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Abstract: A library of 19 supported metal oxides of
group IIIA, IVA, and VA metals is prepared using a
simple gram-scale reactor for parallel pore impreg-
nation. The activity, stability, and selectivity of these
potential hydrogen combustion catalysts in the
dehydrogenation of ethane to ethylene at 600°C is
examined over several redox cycles using gas mix-
tures that simulate real process conditions. Lead,
indium, and thallium oxides are highly selective

(>99.9%) to hydrogen combustion. Low-loading
catalysts are found to exhibit higher oxygen ex-
change activity. Differences between co-fed and
redox oxidative dehydrogenation are discussed.

Keywords: combinatorial catalysis; gas-solid reac-
tions; heterogeneous catalysis; hydrogen combus-
tion; parallel reactor; solid oxygen carriers

Introduction

The catalytic dehydrogenation of alkanes to alkenes
[Equation (1)] is a key step in the industrial production
of core synthetic materials. It is a well established
commercial process that is running in several large-scale
plants.l'! The catalysts commonly used are platinum/?!
supported on alumina,# doped platinum on zeolites, >
or various types of chromia on alumina. °° There are
two main drawbacks, however: (i) reaction thermody-
namics dictate low olefin yields (ca. 20—40%, depend-
ing on reactant and temperature), and (ii) the process is
highly endothermic so that expensive energy must be
externally supplied.

catalyst

CnH2n+2 CnHZn + H2

400-700 °C

An attractive simultaneous solution to both problems is
the use of a redox cycle system that burns the hydrogen
product to produce the required energy (Scheme 1).
Using hydrogen as fuel is advantageous as the heat is
produced on the spot where it is consumed with no heat
transfer losses. The elegance and simplicity of this
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solution has stimulated efforts to investigate potential
selective hydrogen oxidation catalysts. Notably, Grass-
elli and co-workers have recently published several
important papers on the principles and process options
of such redox systems.[*!!]

One obstacle in the application of this redox cycle is
the low selectivity and stability of state-of-the-art
hydrogen oxidation catalysts under the conditions
required for the dehydrogenation reaction.!'?l A second
is the obvious hazard arising from the mixing of alkanes,
hydrogen, and oxygen at high temperatures. Our
approach to solving these problems was to use solid
“oxygen reservoirs” that release lattice oxygen atoms
from their crystals selectively in the presence of hydro-

Alkene H2 02
dehydrogenation H, oxidation
catalyst catalyst
Alkan Energy H,O

Scheme 1. Redox cycle.
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gen. Preliminary studies showed metal oxides of groups
IITA—VA to be promising candidates as far as selectivity
was concerned. However, due to their low specific
surface area and low melting point the stability of the
pure metal oxides is poor and their activity is quickly
diminished by sintering. In this paper, we report the
synthesis of 19 group IIIA—VA-supported solid oxygen
carriers, and examine their activity, selectivity and
stability as hydrogen oxidation catalysts under simu-
lated dehydrogenation process conditions. The cata-
lysts’ synthesis was carried out in a simple parallel pore
impregnation reactor that was built in-house.

Results and Discussion
Catalyst Library Design and Synthesis

Earlier investigations!'!! postulated that the active metal
site interacts with the hydrogen molecule through lone
pair interactions in its oxide state. The post-transition
metals (groups IIIA—VIA) all fulfil this requirement,
but some members of this set are either radioactive (Po)
or have too low a melting point (Al, Ga, Ge, Sn, cf. the
reaction temperature 450 — 650 °C) or are too poisonous
to be considered (As). This leaves In, Sb, Tl, Pb, and Bi.
Using these five metals we synthesised high
(1 mmol g ') and low (0.5 mmol g!) loading materials
on two different supports (alumina and silica). With the
exception of Sb, concentrated nitrate salt solutions were
employed as catalyst precursors for the pore impregna-
tion process (see experimental section for details).

A serious drawback of the pore impregnation techni-
que is the limited pore volume available for each
impregnation step. Moreover, to obtain good dispersion
the impregnation is better carried out using several
small portions of active material (e.g., up to 10
impregnation steps per sample were required to
synthesise the catalysts with 1 mmol g! loading). Such
repetitive experiments are time-consuming and labour
intensive. Specifically in the synthesis of heterogeneous
catalysts, it is important to keep the preparation
parameters as uniform as possible.['¥ Similar problems
in the preparation of heterogeneous catalysts have been
addressed recently, and several ingenious and elegant
solutions have been proposed.l''7] In our case, we
required a method to synthesise gram quantities of
supported materials in an efficient and reproducible
manner. To this end we constructed a lab-scale parallel
reactor for pore impregnation (Figure 1). This simple
and inexpensive device reduces the time required for
catalyst preparation by an order of magnitude and
enables the preparation of catalyst batches under
identical conditions (please refer to the supporting
information for detailed construction and operation
parameters). In principle such parallel pore impregna-
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Figure 1. Parallel reactor for pore impregnation in which up
to seven samples of 0.1-2.0 g material can be prepared
simultaneously (for clarity only three vials are shown).

tion could also be carried out using commercial multi-
reactor blocks. The apparatus described here, however,
is cheaper by two orders of magnitude.

Redox Reaction Cycles

We used a feed stream that simulated the effluent at the
end of the dehydrogenation process. Using a cyclic mode
of operation, this feed was stripped of its hydrogen by
reaction with the solid oxygen carrier, which was
subsequently cleaned and regenerated with oxygen
(Scheme 2). In this way hazardous contact between
the oxygen gas and the hydrogen/hydrocarbon mixtures
was avoided.

A typical experiment included ten consecutive four-
step cycles of reduction, inert purge, re-oxidation, and
inert purge. In the reduction (step 1) a feed consisting of
ethane (20% v/v), ethylene (20%), hydrogen (5%),
nitrogen (tracer gas, 2%), and helium (inert carrier gas)
was flowed through a fixed-bed quartz reactor at a flow
rate of 50 mL min ! at 600 °C. Gas effluent samples were
taken at regular intervals and analysed by GC. There-
after, the catalyst bed was purged (step 2) with pure
helium. The solid oxygen carrier was then re-oxidised
(step3) using 1% O, in helium at a flow rate of
50 mL min~! wherein the effluents were continuously
observed by online mass spectrometry. The catalyst bed
was purged again with helium (step 4) and this whole
cycle was repeated 9 times.

Activity and Stability
Figure 2 shows the mol % of the oxygen atoms that are
“extracted” in each cycle for the 19 different catalysts.

Catalysts D and M display surprising activity —in both
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Scheme 2. Cartoon of the reaction set-up showing the
selective “extraction” of lattice oxygen atoms in the
reduction step and their replacement in the oxidation step
(for clarity, an ideal mixing of the solids is assumed, and
surface effects and the two purge cycles with He are not
shown).

cases the active material is a low-loading lead oxide,
PbO. In several cases (catalysts B, D, H, M, O, and S) the
oxygen consumption is stable at the 50% mark or higher,
meaning that more than half of the oxygen atoms in
these solid “oxygen reservoirs” are utilised. It could be
that 50 -70% oxygen utilisation is the highest reachable
value from a practical viewpoint, as one could expect a
“collapse” of the oxide crystal if more oxygen atoms are
taken out. The initial decrease in activity observed for
practically all of the materials during the first cycle is
probably due to sintering that occurs during reduction at
temperatures above or close to the melting point of the
supported metals. Using either silica or alumina as
catalyst support did not afford significant changes in the
activity and stability. All the following discussion
pertains to cycles 4—9, where the materials remain
stable.

While the fraction of available lattice oxygen atoms is
of interest for structure-activity studies, the total
amount of oxygen available per gram material (i.e., the
specific oxygen storage capacity of the catalyst) is the
key parameter from the industrial perspective. As
shown in Figure 3 for 0.5 mmol g! loading as well as
for 1 mmol g ! loading(data not shown) the amount of
available oxygen does not differ much between low and
high metal loadings (cf. the continuous and the broken
lines in Figure 3). This is remarkable, for one could
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Loading (mmalg™")
A 1 TIALD,

B 0.5 TVALO,
C 1Pb/ALO,
D 0.5 PbiALD,
E 1BilALO,

F 0.5BVALD,
G 1SbiALO,
H 0.5 SbiAlLD,
I 11niALO,

J 1TUSio,

K 0.5 TUSIO,
L 1Pb/SIO,

M 0.5 P/Si0,
N 1BilSIO,

0 0.5 BYSIO,
P 15biSiO,
Q 05 susio,
R 1InSiO,

s 0550, R

12 3 4 5 B 7 8 9

Redox cycle
Figure 2. Available oxygen (mol % out of theoretical limit,
white = n/a) per redox cycle using group IITA—VA-supported
metal oxides. Cycle conditions: 50 mL min™! constant flow at
600°C, oxidation (1% O, in He for 18 min), purge (pure He
for 1 min), reduction (5% H,, 20% C,H, and 20% C,H, in He
for 10 min), and purge (He, 1 min).

expect that doubling the loading from 0.5 mmol g™ to
1 mmol g! would result in a significant change in
capacity.

Three factors can account for this observation: first,
these are heavy metals and the weight of the supported
material itself is not negligible at 1 mmol g! loadings.
(The wt % of the supported material for 1 mmol g™}
metal oxide loading is 23.3%,22.8%,22.3%,14.6% , and
13.9% for Bi, Tl, Pb, Sb, and In, respectively.) Second,
sintering can occur under the combination of reduction
and high temperature. After the first cycle, the reduced
metal aggregates may sinter to form larger particles.
Although in subsequent oxidation cycles all of the metal
atoms are re-oxidised, the high initial dispersion would
not be regained. Third, some of the metals can vaporise
at these high temperatures. In the case of Bi, Sb, In, and
Tl coloured bands were observed in the lower part of the
reactor tube. It is likely that a fraction of the metal is
vaporised at 600°C and condenses at the exit of the
reactor, where the temperature is only 120°C.

Selectivity
Two-step oxidative dehydrogenation must exhibit ex-
cellent selectivity towards hydrogen oxidation if it is to

compete with industrial dehydrogenation processes.
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Figure 3. Consumption of oxygen per gram catalyst over 10 redox cycles. Silica-supported materials shown by continuous lines
and alumina-supported by broken lines. All catalysts contain 0.5 mmol g”! active material, conditions are the same as in
Figure 2.

Otherwise the additional separation steps would render ~ the region where the materials exhibited stable behav-
it uneconomical. The selectivity of catalysts A—S iour (cf. Figure 3). In all cases the selectivity was good
towards hydrogen oxidation in the presence of ethane (> 99.5%) and only minor amounts of CO and CO, were
and ethylene is shown in Table 1. In most cases, only the  observed. Traces of CH, were also observed in some
last 6 redox cycles were taken into account, as this was  cases, but the amount was at instrumental detection

Table 1. Catalyst selectivity in the combustion of hydrogen.?!

Entry Catalyst (loading m molg™) Support Selectivity, % (4:0.1% )<
1 D PbO (0.5) Alumina >99.9
2 J TLO, (1) Silica >99.9
3 L PbO (1) Silica >99.9
4 0 Bi,0; (0.5) Silica >99.9
5 Q Sb,0; (0.5) Silica >99.9
6 S In,0; (0.5) Silica >99.9
7 A TLO; (1) Alumina >99.9
8 B T1,0; (0.5) Alumina >99.9
9 R In,0, (1) Silica >99.9

10 M PbO (0.5) Silica 99.9

1 C PbO (1) Alumina 99.9

12 F Bi,0; (0.5) Alumina 99.8

13 G Sb,0; (1) Alumina 99.8

14 H Sb,0; (0.5) Alumina 99.8

15 I In,05 (1) Alumina 99.8

16 P Sb,0; (1) Silica 99.8

17 K TLO, (0.5) Silica 99.8

18 E Bi,0; (1) Alumina 99.7

[a] Reaction conditions: 50 mg catalyst sample, 600°C, 10 redox cycles [50 mL min~' constant flow at 600 °C, oxidation (1% O,
in He for 18 min), purge (pure He for 1 min), reduction (5% H,, 20% C,H¢ and 20% C,H, in He for 10 min), and purge
(He, 1 min)].

[} Calculated by dividing the total amount of deep oxidation products (CO + CO,, based on GC area corrected by the
presence of an internal standard) by the total O, consumption as determined by mass spectrometry.

[] The values shown are an average over the last 6 redox cycles only, as this is the region where all catalysts showed stable
behaviour. The measurement error is + 0.1%.
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level. Catalysts A, B, D, J, L, O, Q, R, and S showed
excellent selectivity towards H, combustion (>99.9%)
with other products being on the instrumental detection
limit. In general, catalysts supported on silica tended to
be more selective than those supported on alumina.

An exact quantitative comparison between these
catalysts and those reported earlier cannot be per-
formed because the experimental conditions vary
between the studies (previous studies were performed
in co-fed mode, i.e., the O, and the H,/HC’s mixture
were fed into the reactor simultaneously). However,
comparing our results to those reported by Grasselli
shows that in both cases TI, Sb, and In exhibited good
selectivity. Again, the performance of the lead oxides is
remarkable, especially as previous reports showed lower
selectivities for lead.[) These differences might be due to
changes in selectivity as a function of the degree of
reduction™ or to changes in the lead oxide itself as a
result of the different temperatures (lead oxide changes
from Pb;0, to PbO at around 500 °C).

Further studies are required to establish the oxidation
mechanism. At this stage it is possible only to distinguish
the fundamental differences between redox and co-fed
oxidative dehydrogenation modes. In co-fed mode, the
metal oxide oxygen is constantly being replenished so
that the most active oxygen atoms (i.e., those forming
the overlayer of the metal oxide crystal™!) would play a
major role in the reaction. Conversely, in redox mode
bulk oxygen atoms and subsurface oxygen have to be
activated (cf. Figure 2 where the oxygen utilisation is
~50 mol %). This can be achieved either by diffusion of
O?% ions from the bulk to the surface or perhaps by
diffusion of hydrogen into the oxide lattice (diffusion of
ethane or ethylene into the lattice is extremely unlikely).
Hydrogen is a stronger reducing agent than either
ethane or ethylene and may be able to reduce subsurface
oxygen atoms. Also, oxygen atoms situated directly on
the surface (overlayer atoms) should be equally avail-
able to both hydrogen and hydrocarbon molecules,
while atoms from lower layers would less accessible to
the hydrocarbons.

Conclusion

Parallel pore impregnation is an effective method for
the synthesis of supported catalyst libraries on a gram
scale. Supported oxides of group IIIA—VA metals
display good activity, good stability and high selectivity
towards hydrogen oxidation in redox mode under
simulated dehydrogenation conditions. The combina-
tion of these materials with a suitable dehydrogenation
catalyst either in or ex situ may provide a practicable
approach to selective oxidative dehydrogenation. The
mechanism by which the lattice oxygen atoms are
reduced is yet to be deciphered and is currently under
investigation in our laboratory.
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Experimental Section

General Remarks

GC analysis was performed at 50°C on a Carlo Erba 4300
instrument modified with a 16-way valve to enable fast
sampling and a 3m Alltech Unibead 1S column, using
1 mL min™' N, (99.5%, Hoekloos) as internal standard. MS
analysis was performed using a Pfeiffer QMA 200 instrument
(m/z range 0—100). Unless noted otherwise, all chemicals were
purchased from commercial firms and used as received.
Supported metal oxides were prepared from the correspond-
ing metal nitrate precursors, except in the case of Sb where the
tartarate complex was used. Ketjen CK300 alumina (surface
area 208 m? g1, pore volume 0.68 mL g ') was ground, sieved
to 60 - 80 mesh size, dried for 24 h and then re-hydrated for 24 h
in air at 25°C before use. Grace 121 silica (surface area
670 m? g, pore volume 0.351 mL g') was used as received.
CH, (99.7% pure), He (99.996%), O, (99.5%, dried over
molecular sieves before use), and H, (99.999%, purified by a
BTS column and dried over molecular sieves before use) were
purchased from Praxair. C,Hg (99.3%) was purchased from
Ucar. All gas streams were dried using a Perma Pure MD-050-
728 membrane prior to GC analysis. The order of experiments
was randomised to minimise systematic error.

General Procedure for Cyclic Redox Experiments

The catalyst sample (50 mg) was mounted on quartz wool in a
quartz tube reactor (4 mm inner diameter) and heated to
600°C under He (50 mL min?). The reactor temperature was
maintained at 600°C and the sample was subjected to a
constant flow of 50 mL min™! of 1% O, (v/v) in He for 18 min.
The reactor was then purged with He for 1 min, subjected to a
reducing mixture of 5% H,,20% C,Hg, and 20% C,H, in He for
10 min, and purged again with He for 1 min. This cycle was
repeated 10 times. The product streams were analysed by MS
and GC, enabling the determination of H,, N,, O,, CO, CH,,
C,H,, C,H,, and CO,, in this order.

General Procedure for Preparation of Supported
Catalysts

Example of 0.5 mmol g”! Pb on alumina: Pb(NO5), (0.5 mmol,
5.26 g) was dissolved in demineralised water (19.37 g). Alumi-
na (1.00 g) was placed in a glass vial in the impregnation
reactor. The reactor was evacuated and 0.61 mL solution was
injected using a syringe. The reactor was vehemently shaken
for 4 min using a vortex instrument. The material was dried
overnight at 120°C and exposed to air for 24 h at 25°C. A
second impregnation was carried out (0.10 mL of the solution
is diluted with 0.64 mL demineralised water, 0.61 mL of this
mixture is injected), the material was dried again overnight and
then calcined in ceramic vessels at 650°C for 5 h (heating rate
300°C/h) under a flow of dry air (125 mL min™). Typical yields
were over 1.2 g material, an amount sufficient for more than 20
experiments.

Other catalyst samples were similarly prepared, using up to
9 impregnation cycles per sample (depending on the solubility
of the precursor salts in water).

Adv. Synth. Catal. 2002, 344, 884 —889
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