where the hydrocarbon and 
0 2 molecules reside, is poor. It is this lack of shielding by the framework 
oxygens that gives rise to the high electrostatic fields in the supercage of cation 
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Figure 7. Infrared difference spectrum showing growth of acetaldehyde and 
H 2 0 upon irradiation of ethane and 0 2 loaded zeolite CaY at 488 nm. 
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Scheme 4. Proposed mechanism of hydrocarbon photooxidation. 
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exchanged zeolite Y that we observed with the induced infrared measurements. 
Such fields have also been estimated by other experimental methods (e.g. 
effect on hyperfine coupling constants of guest radicals in zeolites by ESR 
spectroscopy) (32,33), and were predicted by model calculations (IS). 

Among the potential energy terms describing the interaction of the 
hydrocarbon«02 charge-transfer complex with the zeolite cage (electrostatic, 
induction, dispersion, repulsion), the electrostatic field-dipole interaction 
(-jl»E) is expected to be most strongly affected by excitation of the charge-
transfer state. Photoexcitation is accompanied by the development of a large 
dipole across the reactant complex because of the charge separation. 
Assuming a distance of 4 A between the alkane +«0 2" (alkene +«0 2", 
toluene + «0 2 ') charge centers and an electrostatic field of 0.3 to 0.9 V A " 1 , we 
calculate a dipole stabilization between 1.2 and over 3 eV. We attribute the 
large red shifts of the hydrocarbon«02 charge-transfer bands to this 
electrostatic field effect. While a quantitative prediction of the charge-transfer 
state energy and the shape of the absorption band will require a quantum 
chemical treatment of the hydrocarbon«02-zeolite interaction, this estimate 
nonetheless shows that the expected dipole stabilization is in the range of the 
observed red shift of the absorption onset. 

The assignment of the visible absorption of hydrocarbon«02 complexes 
in zeolites in terms of a charge-transfer transition is strongly supported by our 
observation that the threshold photon energy to chemical reaction (and the 
onset of the optical absorption) are sensitive to the magnitude of the 
electrostatic field. For example, the photolysis onset of the 2,3-dimethyl-2-
butene + 0 2 reaction shifts from 760 nm to below 600 nm when replacing 
zeolite NaY by high-silica faujasite (7). The latter has the same framework 
structure as zeolite Y, but most supercages contain no free charge (Si/Al > 
100). Hence, electrostatic fields are much lower than in NaY, although the 
zeolite environment is still very polar. Going in the opposite direction, 
substitution of Na + by Ba 2 + results in an increase of die electric field in the 
supercage from 0.3 to 0.9 V A _ l (Results Sect.). Accordingly, the onset of the 
hydrocarbon«0 2 absorption shows a substantial shift to the red. For example, 
the threshold of the diffuse reflectance spectrum of u-a/2S-2-butene»02 shifts by 
100 nm (4000 cm"1) from NaY to BaY (10). 

Mechanism and Selectivity. The main steps of the proposed mechanism are 
common to all visible light-induced alkane, alkene, and arene + 0 2 reactions 
encountered thus far. Scheme 4 shows the path proposed for the isobutane 
oxidation. The initial step following excitation of the charge-transfer state is 
most likely a proton transfer from the isobutane radical cation to 02". Alkane 
(alkene, toluene) radical cations involved in the reactions presented in this 
paper are spectroscopically established transients (34). Lifetimes of some of 
these species with respect to deprotonation have been reported for the room 
temperature liquid and are of the order of a few nanoseconds or less (35). We 
expect the proton transfer to be even more efficient in the presence of a base 
like 02". Hydrocarbon radical cations are known to be highly acidic in general 
(36). We consider the efficient proton transfer of the charge-transfer pair as the 
main reason for the rather high quantum yields to reaction because it furnishes 
a path that is competitive with back electron transfer. The latter process 
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suppresses useful chemistry of charge-transfer states in many cases. The alkyl 
and hydroperoxy radical so produced are expected to undergo cage 
recombination to yield the observed alkyl hydroperoxide. In the case of 
hydroperoxides with an a C-H group, heterolytic thermal rearrangement results 
in the formation of the corresponding carbonyl compound. The latter is an 
established mechanism in acidic solution (22). 

Several factors contribute to the tight control of the photochemical 
hydrocarbon oxidations observed in this work. The principal factor is the very 
strong stabilization of the excited hydrocarbon«C>2 charge-transfer state by the 
electrostatic field of the zeolite cage. The charge-transfer state can be 
accessed by low-energy visible instead of the more energetic UV photons, with 
the result that primary products emerge with minimal excess energy. This, 
coupled with the confinement imposed by the zeolite cage, prevents random 
radical coupling reactions and homolytic fragmentation of the primary products. 
Specifically, no homolytic OO bond rupture of the hydroperoxide intermediates 
occurs which would lead to the formation of OH and alkoxy radicals. These are 
the two species that destroy the selectivity upon thermal autoxidation of small 
hydrocarbons (1). Moreover, the use of visible light insures that no 
photodissociation or further oxidation of hydroperoxide or carbonyl products by 
0 2 takes place. The main reason in the case of alkene and toluene systems is 
that the ionization potential (IP) increases upon partial oxidation of the 
hydrocarbon. For example, IP of propylene is 9.73 eV, compared to 10.10 eV 
for acrolein or 10.22 eV for propylene oxide; IP of toluene is 8.82 eV, compared 
to 9.52 eV for benzaldehyde (37). The result is that the onset of the charge-
transfer absorption of the product«02 complexes lies at shorter wavelengths 
than for the alkene»02 or toluene»02 systems, which renders secondary 
photooxidation of the primary products unlikely. Hence, the method of 
hydrocarbon oxidation by O2 with visible light is inherently stable against 
further reaction with oxygen. Overoxidation is a major obstacle to selectivity in 
the case of thermal catalytic autoxidation (1-6). Only for light alkanes like 
propane and ethane are die ionization potentials of the corresponding carbonyl 
products (acetone, acetaldehyde) lower than that of the parent hydrocarbon 
(37). However, we have not observed overoxidation under visible light 
irradiation in these cases thus far (24). 

Conclusions 

Very high selectivities have been achieved upon oxidation of olefins, alkanes, 
and alkyl substituted benzenes by O2 in zeolites under visible light. For 
example, toluene to benzaldehyde oxidation by O2 without overoxidation or 
side reactions is unprecedented. Cobalt(III) catalyzed autoxidation of toluene 
in solution used currently in an industrial process for benzaldehyde synthesis 
lacks this selectivity, mainly because of continued oxidation of the aldehyde to 
benzoic acid (1,2). Yet, toluene to benzaldehyde conversion by oxygen is an 
important process. The aldehyde serves as an intermediate in the manufacture 
of agrochemicals, fragrances, and other specialty chemicals (38). Among the 
olefin photooxidations demonstrated thus far, the propylene to acrolein and 
propylene oxide conversion is perhaps the most interesting one from an 
applications standpoint. While there is a commercially important method for 
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propylene to acrolein oxidation by 0 2 using a Bi molybdate catalyst (39), no 
selective transformation of propylene to propylene oxide by oxygen through 
thermal catalysis has been reported thus far. Selective propylene epoxidation 
schemes still use H 2 0 2 or organic hydroperoxides as O donors (1). A recent 
breakthrough in the area of epoxidation with aqueous H2O2 are Ti silicalite 
catalysts (40). 

The products of all alkane photooxidations studied thus far are of 
commercial importance. For example, f-butyl hydroperoxide is a widely used 
oxidizing agent, even in large-scale processes like propylene epoxidation 
(1,22,41). Cyclohexanone is an intermediate in the manufacture of nylons (2) 
as well as a variety of fine chemicals (38). Acetaldehyde and acetone are both 
bulk chemicals. Yet, existing thermal autoxidation processes are very 
unselective. Practical selectivities (« 70%) of desired hydroperoxide (t-butyl 
hydroperoxide) or carbonyl compounds (cyclohexanone, acetone, acetaldehyde) 
can only be obtained at low conversion (below 10%) (1,2). Even then, 
carbonyls are often co-produced along with the corresponding alcohols. By 
contrast, the new method presented here demonstrates that these alkane 
oxidations to the corresponding hydroperoxides or carbonyls can be 
accomplished at very high selectivity even at high conversion of the reactants. 
In the case of the isobutane oxidation an additional attractive feature is that the 
hydroperoxide product can be used in situ for subsequent epoxidation reactions. 
Especially intriguing is the completely selective ethane to acetaldehyde 
conversion. Thermal catalytic methods produce substantial amounts of C 0 2 

without exception. By contrast, none was observed in our experiments. It may 
open up ethane, a constituent of natural gas, as a new feedstock for the 
aldehyde (instead of the currently used ethylene). More generally, the 
photochemical oxidations by O2 in zeolites constitute a new and highly 
selective method for activation of alkane C-H bonds (3). 

Successful upscaling of our experiments with micromolar quantities 
reported here requires a reduction of die scattering of photolysis light, and 
choice of operating conditions that allow continuous desorption of the products 
from the zeolite host. The preferred solution for the light scattering problem 
would be translucent zeolite membranes. Such membranes have been reported 
very recently for pentasil-type zeolites (ZSM-5) (42). Although release of 
small oxygenated hydrocarbons from zeolite Y by polar organic solvents is 
routine (43), a solvent-free method would be preferable. Use of a carrier gas 
and modestly elevated temperatures may be sufficient to effect desorption of 
the polar products at acceptable rates. 
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Chapter 32 

Photocatalytic Destruction of Automobile 
Exhaust Emissions 

P. D. Kaviratna and C. H. F. Peden1 

Pacific Northwest National Laboratory, P.O. Box 999, 
Richland, WA 99352 

Hydrocarbons, carbon monoxide, and nitrogen oxides contained in 
automobile exhaust emissions are among the major atmospheric air 
pollutants. During the first few minutes of a cold start of the 
engine, the emission levels of unburned hydrocarbon and CO 
pollutants are very high due to the inefficiency of the cold engine 
and the poor activity of the catalyst at lower temperatures. 
Therefore, it is necessary to provide an alternative approach to deal 
with this specific problem in order to meet near-term regulatory 
requirements. Our approach has been to use known photocatalytic 
reactions obtainable on semiconducting powders such as titanium 
dioxide. In this paper, we describe our recent studies aimed at the 
photocatalytic oxidation of unburned hydrocarbons in automobile 
exhaust emissions. Our results demonstrate the effective 
destruction of propylene into water and carbon dioxide. The 
conversion was found to be a strong function of the propylene flow 
rate. The reaction rate was studied as a function of time, humidity 
and temperature. The effect of the power of the UV source on 
conversion is also discussed. 

A number of technologies exist for the removal or destruction of dilute levels of 
organic contaminants in air in enclosed living or working environments, off-gas 
treating of water treatment facilities, and emission control in process and 
manufacturing plants. Since most of these common contaminants are oxidizable, 
a chemical oxidation process is in principle a viable alternative. However, 
because of the diluted levels of organics, combined with large volumes of air to be 
treated, it is necessary that the process be extremely fast and energy efficient. 
1 Corresponding author 

0097-6156/96/0638-0428$15.00/0 
© 1996 American Chemical Society 
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Moreover, it would be desirable if the oxygen in the air could be used as the 
oxidant, so that would not be necessary to employ additional chemicals. Novel 
processes based on photocatalyzed reactions with semiconducting powders such 
as titanium dioxide show great promise for rapid efficient destruction of 
environmental pollutants that have proven difficult or expensive to treat using 
established remediation methods (1-3). For example, the ability of ultraviolet 
illuminated titanium dioxide to affect the partial or complete oxidation of gaseous 
paraffins, olefins and alcohols is well documented (4-6). Most efforts to apply 
photoassisted reactions to the destruction of environmental contaminants have 
focused on the purification of aqueous solutions in slurry reactors using relatively 
intense levels of ultraviolet light (7-15). However, the photodegradation of 
gaseous organic pollutants has gained attention in recent years (15-22). 

Ground level ozone, formed by photochemical reactions of nitrogen oxides 
(NOx) and hydrocarbons in the air, is one of the major air pollutants of concern. 
Automobiles contribute nearly one-third of the total hydrocarbon emissions. 
Therefore, reducing hydrocarbon emissions from automobiles has become a 
center of attention by the government regulators. The problem is particularly 
severe in heavily populated urban areas. Modern automobiles sold in the US are 
equipped with computer-controlled three-way catalytic converters to reduce the 
emissions of N O x as well as CO and hydrocarbons. However, both hydrocarbon 
and carbon monoxide emission during the first few minutes of a cold start of the 
engine is still much higher than the permitted emission levels of these pollutants. 
This is a direct result of the inefficiency of the cold engine as well as the poor 
activity of the catalyst at lower temperatures. Therefore, it is necessary to either 
improve the activity of the catalyst in automobile catalytic converters or develop 
new catalysts superior to those currently being used. This work is aimed at 
assessing the potential of a photocatalytic process for the reduction of unburned 
hydrocarbons, carbon monoxide and oxides of nitrogen in automobile exhaust 
emissions (23). At this stage, the emphasis is given to the particular problem of 
unburned or partially burned hydrocarbon emissions in automobile exhaust during 
cold-start. An attempt is made to identify some of the factors that control the 
photocatalytic destruction of these pollutants. In particular, we report here a 
determination of the reaction rate as a function of gas flow (space velocity), the 
stability of the rate over time, the effect of impurity water-vapor concentration, 
and the dependence of the reaction rate on UV flux. 

Experimental 

As shown in Figure 1 the photocatalytic reactor system used for these studies is 
composed of a mass flow controller (Tylan General), a UV lamp (Aquafine SP-2), 
a catalytic reactor, and a sampling valve. The catalytic reactor is made out of 
titania coated quartz capillary tubes assembled in a 3/8" quartz tube and connected 
to a gas flow system made out of 1/8" stainless steel tubing. The capillaries are 
coated both inside and outside with a titania film by a sol-gel process to ensure the 
maximum contact area of the catalyst. After calcination in air, Raman 
spectroscopy confirmed that the films were anatase Ti02 (24). The test gas 
contains 300 ppm propylene ( C 3 H 6 ) in dry, carbon dioxide free air. This 
particular hydrocarbon and its concentration is considered to be prototypical for 
an automobile exhaust composition. Gas samples were analyzed by using a 
Hewlett Packard 5890 Series II gas chromatograph equipped with a TCD detector, 
and Porapak Q and molecular sieve packed columns. 
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Propylene/Air 

UV lamp 

Quartz reactor 

T i 0 2 -anatase 
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Figure 1. A schematic illustration of the photocatalytic reactor system. 
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Figure 2. Gas chromatographic traces of the products generated in the 
photochemical destruction of propylene in the presence of a UV light source. 
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Results and Discussion 

Traces from the gas chromatograph (GC) at different propylene/air flow rates are 
shown in Figure 2. The GC peak around 4 minutes retention time is due to the 
presence of carbon dioxide, the peak around 10 minutes indicates the presence of 
water vapor, and the peak around 13 minutes is due to the reactant, propylene. 
Each GC trace shown in Figure 2 is obtained after an equilibration time of one 
hour at each flow rate. A blank experiment is shown in the bottom GC trace, and 
was obtained with a flow rate of 10 cc/min with the UV source turned off. 

In the absence of UV illumination, no reaction is observed. However, a GC 
peak corresponding to the product of reaction, carbon dioxide, is present upon 
irradiation. Concurrently a decrease in the GC peak corresponding to propylene is 
observed. Importantly, note the absence of any other reaction product from 
incomplete combustion, such as carbon monoxide or partially oxidized 
hydrocarbon species. Thus, the overall reaction proceeds according to equation 1: 

C 3 H 6 + 9/2 0 2 —> 3 C 0 2 + 3 H 2 0 (1) 

The appearance of carbon dioxide and the decrease in propylene clearly 
depend on the flow rate of the propylene/air mixture as illustrated in Figure 3. At 
the lowest flow rates studied here, greater than 50% of propylene is converted to 
carbon dioxide and water. However, at higher flow rates, the propylene 
conversion rate drops dramatically due to the decrease in residence time. Based 
on the volume of the reactor containing catalyst, we estimate that the highest flow 
rates studied here (-900 cc/min) correspond to a space velocity of approximately 
6800 hr*. 

We found the photocatalytic propylene oxidation activity to be remarkably 
stable over time as shown in Figure 4. The data plotted in this figure were 
obtained with a flow rate of 36 cc/min. During the entire reaction time the 
propylene conversion rate was steady demonstrating the photostability of the 
catalyst. Experiments carried out for still longer times (> 24 hours, not shown in 
Figure 4) showed no change in the reaction rate. In fact, the same set of titania -
coated capillary tubes have been used for over a year under a variety of reaction 
conditions without any loss in activity. 

Another important consideration is the effect of water vapor on the 
photocatalytic reactivity of titania because of the potential for relatively high 
concentrations of water in automobile exhaust, particularly in high humidity 
climates. It has also been reported in the literature (79) that while the presence of 
water in the reactant gas mixture is critical for the gas-phase photocatalytic 
destruction of chlorohydrocarbons using titania, high water-vapor concentrations 
lead to catalyst deactivation. Figure 5 depicts the effect of water vapor 
concentration on photocatalytic propylene conversion rates. In the figure, the 
diamond symbols represent the conversion of propylene when the reaction is 
carried out with the as-received propylene gas mixture. The open squares indicate 
the activity of titania if this gas mixture is first passed through an isopropanol/dry 
ice trap designed to remove impurity water. The open circles are for reactions 
carried out after saturating the propylene gas mixture with water vapor by 
bubbling the gas through a room temperature water reservoir. It is clear from 
these data that the presence of water vapor is not critical for the photocatalytic 
destruction of hydrocarbons, nor does water poison the catalyst. 

Finally, the effect of the UV light source power on the photocatalytic activity 
was studied. There are two competing issues of concern here. First, sufficient 
source power is needed to deliver UV photons to all of the catalyst in the reactor. 
However, a practical design will ultimately be constrained by the power 
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Figure 3. Flow rate dependence of propylene conversion. 
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Figure 4. Time dependence of propylene conversion at a flow rate of 36 cc/min. 
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deliverable by the battery. Our current reactor design uses very low (< 100 watts) 
power and can be scaled up well within the current available power. Of more 
immediate concern is an accurate assessment of reaction rates (space velocities) 
that will not be obtained if some of the catalyst is not irradiated. The data plotted 
in Figure 6 shows a strong dependence of propylene conversion rates on the UV 
flux at least at low power. However, at higher power levels, the conversion seems 
to level off with further increases in power. This result may indicate that the 
reaction rates (space velocities) we measured at the highest power levels used here 
represent the intrinsic activity of the present catalyst in our reactor. 

Conclusions 

In the present studies, we have demonstrated that a prototypical automobile 
exhaust hydrocarbon, propylene, can be completely and efficiently combusted to 
carbon dioxide and water by a photochemical process over a titania catalyst. 
Importantly, we have also shown that the catalyst does not deactivate over time, 
and that the propylene conversion rates are insensitive to atmospheric water vapor 
even at relatively high concentrations. 

We compared our measured reaction rates (space velocities) to those typically 
desired in present 3-way catalytic converters. The current catalyst system needs 
to handle a total gas flow rate of at least 4.4 x 10̂  cc/min. Because of the need to 
minimize both the amount of precious metal used in the three-way catalyst as well 
as the weight of the converter, space velocities on the order of 20,000-50,000 hr"l 
with destruction efficiencies of 80-90% or better are desirable for the current 
systems. To date, we have demonstrated reaction rates that are considerably 
below these levels. For example, we find that for space velocities of about 1000 
hr"l, we obtain propylene conversion rates of 10-20%. However, there are a 
number of (thus far) unexplored areas of improvement that could dramatically 
improve these numbers. For example, neither the catalyst geometry (e.g., surface 
area) or the catalyst composition have been optimized. Recent reports have 
demonstrated that small additions of a second oxide material to titania leads to 
greatly enhanced photocatalytic oxidation rates (12-14). Additionally, small 
amounts of precious metal on titania can lead to significant increases in electron 
transfer rates and, thus, photoreactivity (14). We are currently exploring these 
and other potential improvements to the photocatalytic activity of our system. 

It is important to keep in mind, however, that the "targets" described above 
for the 3-way catalysts (> 80% destruction at space velocities > 20,000 hr*) are 
likely to be much higher than necessary for the particular system described here. 
First, as discussed above, these targets are dictated to some extent by the need to 
minimize the precious metal content in the catalyst while the titania photocatalyst 
may not require any precious metal. Thus, a larger reactor may be possible to 
overcome lower activities. Perhaps even more important to consider is the fact 
that this approach is designed to deal with the specific problem of cold-start 
hydrocarbon emissions. The current EPA Federal Test Procedure (FTP) makes an 
integrated measure of emissions over a lengthy (several minutes) engine cycle 
from cold-start through several accelerations, decelerations and cruising modes. 
A large fraction of the hydrocarbon emissions occur during the cold-start period 
and any reduction during this period can result in significantly more flexibility in 
the operating envelope (e.g., air/fuel ratio) for the remainder of the FTP test. 
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Figure 5. Effect of humidity on propylene conversion in the photocatalytic 
destruction process. 
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Figure 6. Propylene conversion as a function of the UV lamp source power. 
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Carbon deposition retardation in C0 2 -CH 4 
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catalyst characterization, 387 
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Carbon deposition retardation in C0 2 -CH 4 

reaction on metal sulfide catalysts— 
Continued 

C0 2 dissociation on catalyst surface, 
388/389 

experimental procedure, 385,387 
on catalyst surface, 388/389 
reaction rate vs. partial pressure of 

CH 4 and C0 2 , 389-390 
reaction under steady-state reaction 

conditions, 3867,387,389 
selectivity for methane oxidation 

reaction by C0 2 , 391 
strongly adsorbed species on catalyst 

surface, 391-393 
Carbon dioxide 
interaction with ZnO powders of 

microcrystalline surfaces 
adsorption on ZnO samples with high 

surface areas, 349-351 
vs. surface coverage, 351,352/ 
vs. temperature, 351,352/ 
vs. ZnO origin, 353-356 

adsorption sites, 351,353 
experimental procedure, 348-349 
regions of desorption, 351,353 
SEM of crystallites, 349,350/ 

oxidation of methane, importance, 384 
use as probe molecule, 348 

Carbon monoxide, selectivity on supported 
Pd catalyst, 42-43 

Carbon monoxide pollutants, photocatalytic 
destruction, 428^34 

Carbon monoxide-methane reaction on 
metal sulfide catalysts, carbon 
deposition retardation, 384-393 

Carbon selectivities, effect of superficial 
contact time, 130,133-134/ 

Catalysts 
dehydration-dehydrogenation of 

2-butanol, 330-345 
factors determining selectivity in 

oxidative dehydrogenation of 
propane, 155-168 

heterogeneous Baeyer-Villiger oxidation, 
300-316 

Catalysts—Continued 
magnesium-vanadium, n-pentane 

activation, 192-205 
metal sulfide, 384-393 
molybdate based, partial oxidation of C 5 

hydrocarbons to maleic and phthalic 
anhydrides, 178-190 

molybdenum containing, oxidative 
dehydrogenation of propane, 170-176 

oxidative coupling of methane by 
adsorbed oxygen species, 109-120 

partial oxidation of methane, 78-92 
role in methane oxidation, 369-372 
selective, functions, 26-27 
selectivity to propene by oxygen spillover 

in oxidative dehydrogenation of 
propane, 223-234 

vanadium phosphate, See Vanadium 
phosphate catalyst 

vanadyl pyrophosphate catalysts, 
selective oxidation of butane to 
maleic anhydride, 249-257 

VMgO, identification of active sites and 
structure sensitivity of oxidative 
dehydrogenation of propane, 207-221 

Catalytic activity of Wells-Dawson and 
Keggin heteropolyoxotungstates in 
selective oxidation of isobutane to 
isobutene 

autocatalytic effect at high butane 
concentration, 145-151 

experimental procedure, 141-143 
reaction temperature, 143,144/ 
surface area, 143,145 
working mechanism of isobutane 

oxidation, 151-153 
Catalytic ammoxidation of propane 

and propene over vanadium-antimony 
oxides 

acrolein and ammonia interaction with 
catalyst, 269,270/ 

catalyst characterization 
BET surface areas, 263 
DRIFT spectroscopy, 263 
electron diffraction analysis, 263,264/ 
XRD, 262/263 
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Catalytic ammoxidation of propane 
and propene over vanadium-antimony 
oxides—Continued 

catalyst redox state 
acrolein and acrylonitrile yields, 271,272/ 
propene conversion, 269-271 

experimental procedure, 260-261,263 
mechanism, 271,272/ 
propane and ammonia interaction with 

catalyst, 265-267 
propene and ammonia interaction with 

catalyst, 267-269 
Catalytic combustion 
applications, 3 
electrophilic vs. nucleophilic oxygen, 6 
factors affecting selectivity, 2-15 
selectivity problem, 3 

Catalytic cooperation via spillover of oxygen 
experimental description, 331-336 
in situ formation of contaminated 

phase, 341 
Raman spectroscopy, 341,342/ 
role of true bimetallic oxide and solid 

solution, 341,344-345 
specific surface area, 337 
TEM, 337,338/ 
XPS, 339,341 
XRD, 337,339 

Catalytic methane oxidation at low 
temperatures using ozone 

experimental procedure, 365-366 
gas-phase reaction, 366-369 
mechanism, 366-372 
reaction over catalysts 

Li/MgO, 370-372 
MgO, 369-370 

Catalytic oxidation 
abatement of volatile organic compounds, 59 
electrophilic vs. nucleophilic oxygen, 5-6 
hydrocarbons, selectivity, 20-33 
selective, applications, 20-21 

Catalytic partial oxidation 
factors affecting selectivity, 2-15 
methane, studies, 78-79 

Catalytic performance, effect of support 
pretreatment, 170-176 

Ceramics, oxygen function in CH 4 coupling, 
95-107 

Chromium, oxidative destruction of 
volatile organic compounds, 58-74 

Citrate method, description, 332-334/ 
Cobalt, oxidative destruction of volatile 

organic compounds, 58-74 
Combustion 
factors affecting selectivity, 2-15 
methane, selectivity, 36—47 

Conductive ceramics, oxygen function in 
CH 4 coupling, 95-107 

Contact times, partial oxidation of 
butane, 124-138 

Coupling of methane by adsorbed oxygen 
species on SiTi^Mg^O^ catalysts, 
oxidative, See Oxidative coupling of 
methane by adsorbed oxygen species on 
SrTi1 xMg x0 3 5 catalysts 

Cracking, oc-olefins over iron antimony 
oxide, 276 

Crystallographic shear, role in selectivity 
in catalytic partial oxidation and 
combustion reactions, 14 

Cyclic ketones, Baeyer-Villiger oxidation, 
300-316 

D 

Dehydration-dehydrogenation, 2-butanol 
over Sn02-Mo03 catalysts, 330-345 

Dehydrogenation 
oxidative, See Oxidative dehydrogenation 

of propane over molybdenum-
containing catalysts 

propane 
over boria-alumina catalysts, factors 

determining selectivity, 155-168 
over VMgO catalysts, 207-221 
selectivity to propene in Mg 3V 2O g 

catalysts by oxygen spillover, 223-234 
Destruction 
photocatalytic, automobile exhaust 

emissions, 428-434 
volatile organic compounds, uranium 

oxide based catalysts, 58-74 
Diffuse reflectance Fourier-transform IR 

spectroscopy (DRIFT), catalyst 
characterization, 263 
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Direct oxidation of methane to methanol 
or formaldehyde, 364 

Double-bond isomerization, oc-olefins 
over iron antimony oxide, 276 

E 

Electrical conductivity, oxidative 
dehydrogenation of propane over 
VMgO catalysts, 209 

Electron spin resonance, oxidative 
dehydrogenation of propane over 
VMgO catalysts, 207-221 

Electron transfer, role in selectivity in 
catalytic partial oxidation and 
combustion reactions, 8-9 

Electronic absorption, hydrocarbon • 0 2 in 
zeolite Y, 421,423 

Electrophilic oxidation, selectivity, 23-26 
Electrophilic oxygen, reactivity in 

partial oxidation and combustion 
reactions, 5 

Emissions of automobile exhaust, 
photocatalytic destruction, 428-434 

Environmental Protection Agency 
Federal Test Procedure, 
description, 433 

Ethane, selective oxidation, 418-422/ 
Ethene, oxidation, 279 
Ethylene 
dehydrogenation, 358-359 
oxidation, 359-361 
oxidative ammonolysis to acetonitrile 

over y-Al203-supported molybdenum 
catalysts, 319-328 

Exhaust emissions, photocatalytic 
destruction, 428-434 

Exposed crystal face of surface structure, 
role in selectivity in catalytic 
partial oxidation and combustion 
reactions, 10-12 

Extinction of hydrogen-air and methane-air 
mixtures over platinum and palladium, 
See Ignition and extinction of 
hydrogen-air and methane-air mixtures 
over platinum and palladium 

Factors affecting selectivity 
catalytic partial oxidation and 

combustion reactions 
activity and selectivity on oxide vs. 

metal, 4-5 
kinetics vs. thermodynamics, 3-5 
selectivity control 
electron transfer, 8-9 
electrophilic vs. nucleophilic 

oxygen, 5-6 
metal-oxygen bond strength, 9,10/ 
model of adsorbate bonding, 6-7 
oxidation state of surface, 9-1 If 
properties of oxide catalysts, 15 
reactant site geometry matching, 14-15 
reducibility of catalysts, 8 
selectivity determining step, 7-8 
surface structure, 10-14 

oxidative dehydrogenation of propane 
over boria-alumina catalysts 

active sites, 159-164/ 
catalytic activity, 157-159 
characterization, 156-157 
experimental procedure, 156 
oxygen activation, 163,165/167 
partial pressure of C 3 H g , 166/167 
reaction mechanism, 166-168 

G 

Ground level ozone, concern as pollutant, 429 

H 

1-Heptane, oxidation, 283,285 
Heterogeneous Baeyer-Villiger oxidation, 

hydrotalcite catalyst development, 
300-316 

Heterogeneous catalytic oxidation 
butane to maleic anhydride, 249 
hydrocarbons, selectivity, 20-33 

Heterogeneous methane combustion, 
kinetic modeling, 44-47 

Heteropolyanions, advantages as 
catalysts, 140 
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Heteropolyoxotungstates, catalytic activity 
in selective oxidation of isobutane to 
isobutene, 140-153 

1-Hexene, oxidation, 283,284/ 
Homogeneous methane combustion, 

kinetic modeling, 39-42 
Hydrocarbon(s) 
partial oxidation to maleic and phthalic 

anhydrides over molybdate-based 
catalysts, 178-190 

selectivity in heterogeneous catalytic 
oxidation, 20-33 

small, photooxidation by 0 2 with visible 
light in zeolites, 409^25 

Hydrocarbon • 02, electronic absorption 
in zeolite Y, 421,423 

Hydrocarbon pollutants, photocatalytic 
destruction, 428^34 

Hydrogen-air mixtures over Pt and Pd, 
ignition and extinction, 48-56 

Hydrogen pretreatment, role in oxidative 
ammonolysis of ethylene to acetonitrile 
over y-Al203-supported molybdenum 
catalysts, 319-328 

Hydrotalcite catalysts in heterogeneous 
Baeyer-Villiger oxidation 

catalysis of functionalized hydrotalcites, 
321-323,324r 

experimental description 
Baeyer oxidation procedure, 302 
base strength distribution measurement 

on hydrotalcites, 303,304f 
hydrotalcite preparation, 301-302 
reuse experiments of hydrotalcites, 302 

mechanism of oxidation, 313,315-316 
oxidation 
using m-chlorobenzeneacetic acid, 312 
using hydrotalcite catalyst systems, 

306-312 
without metal catalysts, 303,305-306 

Ignition and extinction of hydrogen-air 
and methane-air mixtures over platinum 
and palladium 

experimental description, 48-50 

Ignition and extinction of hydrogen-air 
and methane-air mixtures over platinum 
and palladium—Continued 

ignition 
CH 4 -0 2 mixtures, 54-56 
H 2 -0 2 mixtures, 51-54 

simulation, 50-51 
Iron, oxidative destruction of volatile 

organic compounds, 58-74 
Iron antimony oxide, selective partial 

oxidation of oc-olefins, 276-290 
Isobutane 
oxidation to isobutene, 140-153 
selective oxidation, 418-420 

Isobutene, oxidation from isobutane, 140-153 

K 

Keggin complexes, advantages, 140-141 
Keggin heteropolyoxotungstates, catalytic 

activity in selective oxidation of 
isobutane to isobutene, 140-153 

Ketones, hydrotalcite-catalyzed 
Baeyer-Villiger oxidation, 300-316 

Kinetic modeling, homogeneous and 
heterogeneous methane combustion, 
39-47 

L 

Li 0 9 Ni 0 5 Co 0 5 O 2 j t , oxygen function in 
CH 4 coupling, 95-107 

Li-MgO 
catalysts studies, 96 
role in methane oxidation at low 

temperatures using ozone, 370-372 
LiNi, C o O 0 „ 9 6 

x l-y y 2 - 8 ' 

Low-surface-area Si02-Si supported 
vanadia catalysts, partial oxidation 
of methane, 78-92 

Low temperatures, catalytic methane 
oxidation using ozone, 364-372 

M 

Magnesium orthovanadate, n-pentane 
activation, 192-205 
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Magnesium oxide, role in methane 
oxidation at low temperatures using 
ozone, 369-370 

Magnesium pyrovanadate, n-pentane 
activation, 192-205 

Magnesium vanadate-antimony oxide 
mixtures, v-pentane activation, 
192-205 

Magnesium-vanadium catalysts 
oxidative dehydrogenation of propane, 

223-234 
v-pentane activation, 192-205 

Maleic anhydride 
partial oxidation of C 5 hydrocarbons over 

molybdate-based catalysts, 178-190 
selective oxidation from butane on 

vanadyl pyrophosphate catalysts, 
249-257 

Metal catalysts, selectivity in oxidation, 33 
Metal oxide catalysts during oxidation 

reactions, supported, See Supported 
metal oxide catalysts during oxidation 
reactions 

Metal-oxygen bond strength, role in 
selectivity in catalytic partial oxidation 
and combustion reactions, 9,10/ 

Metal sulfide catalysts, carbon deposition 
retardation in C0 2 -CH 4 reaction, 
384-393 

Methane 
oxidative coupling by adsorbed oxygen 

species on SrTij Mg03 5 catalysts, 
109-120 

partial oxidation on low surface area 
Si02-Si-supported vanadia catalysts, 
78-92 

Methane-air mixtures over platinum and 
palladium, ignition and extinction, 
48-56 

Methane-carbon dioxide reaction on metal 
sulfide catalysts, carbon deposition 
retardation, 384-393 

Methane combustion, selectivity, 36-47 
Methane conversion, definition, 97 
Methane coupling over conductive ceramics 

Li 0 9 Ni 0 5 Co 0 5 Oi 2 ; t , oxygen function, 
95-107 

Methane oxidation 
activity and selectivity on oxide vs. 

metal, 4-5 
catalytic combustion, 3 
products, 3 
reaction network, 3-4 
selectivity control 
electron transfer, 8-9 
electrophilic vs. nucleophilic oxygen, 5-6 
metal-oxygen bond strength, 9,10/ 
mode of adsorbate bonding, 6-7 
oxidation state of surface, 9-11/ 
properties of oxide catalysts, 15 
reactant site geometry matching, 14-15 
reducibility of catalysts, 8 
selectivity determining step, 7-8 
surface structure, 10-14 

Methane oxidation at low temperatures 
using ozone, catalytic, See Catalytic 
methane oxidation at low temperatures 
using ozone 

Mixed phase, existence, 330-331 
Mode of adsorbate bonding, role in 

selectivity in catalytic partial oxidation 
and combustion reactions, 6-7 

Molybdate-based catalysts, partial 
oxidation of C 5 hydrocarbons to maleic 
and phthalic anhydrides, 178-190 

Molybdenum-containing catalysts, 
oxidative dehydrogenation of propane, 
170-176 

Molybdenum loading, role in oxidative 
ammonolysis of ethylene to 
acetonitrile over y-Al203-supported 
molybdenum catalysts, 319-328 

Molybdenum pretreatment, role in oxidative 
ammonolysis of ethylene to 
acetonitrile over y-Al203-supported 
molybdenum catalysts, 319-328 

N 

Nitric oxide, role in partial oxidation 
of methane on low surface area 
Si02-Si-supported vanadia catalysts, 
78-92 
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446 HETEROGENEOUS HYDROCARBON OXIDATION 

NMR spectroscopy of 5 1V, oxidative 
dehydrogenation of propane over VMgO 
catalysts, 207-221 

1-Nonene, oxidation, 285 
Nucleophilic oxidation, selectivity, 23-26 
Nucleophilic oxygen, reactivity in partial 

oxidation and combustion reactions, 5 

1-Octene, oxidation, 285 
a-Olefins, selective partial oxidation over 

iron antimony oxide, 276-290 
Organic contaminant removal in air, 

technologies, 428 
Oxidation 
advanced materials, 276-362 
alkane, 374-382 
butane at microsecond contact times, See 

Partial oxidation of butane at 
microsecond contact times 

butane to maleic anhydride on vanadyl 
pyrophosphate catalysts, 249-257 

comparison of butane with that of butene, 
249-250 

hydrocarbons, selectivity, 20-33 
hydrotalcite catalyst development, 

300-316 
isobutane to isobutene, 140-153 
methane on low-surface-area Si02-Si-

supported vanadia catalysts, partial, 
See Partial oxidation of CH, on 
low-surface-area Si02-Si-supported 
vanadia catalysts 

a-olefins over iron antimony oxide, 
276-290 

oxygen, 409^10 
supported metal oxide catalysts, 

292-297 
Oxidation state of surface, role in 

selectivity in catalytic partial oxidation 
and combustion reactions, 9-11/ 

Oxidative ammonolysis of ethylene to 
acetonitrile over y-Al203-supported 
molybdenum catalysts experimental 
procedure, 320-321 

proposed reaction mechanism, 327-328 
regions of reaction, 321-322/ 
schematic representation, 321,322/ 
semi-steady-state period, 321-323,324/ 
steady-state period, 325-327 
transition period, 323,325,326/ 

Oxidative coupling of methane by adsorbed 
oxygen species on SrTij Mg03 5 

catalysts 
catalytic reaction and deactivation, 118-120 
crystal structure, 111-112 
exchange reaction between 1 8 0 2 in gas 

phase and lattice oxide ions, 115-116 
experimental procedure, 110-111 
oxygen adsorption, 113-115,116/ 
surface area, 113 
temperature-programmed desorption, 

113-116/ 
Oxidative dehydrogenation 
a-olefins over iron antimony oxide, 276 
propane 
over boria-alumina catalysts, factors 

determining selectivity, 155-168 
over molybdenum-containing catalysts 
experimental description, 170-171,173 
propane conversion vs. reaction 

temperature, 172-176 
propene selectivity vs. propane 

conversion, 173-176 
vanadia effect, 176 

over VMgO catalysts 
catalyst characterization, 211-218 
catalytic performance optimization, 

209-213f 
experimental procedure, 208-209 
nature of active sites, 219-221 
state of catalyst, 217,219 

selectivity to propene in Mg 3V 2O g 

catalysts by oxygen spillover, 223-234 
volatile organic compounds, uranium 

oxide based catalysts, 58-74 
Oxide(s), defect structure, 27-31/ 
Oxide catalyst properties, role in 

selectivity in catalytic partial oxidation 
and combustion reactions, 15 

Oxide catalyst surface, dynamics, 32 
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Oxide monolayer catalysts, selectivity 
in oxidation, 27,32 

Oxygen 
catalytic cooperation via spillover, 

330-345 
role in short-chain alkane activation, 397 
selective photooxidation of small 

hydrocarbons with visible light in 
zeolites, 409^25 

Oxygen function in CH 4 coupling over 
conductive ceramics 

activation energies for CH 4 and 0 2 

reaction, 98-101 
active center for oxidative of coupling 

methane, 105 
C0 2 formation vs. oxygen content, 105-106 
comparison between coupling and 

combustion ofCH 4, 101,102/ 
experimental procedure, 96-97,99 
temperature-programmed oxidation, 

103-107 
temperature-programmed surface reaction, 

101-103 
Oxygen pretreatment, role in oxidative 

ammonolysis of ethylene to acetonitrile 
over y-Al203-supported molybdenum 
catalysts, 319-328 

Oxygen spillover, selectivity to propene 
in Mg 3V 2O g catalysts in oxidative 
dehydrogenation of propane, 223-234 

Ozone 
catalytic methane oxidation at low 

temperatures, 364-372 
use for methane oxidation, 364-465 

P 

Palladium, ignition and extinction of 
hydrogen-air and methane-air 
mixtures, 48-56 

Paraffins, challenge of oxidative 
activation, 141 

Partial oxidation 
butane at microsecond contact times 
butane to oxygen feed ratio, 127-131 
carbon selectivities of oxygenate 

products, 130,135/137 

Partial oxidation—Continued 
butane at microsecond contact times— 

Continued 
experimental procedure, 125 
number of gauze layers vs. 

selectivity, 137 
reaction(s), 125,127 
reaction mechanism, 138 
reactor configuration, 125,126/ 
superficial contact time, 130-134 
temperature profiles for single layer 

of gauze, 136/137 
C 5 hydrocarbons to maleic and phthalic 

anhydrides over molybdate-based 
catalysts 

characterization of catalysts, 180 
experimental procedure, 179 
formation rates vs. temperature, 

180-182/ 
selectivities vs. catalyst, 180,183/ 
space time, 180,183/ 
temperature-programmed desorption 

profiles, 184-190 
CH, on low-surface-area Si0o-Si-

4 2 

supported vanadia catalysts 
activity measurement procedure, 80 
catalytic performance, 83-89 
experimental procedure, 79-80 
NO effect, 89-91 
reaction scheme, 91,92/ 
safety considerations, 80 
structure of materials, 81-83,87 

CH 4 to C 2 H 4 and C 2 H 6 , function 
of oxygen, 95-107 

factors affecting selectivity, 2-15 
a-olefins over iron antimony oxide, 

See Selective partial oxidation of 
a-olefins over iron antimony oxide 

Pd (100), alkene oxidation, 357-362 
Pd catalyst, CO selectivity, 42-43 
v-Pentane activation on 

magnesium-vanadium catalysts 
catalyst characterization procedure, 194 
catalyst preparation procedure, 193-194 
catalyst properties, 195-197,201,202 
catalyst testing procedure, 194-195 
experimental description, 193 
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v-Pentane activation on magnesium-
vanadium catalysts—Continued 

reactions 
gas-phase homogeneous reaction, 

197-198 
hydrocarbon product distributions, 

198,202,203/,205 
mass- and energy-transport 

limitations, 198 
oxygen-to-paraffin feed ratios, 

198,202,204-205 
products, 198 
selectivity, 198-202 

SOXT effect, 201-202 
2 4 ' 

v-Pentane oxidative dehydrogenation, 
192-205 

1-Pentene, oxidation, 281-283 
Photocatalytic destruction of automobile 

exhaust emissions 
experimental procedure, 429-430 
products generated, 430/,431 
propylene conversion 
vs. flow rate, 431,432/ 
vs. humidity, 431,434/ 
vs. time, 431,432/ 
vs. UV lamp source power, 431,433,434/ 

reaction mechanism, 431 
requirements, 428-429 

Photoelectron spectroscopy, catalytic 
cooperation via spillover of oxygen, 
330-345 

Photooxidation of small hydrocarbons by 
0 2 with visible light in zeolites, See 
Selective photooxidation of small 
hydrocarbons by 0 2 with visible light 
in zeolites 

Phthalic anhydride, partial oxidation of 
C 5 hydrocarbons over molybdate-based 
catalysts, 178-190 

Platinum, ignition and extinction of 
hydrogen-air and methane-air 
mixtures, 48-56 

Propane 
catalytic ammoxidation over 

vanadium-antimony oxides, 259-272 
factors determining selectivity in 

oxidative dehydrogenation over 
boria-alumina catalysts, 155-168 

Propane—Continued 
identification of active sites and structure 

sensitivity of oxidative dehydrogenation 
over VMgO, 207-221 

over molybdenum-containing catalysts, 
oxidative dehydrogenation, 170-176 

selectivity to propene in Mg 3V 2O g 

catalysts by oxygen spillover in 
oxidative dehydrogenation, 223-234 

Propane oxidation over Pt (111) and 
Pt-AlO^ model systems, See 
Short-chain alkane activation 

Propene 
catalytic ammoxidation over 

vanadium-antimony oxides, 259-272 
dehydrogenation, 358-359 
in Mg 3V 2O g catalysts by oxygen 

spillover, 223-234 
oxidation, 279,281,359-361 

Propylene 
conversion to acrolein and propylene 

oxide, selective photooxidation, 
415_417,419 

photocatalytic destruction, 428-434 
Propylene oxide, conversion from 

propylene, 415-417,419 
Pt (111) model system, S02-promoted 

propane oxidation, 394-407 
Pt-AlO^ model system, S02-promoted 

propane oxidation, 394-407 

R 

Raman spectroscopy, catalytic cooperation 
via spillover of oxygen, 330-345 

Reactant site geometry matching, role in 
selectivity in catalytic partial oxidation 
and combustion reactions, 14-15 

Reducibility of catalysts, role in 
selectivity in catalytic partial oxidation 
and combustion reactions, 8 

Reforming, See Carbon dioxide oxidation 
of methane 

Remote control mechanism, description, 331 
Reoxidation of catalyst, selectivity, 26 
Retardation, carbon deposition in 

C0 2 -CH 4 reaction on metal sulfide 
catalysts, 384-393 
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Rh (111), mechanism of alkene 
oxidation, 357 

Ru compounds, carboxylic acid and 
ketone production, 300 

Selective catalyst, functions, 26-27 
Selective catalytic oxidation, applications, 

20-21 
Selective oxidation 
butane to maleic anhydride on vanadyl 

pyrophosphate catalysts 
butane molecular plane parallel to 

plane of clusters, 254,256/ 
butane molecular plane perpendicular 

to plane of clusters, 251,253-254 
catalytic performance vs. preparation 

method, 251,252/ 
composite active sites, 250,252/ 
experimental procedure, 251 
local arrangement of surface oxygen 

atoms, 255 
maleic anhydride precursor, 255,257 
model of active sites, 250 
phosphate groups vs. C-O-C bridge 

formation, 255,256/ 
catalyzed by metal compounds, 300 
isobutane to isobutene, 140-153 

Selective partial oxidation of a-olefins 
over iron antimony oxide 

1-butene, 280/281-282 
ethene, 279 
experimental data, 278r,279 
experimental procedure, 277,279 
1-heptene, 283,285 
1-hexene, 283,284/ 
1-nonene, 285 
1-octene, 285 
1-pentene, 281-283 
products, 279 
propene, 279,281 
rate of formation of product groups vs. 

carbon number and temperature, 
289,290/ 

reaction mechanism, 288-289 
reaction pathways, 285-286 
selectivity of product groups, 285,287-288 

Selective photooxidation of small 
hydrocarbons by 0 2 with visible light 
in zeolites 

commercial importance, 425 
electronic absorption of hydrocarbon • 0 2 

in zeolite Y, 421,423 
ethane, 419,421,422/ 
examples of reactions, 411,413 
experimental description, 410 
hydrocarbon • 0 2 collisional pair formation 

inside zeolite Y supercage, 410,412/ 
isobutane, 418^20 
mechanism, 422-424 
propylene to acrolein and propylene 

oxide conversion, 415-417,419 
selectivity, 424 
toluene to benzaldehyde conversion, 

411-412,414-̂ 15 
Selectivity 
catalytic hydrocarbon oxidation, 2-3 
catalytic partial oxidation and 

combustion reactions, 2-15 
heterogeneous catalytic oxidation of 

hydrocarbons 
defect structure in oxides and oxygen 

reactivity, 27-31 
dynamics of oxide catalyst surface, 32 
electrophilic and nucleophilic 

oxidation, 23-26 
functions of selective catalyst, 26-27 
influencing factors, 21 
oxidation on metal catalysts, 33 
oxide monolayer catalysts, 27,32 
reoxidation of catalyst, 26 
selectivity vs. conversion, 21,22/ 

methane combustion 
catalyst preparation procedure, 38 
catalytic combustor system, 37 
CO selectivity on supported Pd, 42^3 
experimental description, 36 
high-pressure combustion test, 38-39 
kinetic modeling 
heterogeneous methane combustion, 

44-47 
homogeneous methane combustion, 

39^2 
mechanism of reaction, 37 
types of combustion systems, 37-38 
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450 HETEROGENEOUS HYDROCARBON OXIDATION 

Selectivity—Continued 
oxidative dehydrogenation of propane 

over boria-alumina catalysts, 155-168 
supported metal oxide catalysts during 

oxidation reactions, 292-297 
to propene in Mg 3V 2O g catalysts by 

oxygen spillover in oxidative 
dehydrogenation of propane 

catalyst characterization, 226-231 
catalytic activity, 231-234 
deposition of coke, 232 
experimental description, 225-226,229̂ -230 
sintering, 232-233 

Semi-steady-state period, oxidative 
ammonolysis of ethylene to 
acetonitrile over y-Al203-supported Mo 
catalysts, 321-324/ 

Short-chain alkane activation 
alumina effect, 403,404/ 
C 3 H 8 effect, 400-405 
experimental procedure, 395 
HREEL studies, 397,399/401 
oxygen effect, 397 
rate-limiting step in catalytic oxidation 

of hydrocarbons, 394 
S0 2 effect, 394-395,397,403,405 
temperature, 395-397 
threshold temperature for surface species 

formation, 396-398/ 
XPS, 397,399/ 

Silicalites, alkane oxidation, 374-382 
Silicon dioxide-Si-supported vanadia 

catalysts, partial oxidation of methane, 
78-92 

Site isolation, role in selectivity in 
catalytic partial oxidation and 
combustion reactions, 12-13 

Small hydrocarbons, photooxidation by 
0 2 with visible light in zeolites, 409-425 

Spillover of oxygen, catalytic 
cooperation, 330-345 

Stability region, vanadium phosphate 
catalyst, 236-247 

Stannous oxide-Mo03 catalysts, 
dehydration-dehydrogenation of 
2-butanol, 330-345 

Steady-state period, oxidative ammonolysis 
of ethylene to acetonitrile over 
y-Al203-supported molybdenum 
catalysts, 325-327 

Strontium-titanium-magnesium oxide 
catalysts, oxidative coupling of 
methane by adsorbed oxygen species, 
109-120 

Structure sensitivity, oxidative 
dehydrogenation of propane over 
VMgO catalysts, 207-221 

Subsurface oxygen, formation, 33 
Sulfate, role in v-pentane activation 

on magnesium-vanadium catalysts, 
201-202 

Sulfur dioxide, role in short-chain alkane 
activation, 394-̂ 07 

Sulfur dioxide promoted propane oxidation 
over Pt (111) and Pt-AlO^ model 
systems, See Short-chain alkane 
activation 

Superficial contact time, role 
in partial oxidation of butane, 
124-138 

Support pretreatment, role in catalytic 
performance, 170-176 

Supported metal oxide catalysts during 
oxidation reactions 

applications, 292 
catalytic activity, 294-295 
catalytic selectivity, 295-297 
experimental description, 292-293 
molecular structures, 293-294 

Surface area measurement, oxidative 
dehydrogenation of propane over VMgO 
catalysts, 207-221 

Surface structure 
role in selectivity in catalytic partial 

oxidation and combustion reactions, 
2-15 

ZnO powder samples, analysis using 
temperature-programmed desorption, 
347-356 

Synergetic effects between two oxide 
phases in selective oxidation 
reaction, 330-331 
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Synthesis 
advanced materials for oxidation, 276-362 
vanadium phosphate catalyst, 236-247 

T 

Temperature-programmed desorption, 
carbon dioxide interaction with ZnO 
powders of microcrystalline surfaces, 
347-356 

Temperature-programmed reaction, 
short-chain alkane activation, 394-407 

Thermal oxidation, abatement of volatile 
organic compounds, 58-59 

Titania-supported metal oxide catalysts, 
applications, 292 

Titanium analogues of ZSM-5 and 
ZSM-11, alkane oxidation catalysis, 374 

Titanium silicalite, alkane oxidation, 
374-382 

Toluene to benzaldehyde conversion, 
selective photooxidation, 
411-412,414-415 

Transition metals, role in Baeyer-Villiger 
oxidation, 313,316 

Transition period, oxidative ammonolysis 
of ethylene to acetonitrile over 
y-Al203-supported molybdenum 
catalysts, 323,325,326/ 

Transmission electron microscopy (TEM) 
catalytic cooperation via spillover of 

oxygen, 330-345 
selectivity to propene in Mg 3V 2O g 

catalysts by oxygen spillover in 
oxidative dehydrogenation of propane, 
223-234 

U 

Uranium oxide(s), use as catalysts, 59 
Uranium oxide based catalysts for 

oxidative destruction of volatile 
organic compounds 

benzene destruction, 67,69-70,72/ 
butane destruction, 70-71,73-74 

Uranium oxide based catalysts for 
oxidative destruction of volatile 
organic compounds—Continued 

experimental description, 59-61 
powder XRD, 65-68/ 
thermal analysis, 61-64 

Vacuum transient technique, catalytic 
ammoxidation of propane and propene 
over V-Sb oxides, 259-272 

Vanadia catalysts, partial oxidation 
of methane, 78-92 

Vanadium analogues of ZSM-5 
and ZSM-11, alkane oxidation 
catalysis, 374 

Vanadium-antimony oxides, catalytic 
ammoxidation of propane and propene, 
259-272 

Vanadium-containing catalysts, 192-193 
Vanadium-magnesium catalysts 
identification of active sites and structure 

sensitivity of oxidative dehydrogenation 
of propane, 207-221 

v-pentane activation, 192-205 
performance studies, 207-208 

Vanadium phosphate catalyst 
experimental description, 236-237 
ideal structure, 237-241 
real structure, 242-244 
structure-catalysis relationship, 247 
synthesis, 244-247 

Vanadium silicalite, alkane oxidation, 
374-382 

Vanadyl pyrophosphate catalysts, 
selective oxidation of butane to 
maleic anhydride, 249-257 

Visible light, selective photooxidation 
of small hydrocarbons by 0 2 in zeolites, 
409^25 

Volatile organic compounds 
abatement technologies, 58-59 
uranium oxide based catalysts for 

oxidative destruction, 58-74 
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W 

Wells-Dawson heteropolyoxotungstates, 
catalytic activity in selective oxidation 
of isobutane to isobutene, 140-153 

X 

X-ray diffraction (XRD) 
catalytic cooperation via spillover of 

oxygen, 330-345 
selectivity to propene in Mg 3V 2O g 

catalysts by oxygen spillover in 
oxidative dehydrogenation of 
propane, 223-234 

X-ray photoelectron spectroscopy (XPS) 
oxidative dehydrogenation of propane 

over VMgO catalysts, 207-221 
selectivity to propene in Mg 3V 20 8 

catalysts by oxygen spillover in 
oxidative dehydrogenation of propane, 
223-234 

short-chain alkane activation, 394-407 

Zeolites, selective photooxidation of 
small hydrocarbons by 0 2 with visible 
light, 409̂ 125 

Zinc oxide, effect of surface on catalytic 
properties, 347-348 
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