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Abstract

A temporal analysis of products (TAP) reactor is used to investigate the mechanism of oxidation of volatile organic
compounds by uranium oxide catalysts. Continuous flow studies indicated that butane, benzene and chlorobutane VOCs were
oxidised to carbon oxides and no partially oxidised products were observed. A combination of TAP pulse experiments with
oxygen present and absent in the gas phase has indicated that the lattice oxygen from the catalyst is responsible for the total
oxidation activity. This has been confirmed by studies using isotopically labelled oxygen. It is proposed that the catalysts
operates by a redox mechanism utilising lattice oxygen and the high activity showpQyyit)due to the facile uranium
redox couple and the non-stoichiometric nature of the oxide. ©1999 Elsevier Science B.V. All rights reserved.
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1. Introduction vity to carbon oxides. This latter observation is crucial
for an effective VOC destruction catalyst, particularly
The application of catalytic technology for protec- for the oxidation of chlorinated VOCs, as partial ox-
tion of the environment has in recent years become idation products can be highly toxic. It is clear that
increasingly important. In particular, the destruction uranium oxides are potentially important catalysts for
of volatile organic compounds (VOCs) by catalytic VOC destruction, however, further work is needed to
oxidation has been widely adopted. In general, two probe the absence of partially oxidised compounds and
classes of catalyst are employed industrially, these arelittle is known about the mechanism of these catalysts.
supported noble metal systems and metal oxide based Many catalytic reactions involve numerous steps
catalysts. Recently, we have demonstrated that cata-which may encompass chemisorption of one or more
lysts based on uranium oxide are exceptionally active reactants, reaction of the chemisorbed species and the
for the destruction of a range of VOCs [1,2]. These desorption of reaction products. The mechanism of
catalysts have proved versatile and they are able to de-transformation can also involve a number of interme-
stroy mixtures of VOCs and are efficient over a wide diates which may react via sequential or parallel path-
VOC concentration range. Uranium oxide catalysts ways and which may or may not be desorbed from
show long term stable activity with complete selecti- the surface. The majority of such intermediates exist
in low concentration and are short lived, however, un-
* Corresponding author. less these species can be detected and their production
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and reactivity routes determined an understanding of catalysts were pelleted to a 150—425 particle size
the complete reaction mechanism is unobtainable. Therange for use in the TAP reactor.
most appropriate technique to unravel complex re-
action schemes is by transient techniques which in-
volve perturbation of the reacting catalytic system. 2.2. TAP studies
Most commonly this takes the form of a concentration
change by the introduction of a gas pulse whilst mon-  The TAP reactor was used in continuous flow
itoring the response of reactants and products. Oneand TAP pulse modes to investigate the oxidation
of the most powerful reactor systems for mechanis- of a variety of VOCs including butane, benzene and
tic determination is the temporal analysis of products chlorobutane. A detailed explanation of the design and
(TAP) reactor. TAP studies have been used extensively capabilities of the TAP reactor are given elsewhere [6].
for the study of oxidation reactions, in particular, they Prior to reactivity studies detailed experiments were
have involved selective oxidation reactions and have carried out to accurately determine the mass spectral
proved useful in the elucidation of the mechanisms of fragmentation patterns of the VOCs and expected re-
methane oxidation to methanol and formaldehyde [3], action products. This was achieved by preparing gas
butane oxidation to maleic anhydride [4] and propene mixtures in a high purity (99.99%) neon standard and
oxidation to acrolein [5]. the fragmentation patterns collected from a continu-

In this study the mechanism of uranium oxide cata- ous flow of the mixture through a reactor packed with
lysts for VOC destruction has been addressed and theinert quartz particles sieved to a comparable particle
results of TAP studies are presented for the catalytic size distribution as the catalyst. This data was also
oxidation of butane, benzene and chlorobutane VOCs. used to determine the total sensitivity of reactant and

products relative to thave peak at 20 for neon.
Two experimental methods were adopted using the
TAP reactor; (i) continuous flow studies and (ii) TAP

2. Experimental pulse experiments. Prior to experiments the catalysts
were pre-treated in the vacuum system of the TAP by
2.1. Catalyst preparation heating in air to 300C followed by prolonged heat-

ing in the vacuum at reaction temperature. Continu-

The uranium oxide catalysts used in this study were ous flow studies used a VOC/oxygen/neon ratio ca.
U30g and silica supported 40g. The former was pre-  1/10/10. The gas pulsing valve was opened fully and
pared by thermal decomposition of J@®IO3)2-6H,0 the gas flow into the reactor controlled by a fine leak
in static air at 800C. The majority of results in this  valve. The catalyst activity was investigated over a
study were obtained using the silica supported cata- temperature range and mass spectra collected by scan-
lyst (U3Og/SiOy). This was prepared by an incipient ning over a suitable mass range with 0.1 amu reso-
wetness impregnation technique requiring 4.2 ml of lution. The data from continuous flow studies were
0.3952 molt! uranyl nitrate solution per g of SO used to determine the temperature required to pro-
(BDH fumed silica 278 Aig—1). The loading of the duce an acceptable level of conversion for TAP pulsing
supported catalyst has a uranium to silica ratio of experiments.
10 mol%. The catalyst precursor was prepared by dry-  Two types of pulsing experiments were performed.
ing the impregnated silica in air for 16 h at @and The first were single pulse experiments involving the
the final catalyst was produced by calcination of the introduction of pulse into the reactor either from valve
precursor in static air at 80C. The calcination tem-  Aorvalve B. The response to the pulse at the exit of the
perature of 800C was required to form the supported reactor was measured by a mass spectrometer tuned to
U30g phase. The supported uranium oxide phase was detect at a singlave value. Repeat pulses were made
crystalline and identified as orthorhombig@g by to determine the response for each reactant/product.
powder X-ray diffraction. The catalyst surface area The m/e values monitored were determined from the
was 110 g1 and the average 4Dz crystallite size fragmentation patterns measured previously and were
was 103 A determined by X-ray line broadening. The selected such that there was no interference between
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the reactants and different reaction products. e U30g/SiOy in the temperature range 294—480 The
values used to identify reactants and products were; chlorobutane conversion at 2924 was 10% increas-

m/e 20 — neonnve 28 — carbon monoxidey/e 32 — ing to 89% at 480C. In common with the previous
oxygen,m/e 43 — butaneme 44 — carbon dioxide,  observations for the oxidation of butane and benzene,
m/e 56 — chlorobutanay/e 77 — benzene. carbon monoxide and carbon dioxide were the only

Multipulse studies used a time delay between pulses carbon containing products from chlorobutane oxi-
from valve A and valve B. In these studies a pulse dation. This is an important criterion for the total
from valve A was followed after 0.5s by a pulse from oxidation of chloro-organics which can be partially ox-
valve B. The reactants and products were monitored idised to form toxic by-products such as CQ@ihich
by mass spectrometry tuned to a single ion using the has been observed during oxidation over other cata-
method employed for single pulse experiments. lysts used for VOC destruction [7]. Particular attention

has been made to identify the production of any par-
tially oxidised species. To the limits of detection on
the TAP system none were observed. The TAP reactor

3. Results and discussion is particularly suited to the detection and identifica-
tion of gas phase intermediate species which cannot
3.1. Continuous flow experiments be detected readily in conventional steady state stud-

ies In the TAP system the relatively low number of

A series of continuous flow experiments was used molecules passing through the catalyst bed and the ab-
to study the reaction products during VOC oxida- sence of a carrier results in molecular beam transport
tion over the WOg/SIiO, catalyst. The mass spec- through the bed minimising collision between reac-
tra for butane oxidation using 0.0510g catalyst and tants and products. Consequently highly reactive and
1/9.7/8.5 butane/oxygen/neon in the temperature rangeshort lived intermediates which are not detected by
478-604C. The butane conversion increased from conventional steady state techniques are readily ob-
25% at 478C to 51% at 604C and the only car-  served inthe TAP reactor. The absence of any partially
bon containing products formed were those from total oxidised intermediates in these studies indicates that
oxidation to carbon monoxider(e 28) and carbon  the fundamental reaction pathway for the oxidation of
dioxide (/e 44). With the exception of water no other these VOCs by gOg based catalysts takes place on
reaction products were identified and alle peaks the catalyst surface. The surface reaction pathway is
were attributable to fragmentation of unreacted butane, unclear and it may be via a partially oxygenated in-
oxygen and neon with intensities matching the previ- termediate, however, such intermediates do not desorb
ously determined standard fragmentation patterns.  to the gas phase as they would be detected in these

Similar conclusions can be drawn from the results studies. This clearly contrasts with many other TAP
of the oxidation of benzene VOC continuous flow over studies which have identified a series of reaction inter-
U30g/SiO; in the temperature range 314—-366 The mediates. Direct comparison can be made with other
conversion of benzene increased from 4 to 46% over systems for the oxidation of butane such as vanadium
the temperature range. The oxidation of benzene in phosphate (VPO) catalysts. Under similar conditions
the TAP reactor occurred at a lower temperature com- TAP studies with VPO catalysts have identified a se-
pared with butane and this is consistent with our ob- ries of reaction intermediates, such as butadiene and
servation using steady state microreactor studies [1]. maleic anhydride, during the oxidation of butane to
The only reaction products identified under these con- the thermodynamically more stable carbon oxides.
ditions were again those of total oxidation.

The destruction of chlorinated VOCs is particularly
desirable as their release into the environment has beer3.2. TAP pulse studies
linked with the formation of smog and destruction of
the ozone layer. Chlorobutane is used in this study as Initial single TAP pulse experiments were carried
it represents a typical chlorinated VOC, and oxidation out using benzene in the presence and absence of
was investigated by continuous flow experiments over gas phase oxygen. The pulses were passed over a
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Fig. 1. TAP pulse response for benzene oxidation af@6én the presence of gas phase oxygehneon; O benzenea carbon dioxide;
+ carbon monoxide; * oxygen.

Table 1
Gas mix composition for TAP pulse studies investigating benzene
oxidation in the presence and absence of gas phase oxygen

alyst surface and not via a gas phase process. Identical
observations were also apparent for the oxidation of
butane and chlorobutane in the TAP reactor.

Valve A (Torr) Valve B (Torr) An identical response was observed when a ben-
Benzene 84 81 zene pulse without gas phase oxygen was injected
Oxygen 809 - into the reactor. The same type of behaviour was
Neon 901 1716

also seen when butane and chlorobutane were pulsed
into the reactor in the presence and absence of gas
U30g/SIOy catalyst at 368C, this temperature was phase oxygen. During the oxidation of chlorobu-
determined previously to produce a level of conver- tane no chlorine containing product was observed.
sion suitable for study. The gas mixtures used in these It therefore appears that there is a build up of chlo-

studies are detailed in Table 1. rine species on the catalyst surface. The pulse size is
The results of the TAP pulse from valve A is shown small in comparison with the number of sites on the
in Fig. 1. catalyst surface and large nhumber of pulse would be

The first observation that can be made about the required before chlorine products are liberated into
gualitative analysis of the TAP data is that the response the gas phase. Steady state studies in a microreactor
for the products and reactants as a function of time have shown that HCI is the only chlorine containing
are all significantly broader than that of inert neon. product formed from chlorobutane and that the con-
As there are no diffusion effects in the TAP reactor centration of chlorine on the catalyst surface reaches
system, this would indicate that the products and re- a steady state demonstrated by long term stable ox-
actants interact with the catalyst surface and are ad-idation activity [1,2]. These TAP data indicate that
sorbed to varying degrees. This observation provides benzene, butane and chlorobutane are converted to
an indication that the reaction is occurring on the cat- CO, and CO both in the presence and absence of gas
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Fig. 2. Normalised TAP pulse response for carbon dioxide production from benzene in the presence and absence of gas phase oxygen at
366°C: [J gas phase oxygeri) no gas phase oxygen.

Table 2
Gas mix composition for TAP multipulse studies investigating
butane oxidation at 47€

Valve A (Torr) Valve B (Torr)

phase oxygen. In agreement with the continuous flow
studies CQ and CO were the only reaction products.
Using benzene the selectivity for GQvas 86% in
the presence of oxygen and 88% with no oxygen in
the pulse, the balance of product was CO. Butane 160 0

The normalised response for carbon dioxide, the ©XY9en 0 705

. . . . . Neon 650 697
major product from benzene oxidation, with and with-
out oxygen in the feed gas are shown in Fig. 2.

The normalised response in the absence of gas phase
oxygen can be superimposed on the response in the3.3. TAP multipulse studies
presence of oxygen. In the non steady state conditions
of the TAP reactor this indicates that there is no differ- ~ The investigation of the origin of the oxygen
ence in conversion with gas phase oxygen present andspecies for the oxidation of butane and benzene over
absent. It can therefore be concluded that the oxygena UsOg/SiO, catalyst has been extended by a series
species which is utilised in total oxidation of benzene of multipulse experiments. In these experiments a
is derived from the catalyst and not directly from the pulse of gas is introduced to the reactor followed af-
gas phase. The oxygen source could be either fromter a fixed time period by a second pulse of different
and adsorbed surface species or from the lattice of the composition. The results in this section detail studies
oxide. Considering the vacuum pre-treatment of the using butane, although as was highlighted previously
catalyst the concentration of adsorbed oxygen will be the same kind of behaviour is also shown during ben-
relatively low and therefore supply of oxygen from the zene oxidation. The gas compositions used in these
lattice would appear more likely. multipulse experiments are detailed in Table 2.
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Fig. 3. TAP multipulse response for az0g/SiO, catalyst at 478C using a butane /neon pulse followed after 0.5s by an oxygen/neon
pulse: x neon;] oxygen; A butane;O carbon dioxide;> carbon monoxide.

The experiments detailed here used a delay of 0.5snot shown here, similar data were observed for the
between the initial and second pulse. A catalyst bed production of carbon dioxide.
temperature of 47& was found to give a satisfactory The level of carbon oxides produced during the oxy-
level of conversion for the pulsing reactions. Before gen only pulse are significantly reduced compared to
use in the multipulsing experiments, the catalyst was the primary butane pulse, however, a real quantifiable
heated in oxygen at 478 and then in a vacuum to  effect is observed. There is no gas phase butane within
remove any absorbed surface species and establish thathe catalyst under these conditions and although the
the catalyst was in an oxidised state at the start of the butane pulse is broadened by passing over the catalyst
experiment. as detectable butane levels reach those of the back-

Initial multipulsing experiments used a butane/neon ground approximately 0.4 s after the introduction of
pulse followed by an oxygen/neon pulse, results for the initial pulse. Consequently these results indicate
the fresh catalyst are shown in Fig. 3. that there is some form of carbon containing species

The most significant mechanistic observation from present on the catalyst surface which is generated from
these data is that carbon oxides are again producedthe butane and this is oxidised by gas phase oxygen
in the absence of gas phase oxygen. Studies on theto form carbon oxides which are desorbed from the
fresh catalyst showed that no products were formed catalyst surface.
as a consequence of the oxygen pulse following the The oxygen conversion for the first multipulse se-
butane. However, as the catalyst was exposed to morequence shown in Fig. 4. is 44%, this increased to 66%
multipulse sequences carbon oxides were producedafter further pulse sequences and is consistent with
during the oxygen pulse. Data for the production of the replenishment of the lattice oxygen which is the
carbon monoxide are shown in Fig. 4, and although major oxidising species utilised under the anaerobic
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Fig. 4. The formation of carbon monoxide from TAP multipulse experiments forz@glBiO, catalyst at 478C using a butane /neon
pulse followed after 0.5s by an oxygen/neon pulse0 min; Il 15min; A 30 min.

conditions of butane oxidation. This being the case itis readily apparent that a reservoir of oxygen species
prolonged butane oxidation in the absence of gas phaseis readily accessible to sustain oxidation in the ab-
oxygen should have the effect of stripping oxygen sence of gas phase oxygen. It would appear unlikely
from the catalyst lattice, these effects have been stud-that such long term oxidation in anaerobic conditions
ied and results are shown in Fig. 5. could be sustained by adsorbed oxygen species and
The conversion of butane remains relatively con- the oxygen source is most likely derived from the ox-
stant as the number of butane/neon pulses are in-ide lattice. This being the case the depletion of the
creased. The butane pulse after 30 min continuous lattice oxygen does however, seem to influence oxi-
pulsing can be superimposed on the pulse responsedation to carbon dioxide. The decreased carbon diox-
from the fresh catalyst. A similar observation is also ide production could indicate a decrease in oxygen
made for the carbon monoxide response as data afteravailable for oxidation although carbon monoxide pro-
prolonged butane pulsing can be superimposed on theduction was not influenced in the same way and this
data for the fresh catalyst, although it should be noted may suggest that two types of active oxygen species
that after 15 min pulsing there was a slight increase in may exist for butane oxidation, one responsible for
carbon monoxide. Differences were observed for the carbon dioxide formation and the other for carbon
carbon dioxide response. A gradual decrease in the monoxide.
carbon dioxide peak area was evident as the number Consequently due to the depletion of oxygen from
of butane pulses increased. the lattice there should also be an effect on the oxy-
Based on the butane responses it appears that rapicdhen conversion once gas phase oxygen is reintroduced
deactivation of the catalyst during TAP pulse anaero- into the catalytic cycle. Data for the oxygen pulses
bic studies does not take place. The same conclusionafter prolonged pulsing from butane/neon are shown
can also be drawn from the carbon monoxide data and in Fig. 6.



10 C.S. Heneghan et al./Catalysis Today 54 (1999) 3-12

16 08
(a) (b)

14 07

0 0.05 01 0.15 02 0.25 03 035 04 045 05 0 0.05 0.1 0.15 02 0.25 03 0.35 04 0.45 05
Time Time

(©)

03

0.25

0.2

Intensity

0.15

0 0.05 0.1 0.15 02 0.25 03 035 04 045 05
Time

Fig. 5. TAP response for pulsing butane/neon ove4JSiO,at 478C (a) butane (b) carbon monoxide (c) carbon dioxillk.0 min;
x 15min; ¢ 30 min.

There is significant variation in the normalised ar- a gas mix of 160 Torr butane/650 Torr neon in valve
eas of the oxygen pulse directly after the catalyst has A and 137 Torr 102/668 Torr neon in valve B. Valve B
undergone prolonged pulsing with a butane/neon at- followed the pulse from valve A by 0.5s. The response
mosphere. It is evident that the oxygen content in the for the production of carbon dioxide is shown in Fig. 7.
gas phase exiting the reactor is dependent on the du- The oxidation products contained exclusivéfD
ration of the butane/neon pre-treatment. The intensity confirming that the oxygen source is supplied by the
of the oxygen signal decreases, indicating that there is lattice of the catalyst. Prolonged multipulsing studies,
greater uptake of oxygen by the catalyst after increas- which are not detailed here [8], have shown tH:d
ing time of butane/neon pulses. This is consistent with from the gas phase is incorporated into the oxide lattice
the replenishment of oxygen from the oxide lattice by and is eventually observed in the oxidation products
gas phase oxygen. A redox mechanism for the reac- with increasing concentration as the reaction time is
tion may therefore be proposed, and the reduction andincreased.
oxidation steps in the catalytic cycle can be probed Previous studies of the uranium oxide catalyst show
using the TAP reactor. that the silica supported catalyst which has been in-

In order to confirm the origin of the oxygen in the vestigated predominantly in the TAP reactor is sup-
oxidation products the oxidation of butane has been ported L30g, which has been observed ex and in situ
carried out using multipulse studies with isotopically [9]. The activity of the catalyst and the mechanism by
labelled oxygen, These studies were performed using which it operates can be rationalised by considering
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the chemistry of uranium oxides. The uranium oxygen uranium oxide catalysts for the oxidation of VOCs.
system is one of the most complex with at least 17 Investigations using a continuous flow method have
phases identified in the UBUQO;3 stoichiometric ra- shown that benzene, butane and chlorobenzene are
tio [10]. This abundance of phases is in part due to the combusted directly to carbon oxides with no partially
multiplicity of oxidation states and the fact that devia- oxidised species. Further studies using a combina-
tions from stoichiometry is common. Many of the ox- tion of TAP pulse experiments in the presence and
ide phases, for example Y@an accommodate over absence of gas phase oxygen and with isotopically
10% excess oxygen in interstitial sites. Recently it has labelled gas phase oxygen demonstrates that the ac-
been proposed that uranium cations in close proximity tive oxygen species are derived from the lattice of
to the interstitial species have higher oxidation states the oxide catalyst which operates via a redox mech-
compared to the stoichiometric oxide [11]. These types anism. This behaviour can be explained in terms of
of features are common in many uranium oxides as the solid state chemistry of the active uranium oxide
is the transition between oxidation states which is a phase.

facile process. Specifically4®g has two distinct ura-

nium environments, with uranium in +4 and +6 oxi-

dation states which exhibit a low energy for transition - Acknowledgements

between these states. It thus appears that the reaction

mechanism is dependent on the readily available sup-  \ve would like to acknowledge the assistance of

ply of lattice oxygen, and as this is utilised the oxide p Horst W. Zanthoff at the University of Bochum,
structure can easily accommodate the changing meta'Germany who provided access, help and advice on
cation/oxygen anion ratio due to the facile uranium using the TAP reactor.

redox couple and the availability of interstitial oxy-
gen species. It has been proposed thag Ogerates in
this manner for the oxidation of ethylene to acetalde-
hyde [12]. We have investigated the oxidation activ-

References

ity of UO3 and found it to be significantly less active
than WOg for total oxidation reactions. Structurally
U30g and UQ; are very similar but the latter does not
contain uranium in mixed oxidation states. We there-
fore believe that the presence of the mixed oxidation
state in 30Og is a more important factor than struc-
ture in directing activity towards total oxidation and
not selective oxidation. A similar hypothesis has also
been eluded to by Nozaki and Ohki [13] during the
oxidation of carbon monoxide oversQg. Further in-
vestigation of the influence of the redox behaviour of
uranium oxides and the influence on catalytic activity
and mechanism is currently being made and particu-
lar attention is focusing on the characterisation of the
active catalyst using in situ laser Raman and X-ray
diffraction techniques.

4. Conclusions

[1] G.J. Hutchings, C.S. Heneghan, |.D. Hudson, S.H. Taylor,
Nature 384 (1996) 341.

[2] S.H. Taylor, G.J. Hutchings, C.S. Heneghan, I.D. Hudson,
Ind. Catal. News 3 (1998) 4.

[3] B. Kartheuser, B.K. Hodnett, H. Zanthoff, M. Baerns, Catal.
Lett. 21 (1993) 209.

[4] U. Rodemerck, B. Kubias, H.W. Zanthoff, G.U. Wolf, M.
Baerns, Appl. Catal. A 153 (1997) 217.

[5] G. Creten, D.S. Lafyatis, G.F. Froment, J. Catal. 154 (1995)
151.

[6] J.T. Gleaves, J.R. Ebner, T.C. Kuechler, Catal. Rev. Sci. Eng.
30 (1988) 49.

[7] B. Ramachandran, H.L. Greene, S. Chatterjee, Appl. Catal.
B 8 (1996) 157.

[8] C.S. Heneghan, G.J. Hutchings, I.D. Hudson, V.J. Boyd, S.R.
O’Leary, S.H. Taylor, in preparation.

[9] G.J. Hutchings, C.S. Heneghan, |.D. Hudson, S.H. Taylor,
ACS Symp. Ser. 638 (1996) 58.

[10] C.A. Colmenares, Prog. Solid State Chem. 15 (1984)

257.

[11] C. Muggleberg, M.R. Castell, G.A.D. Briggs, D.T. Goddard,

Surf. Rev. Lett. 5 (1998) 315.

[12] H. Madhavaram, H. Idriss, Stud. Surf. Sci. Catal. 110 (1997)

265

Studies using a TAP reactor have proved a valuable [13] F. Nozaki, K. Ohki, Bull. Chem. Soc. Japan 45 (1972)

approach in starting to understand the mechanism of

3473.



