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Abstract

A series of bismuth molybdate catalysts were compared using a continuous feed of isobutene in air or a cyclic/pulse or gas–gas pe
mode, in which the oxide is first treated with air at the reaction temperature, followed by reaction of isobutene in nitrogen or argon in th
of oxygen. For nonpromoted catalysts, in the continuous-feed mode, relatively low selectivities for methacrolein are observed and
amounts of byproduct CO2 are formed. In contrast, in the pulse mode, no CO2 and almost 100% selectivity to methacrolein can be obse
with nonpromoted BiMoOx , especially for the initial reaction period. At realistic reaction temperatures, no carbon or carbon-containing
depositions are observed during the pulse mode, indicating that the very high selectivity observed is realistic for the nonpromoted cat
pulse conditions. The effect of Co and Fe as promoters on the catalytic performance was also investigated. The addition of Co and Fe
observation of CO2 also in the pulse mode along with some carbon deposition, although the selectivity to methacrolein remains significan
than that observed in the continuous-feed mode. Investigation of a more complex promoted catalyst representative of a commercial f
[BiMo12Fe2NiCo7MgSb0.9Ti0.1Te0.02Cs0.4Ox ] also shows that CO2 is observed in the pulse mode but, at much lower levels than observed
the less complex catalysts. However, in subsequent operation in the gas–gas periodic flow, the catalytic performance for this catalys
identical in the continuous and pulse operations. It is concluded that, for pulse-mode operation, the best results, including almost totality
to methacrolein, are observed with the relatively simple nonpromoted binary oxides. In general, the first pulse-mode operation of thes
gives the highest yield of methacrolein and subsequent oxidation/reaction cycles gives lower yields. The origin of this effect was inv
using cyclic TPO/TPR and TPR/TPO analysis, revealing that the first TPR/TPO cycles are significantly different than subsequent cyc
due to the initial state of the catalyst surface.
 2005 Elsevier Inc. All rights reserved.

Keywords:Isobutene; Methacrolein; Selective oxidation; Bismuth molybdate catalyst; Continuous flow; Pulse flow; Periodic flow; Reduction/oxidation;
Temperature-programmed reduction/oxidation cycle; TPR/TPO cycle
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1. Introduction

The selective oxidation of hydrocarbons remains a sub
of intense interest, because this process is used in the l
scale synthesis of a number of chemical intermediates.
example, maleic anhydride is produced by the selective
dation ofn-butane using vanadium phosphate catalysts[1–4].
This reaction has become one of the most widely studied
erogeneously catalysed processes[5,6]. In addition, propene
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and isobutene are oxidised to acrolein and methacrolein
spectively, using bismuth molybdate catalysts[7,8]. Although
relatively simple binary oxides are known to catalyse these
actions [e.g., (VO)2P2O7 [5] andγ -Bi2MoO6 [7]], most often
a complex array of promoters are added. For example, Co
and Mo are often added to commercial vanadium phosp
catalysts, although nonpromoted catalysts are used for th
action, whereas bismuth molybdate catalysts are used com
cially only in a promoted form and often in highly comple
formulations, for example,

BiMo12Fe2NiCo7MgSb0.9Ti0.1Te0.02Cs0.4Ox [9]

http://www.elsevier.com/locate/jcat
mailto:hutch@cardiff.ac.uk
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Bi0.7Mo12W0.3Fe2Sb0.7Ni4Co2ZnCe0.5Si5Cs0.5K0.1Ox [10].

In most cases, these catalysts are operated in a contin
feed mode, in which the hydrocarbon is fed together w
oxygen or air through a packed catalyst bed. In an alte
tive approach, Contractor et al.[11–15] have developed th
riser/circulating fluidised bed (CFB) reactor for the oxidat
of butane to maleic anhydride. This process is based on th
servation that many oxides operate as oxidation catalysts
Mars–van Krevelen mechanism[16]; that is, in the absence o
a co-fed oxidant, the hydrocarbon reacts to give the sele
oxidation product by reacting with lattice oxygen (O2−). In the
CFB process, butane is reacted with vanadium phosphate
alyst in the absence of air in a riser reactor. This allows
catalyst and hydrocarbon to remain in contact for a few seco
at the reaction temperature. Subsequently, the reaction pro
are recovered, and the catalyst is reoxidised in a fluidised
by reaction with air.

Decoupling the reduction and reoxidation stages of the
alyst operation leads to improved process control; howeve
does not lead to the elimination of the formation of CO2 as an
undesired byproduct of this reaction. In this process, the “
alyst” is acting as a stoichiometric oxygen carrier. Althou
work with CFB reactors has focused on the butane oxida
process, Du Pont and ElF Atochem have used a CFB proce
oxidise propene to acrolein and acrylic acid[17,18].

Pulse (or periodic) flow reactors are attracting increased
search attention for both gas–gas and gas–liquid reaction
tems[19–26]. Therefore, the concepts are well developed
laboratory scale reactors, although to date there have bee
studies on the effect of promoters under these conditions
this paper we contrast the catalyst performance, in term
activity and selectivity, for a series of bismuth molybdate
isobutene oxidation operated in both periodic- and continu
flow modes, and comment on the role of promoters in th
systems.

2. Experimental

2.1. Catalyst preparation

Bismuth molybdate binary oxide catalysts were prepared
ing a coprecipitation method. We describe the procedure
to prepare the BiMoOx material (the catalyst with a Bi:Mo rati
of 1:1); the amounts of the components used were adjuste
obtain other Bi:Mo mol ratios. Bi(NO3)3·5H2O (25.8 g; Fisher
Chemicals) was dissolved in nitric acid (108 ml, 5 M; Fish
Chemicals) at 25◦C to give solution A. (NH4)6Mo7O24·4H2O
(9.4 g; Fisher Chemicals) was dissolved in aqueous amm
(108 ml, 5%; Fisher Chemicals) at 25◦C to give solution B. So-
lution A was added dropwise to solution B over 15 min at 25◦C
with stirring. The pH was adjusted to 7 with 5% aqueous a
monia. The slurry was heated at 80◦C for 16 h to give a past
that was dried in air (100◦C for 24 h) and calcined at 480◦C
for 12 h in static air at a temperature ramp rate of 1◦C min−1.
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Cobalt-promoted bismuth molybdate catalysts were
pared as follows. Solutions A and B were used as descr
above. Co(NO3)2·6H2O (3.9 g for Co0.25BiMoOx ; 7.7 g for
Co0.5BiMoOx ; 15.4 g for CoBiMoOx ; Fisher Chemicals) wa
dissolved in water (35 ml) at 25◦C to produce solution C
Solution C was added dropwise to solution A over 5 m
at 25◦C, and the mixed solution was then added dropw
to solution B over 10 min at 25◦C. The pH was adjuste
to 7 with 5% aqueous ammonia, and the catalyst was re
ered as described above. An iron-promoted bismuth molyb
catalyst (Fe0.25BiMoOx) was prepared similarly to the coba
promoted catalyst using Fe(NO3)3·9H2O (5.4 g; Fisher Chemi
cals) dissolved in 5% aqueous ammonia (120 ml) as solutio
A multicomponent catalyst, BiMo12Fe2NiCo7MgSb0.9Ti0.1-
Te0.02Cs0.4Ox , was prepared as described previously[9].

2.2. Catalyst characterisation

Various techniques were used to characterise the cata
Powder X-ray diffraction (XRD) was performed using an E
raf Nonius FR590 X-ray generator with a Cu-Kα source fit-
ted with an Inel CPS120 hemispherical detector. Brunau
Emmett–Teller (BET) surface area measurements, using n
gen adsorption, were carried out with a Micromeritics AS
2000 instrument. Raman spectra were obtained using a
ishaw Ramanscope spectrograph fitted with a green Ar+ laser
(λ = 514.532 nm). Temperature-programmed oxidation (TP
and temperature-programmed reduction (TPR) studies
carried out using a Micromeritics Autochem 2910 instrum
with 0.1–0.2 g of catalyst. Thermogravimetric analysis (TG
for the used catalysts was performed using a Perkin–E
TGA 7 thermogravimetric analyzer.

2.3. Catalyst testing

The oxidation of isobutene in the continuous-feed mode
done in a fixed-bed laboratory microreactor. The reactor
fabricated from stainless steel (4.4 mm i.d.) and operate
1 bar pressure, containing catalyst (250- to 300-µm partic
0.25 g) diluted with quartz (250- to 300-µm particles, 0.25
Isobutene, N2, and air were fed to the reactor through ma
flow controllers. For isobutene, typical continuous-feed fl
conditions used 3.5 vol% isobutene in air (50 ml min−1). The
reaction products were analysed by on-line gas chromato
phy. Carbon mass balances for the continuous-feed mode
typically 98–100%. Two reactors were used for the pulse
action studies. Initially, the same microreactor as that use
the continuous-flow mode was used. The catalyst was init
treated in flowing air (50 ml min−1) at the reaction temperatu
for 30 min. Then 3.5 vol% isobutene in nitrogen (50 ml min−1)
was switched to pass over the heated catalyst. The reactan
products were analysed by on-line gas chromatography at
ular time intervals, with the first interval occurring 10 s af
switching isobutene/N2 to pass over the catalyst. The void vo
ume between the switching valve and the sample loop in
six-port sampling valve was ca. 3.2 ml; therefore, after ca. 3
the reactant/products reach the sample loop. After isobuten2
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flow for 2 min, air (50 ml min−1) was switched to pass over an
reoxidise the catalyst. In subsequent experiments, a spe
designed gas–gas periodic flow reactor was constructed u
a six-port sampling valve with a sample loop size of 250 µ
provide well-defined consecutive pulses, thereby ensuring
siderably more control than that obtained using the stan
microreactor. The reactor was located immediately downstr
of the sample loop, so a well-defined pulse was injected
the catalyst in a flow of helium carrier gas and then onto
gas chromatograph columns. The flow rates of air, argon,
isobutene were measured using calibrated mass flow contr
and the total flow rate of isobutene/air or isobutene/argon m
ture was controlled at 50 ml min−1 through the sample loop
In the aerobic pulse-flow experiments, air and isobutene w
measured and mixed together to pass through the six-port v
In the anaerobic experiment, argon was used instead of air
an isobutene/argon mixture was introduced into the reactor
ter 30 min of isobutene/Ar introduction through the sample lo
to the catalyst, a pulse of 250 µl O2 was passed through the r
actor to regenerate the catalyst. The flow of helium through
catalyst bed was maintained at all times. Both operations w
carried out cyclically. Product analysis was carried out us
gas chromatography with helium as a carrier gas using Por
Q and Molecular sieve 13X columns and a thermal conduc
ity detector. All experiments were conducted several times
ensure that reproducible data are reported.

3. Results and discussion

3.1. Comparison of nonpromoted bismuth molybdate catal

A series of bismuth molybdate catalysts were prepared u
coprecipitation with varying Bi:Mo mol ratios (Bi:Mo= 1:12,
2:3, 1:1, 2:1, 3:1, 6:1) and characterised using powder X
and laser Raman spectroscopy (see supplementary mat
Bismuth molybdate catalysts have been extensively studie
ing these two techniques, and the materials prepared here
consistent with those used in earlier studies[27–38]. The phase
composition and BET surface area for the catalysts with Bi:
ratios of 2:1, 2:3, and 1:1 are summarised inTable 1(see supple
mentary material for other catalysts). The Bi:Mo= 1:1 material
calcined at 480◦C in the present work comprises equal pa
of γ -Bi2MoO6 andα-Bi2Mo3O12. Calcination at temperature
above 600◦C formed β-Bi2Mo2O9 [29,30]. These materials
were used as catalysts for the oxidation of isobutene using
continuous-feed mode at 350–390◦C; the results are shown i
Fig. 1. The catalyst containingγ -Bi2MoO6 was found to give
the best results, in agreement with previous studies[37,38]. The
catalysts were very stable under the continuous-feed mode

Table 1
Catalyst properties

Catalyst Phase composition BET surface area (m2 g−1)

Bi:Mo = 2:1 γ -Bi2MoO6 [27–34] 2
Bi:Mo = 2:3 α-Bi2Mo3O12 [27,28,30] 2
Bi:Mo = 1:1 α-Bi2Mo3O12 + γ -Bi2MoO6 2
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Fig. 1. Catalytic performance of bismuth molybdate catalysts in the contin
feed mode (3.5% isobutene in air): (a) isobutene conversion, (b) methac
yield. Key: (F) Bi:Mo = 2:1, (2) Bi:Mo = 1:1, (Q) Bi:Mo = 2:3.

after reaction, only traces (typically<1%) of carbon or non
desorbed products were observed on the catalyst. Charact
tion of the catalysts after oxidation reaction using powder X
and laser Raman spectroscopy found that their structures
unchanged. Normalising the catalytic performance to yield
trinsic activity data (mol isobutene converted m−2 h−1, mol
methacrolein formed m−2 h−1) confirms thatγ -Bi2MoO6 is the
most active and selective catalyst in the continuous-feed m
(Fig. 2) and that with this material, selectivity to methacrole
is ca. 80% at 390◦C.

The catalysts were then evaluated in the pulse-feed m
using the same microreactor. In this case, the catalysts
initially oxidised in flowing air for 30 min at the required re
action temperature, in the 350–390◦C range. An oxidation o
30 min gave optimum results, with no further improvement
served when the catalysts were exposed to longer oxidatio
to 2 h). For the Bi:Mo= 3:1 and 6:1 materials, no methacrole
or CO2 was observed in the pulse-mode operation at 359
379◦C, although some carbon deposition was observed
35–41% of the isobutene fed). However, for the other bism
molybdate materials, operation in the pulse mode initially g
higher intrinsic activity for methacrolein formation in the pul
mode than in the continuous mode.Figs. 3–5show the data a
two temperatures; see supplementary material for the da
all temperatures investigated. Most significantly, for cataly
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Fig. 2. Intrinsic activity data at 380◦C for bismuth molybdate catalysts ope
ated in the continuous feed mode. Key: (F) mol isobutene converted m−2 h−1,
(2) mol methacrolein formed m−2 h−1.

Fig. 3. Intrinsic activity data comparison for pulse and continuous feed m
for the Bi:Mo = 2:1 catalyst: (a) 365◦C, (b) 377◦C. Key: pulse mode:
(F) CO2, (2) methacrolein, (×) carbon deposits. Continuous mode: (—) CO2,
(- - -) methacrolein.

with Bi:Mo mol ratios�1.0, no CO2 was observed in the pulse
mode operation, even at short reaction times.

In addition, almost no carbon or product deposition (wit
experimental error (±2% of isobutene fed)) was observed w
BiMoOx catalyst during the pulse-mode operation. This ob
vation is based on carbon mass balance data on reprodu
experiments. The absence of deposited carbon was further
s

-
le
n-

Fig. 4. Intrinsic activity data comparison for pulse and continuous feed m
for the Bi:Mo = 1:1 catalyst: (a) 359◦C, (b) 377◦C. Key: pulse mode:
(F) CO2, (2) methacrolein, (×) carbon deposits. Continuous mode: (—) CO2,
(- - -) methacrolein.

firmed by postreaction TGA and carbon analysis. These fi
ings indicate that nonpromoted bismuth molybdate catal
can give very high selectivity of methacrolein for short react
times when operated in the pulse mode. However, it shoul
noted that because these catalysts are nonpromoted, their
lyst activity is relatively low compared with that of commerc
promoted formulations[9]. For all catalysts, the catalytic activ
ity decreased during exposure to the isobutene pulse.

The pulse-mode operation was investigated using a num
of oxidation/reduction cycles; representative data for the Bi:
= 1:1 catalyst are given inFig. 6. For all catalysts, the first oxi
dation/reduction cycle after catalyst calcination at 480◦C and
exposure to air at the reaction temperature for 30 min g
higher activity for methacrolein formation than subsequent
cles. However, the catalytic performance for the second
subsequent oxidation/reduction cycles were always the s
and no deactivation was observed after a number of cycles

A subsequent set of experiments used the gas–gas pe
flow reactor, in which the sample loop was used to introd
the pulse of reactants, to investigate the reactivity of Bi2MoO6
when the pulses could be more rapidly applied. A full ana
sis of the products was carried out. The effect of increasing
concentration of isobutene in the feed is detailed inTable 2.
It is clear that the effect is replicated. Co-feeding isobutene
produced much lower methacrolein selectivity in periodic fl



286 N. Song et al. / Journal of Catalysis 236 (2005) 282–291
Table 2
Effect of isobutene concentration on the operation of a gas–gas periodic flow reactor at 360◦C using Bi2MoO6

Isobutene
(%)

(Isobutene+ air)/He (Isobutene+ Ar)/He/O2 �S

(%)aConversion (%) Selectivity (%) Yield (%) Conversion (%) Selectivity (%) Yield (%)

1.3 90.0 31.1 28.0 57.4 72.2 41.4 41.1
3.4 83.4 49.6 41.4 36.3 80.8 29.3 31.2
8.6 68.8 65.6 45.1 23.8 81.7 19.4 16.1

a �S (%) denotes the selectivity enhancement when operated in (isobutene+ Ar)/He/O2 mode compared with that in (isobutene+ air)/He mode.
ode
:

th
se

r—
by

n-
th
raw
eg
ul
is

n a
lei
ce

n in
t

, the
xpo-

as

Ra-
n of
ow-
a-
Fig. 5. Intrinsic activity data comparison for pulse and continuous feed m
for the Bi:Mo = 2:3 catalyst: (a) 359◦C, (b) 377◦C. Key: pulse mode
(F) CO2, (2) methacrolein, (×) carbon deposits. Continuous mode: (—) CO2,
(- - -) methacrolein.

conditions, and an improved yield was also observed at
lower isobutene concentration. Indeed, the improvement in
lectivity, denoted by�S, for the nonpromoted Bi2MoO6 was
quite marked.

This result hides an interesting observation, howeve
namely, that selectivity is much more strongly influenced
isobutene conversion than by mode of operation. ThusFig. 7
shows the data fromTable 2plotted as selectivity versus co
version. Unfortunately, there is no overlap of conversions in
two operating modes; nonetheless, a single curve can be d
that passes through the two sets of data points with only a n
gible (or, at best, small) improvement in selectivity. This res
may suggest that the deposition of carbonaceous species
competition with isobutene oxidation. The selectivity is the
function of the relative quantities of isobutene and methacro
rather than the absolute quantities. The carbon mass balan
s

e
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Fig. 6. Effect of oxidation/reduction cycles on the formation of methacrolei
the pulse feed mode for the Bi:Mo= 1:1 catalyst at 359◦C. Data are taken a
10 s in the reaction. Key: (2) methacrolein, (×) carbon deposits.

Fig. 7. Selectivity vs. conversion for isobutene oxidation at 360◦C over
Bi2MoO6 catalyst operated in (isobutene+ Ar)/He/O2 and (isobutene+ air)/
He periodic flow mode. Key: (Q) (isobutene+ Ar)/He/O2 mode, (") (isobut-
ene+ air)/He mode.

these operations is in the range 70–90%. In the pulse mode
deposits are retained on the surface during the isobutene e
sure and are oxidised to COx during the oxidation phase.

3.2. Comparison of promoted BiMoOx catalysts

A series of BiMoOx catalysts containing Co and Fe
additives was prepared with a Bi:Mo= 1:1 mol ratio. The
materials were characterised by powder XRD and laser
man spectroscopy (see supplementary material). Additio
Co to the materials did not result in any changes in the p
der XRD pattern, whereas addition of Fe led to the form
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Fig. 8. Catalytic performance of non-promoted and promoted catalys
the continuous feed mode (3.5% isobutene in air): (a) methacrolein
lectivity, (b) methacrolein yield. Key: (") BiMoOx , (2) Co0.25BiMoOx ,
(F) Fe0.25BiMoOx , (!) BiMo12Fe2NiCo7MgSb0.9Ti0.1Te0.02Cs0.4Ox .

tion of a new phase, Bi3FeMo2O12. The materials were in
vestigated as catalysts for the oxidation of isobutene in
continuous mode; the results are shown inFig. 8 (see supple
mentary material for all of the data). As expected, addition
the Co and Fe promoters enhanced the catalytic performa
Data are also given for the more complex multicompon
catalyst, BiMo12Fe2NiCo7MgSb0.9Ti0.1Te0.02Cs0.4Ox [9]; with
this commercial formulation, methacrolein yields were sign
cantly enhanced and the selectivity to methacrolein was ca.
for all temperatures investigated.

These catalysts were also investigated in the pulse-
mode in the same way as the nonpromoted catalysts; the
are given inTable 3andFig. 9. Introduction of Co or Fe into
BiMoOx led to the formation of CO2 as well as methacrolei
in the initial exposure of the catalyst to isobutene in the pu
mode. This is in contrast to the nonpromoted catalyst (Fig. 4),
where no CO2 was observed during the pulse-mode operat
However, the formation of CO2 was much less than that o
served in the continuous-feed mode. At low temperature w
Co-promoted BiMoOx catalysts, there was no deposition of c
bon within the limits of experimental error, but at higher te
peratures, carbon deposition was observed (see suppleme
material). Significant levels of carbon deposition were obse
with the Fe-promoted catalyst. The data for the complex p
moted catalyst BiMo12Fe2NiCo7MgSb0.9Ti0.1Te0.02Cs0.4Ox
n
-

e

f
e.
t

%

d
ta

e

.

h

ary
d
-

Fig. 9. Intrinsic activity data comparison for pulse and continuous f
modes for BiMo12Fe2NiCo7MgSb0.9Ti0.1Te0.02Cs0.4Ox catalyst: (a) 347◦C,
(b) 382◦C. Key: pulse mode: (F) CO2, (2) methacrolein, (×) carbon deposits
Continuous mode: (—) CO2, (- - -) methacrolein.

[9] show that the initial methacrolein yield in the pulse mo
was low and increased through a maximum with continu
exposure to isobutene (Fig. 9). It is clear that this catalys
was significantly more active than the relatively simple p
moted formulations; however, CO2 was still observed at th
initial isobutene exposure time, but not at similar reaction tim
for the equivalent nonpromoted formulation BiMo12Ox (see
supplementary material), although, superficially, the obse
methacrolein selectivity was similar to that seen in the cont
ous mode.

In a subsequent set of experiments, the gas–gas
odic flow reactor was used to investigate the reactivity
BiMo12Fe2NiCo7MgSb0.9Ti0.1Te0.02Cs0.4Ox in a similar way
as was done for Bi2MoO6 (Table 2). The effect of increasing th
isobutene concentration in the feed is characterised inTable 4.
No carbon loss was found within experimental error. Clea
this effect was replicated using the microreactor under pu
flow conditions as well. Co-feeding isobutene/air gave o
marginally lower methacrolein selectivity and slightly high
isobutene conversion, so that the overall yields were alm
identical. This confirms that for the optimised promoted c
alyst, the benefits of operating in a pulse-flow mode are v
limited. In contrast, the nonpromoted BiMoOx catalyst led to
lower conversion in a pulse-flow mode but gave almost t
selectivity to methacrolein within experimental error.
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70,
Table 3
Comparison of the operation of BiMoOx and promoted BiMoOx catalysts in the pulse and continuous feed modes

Catalyst Time
(s)a

Normalised yield (10−8 mol s−1 m−2)

358◦C 376◦C

CO2 Methacrolein Carbon CO2 Methacrolein Carbon

BiMoOx 10 0 19.5 0 0 29.4 0
30 0 10.5 0 0 17.3 0
60 0 5.6 0 0 4.2 0
90 0 3.0 0 0 3.7 0
120 0 0 0 0 0 0
Continuous 9.8b 3.6 0 19.8c 9.8 0

Co0.25BiMoOx 10 3.6 15.9 0 6.2 23.0 2.1
30 0 5.8 0 0 7.8 1.0
60 0 0 0 0 0 0
Continuous 8.9b 0 0 22.0c 11.1 0

Fe0.25BiMoOx 10 2.0d 8.2 8.1 3.2e 11.3 10.7
30 0 4.2 11.5 0 4.5 3.1
60 0 2.0 3.6 0 2.3 0
90 0 0 0 0 0 1.3
Continuous 9.4b 4.8 0 13.8f 8.2 0

a Pulse mode data collected at specified times during 2 min isobutene feed (3.5 vol% isobutene in N2, 50 ml min−1); continuous mode data collected at 360, 3
380, 390◦C using 3.5 vol% isobutene in air (50 ml min−1).

b Continuous mode data collected at 360◦C.
c Continuous mode data collected at 380◦C.
d Pulse mode data collected at 355◦C.
e Pulse mode data collected at 370◦C.
f Continuous mode data collected at 370◦C.

Table 4
Effect of isobutene concentration on the operation of a gas–gas periodic flow reactor at 360◦C using BiMo12Fe2NiCo7MgSb0.9Ti0.1Te0.02Cs0.4Ox

Isobutene
(%)

(Isobutene+ air)/He (Isobutene+ Ar)/He/O2 �S

(%)aConversion (%) Selectivity (%) Yield (%) Conversion (%) Selectivity (%) Yield (%)

1.3 97.5 87.1 84.9 96.9 91.2 88.4 4.1
3.4 97.2 89.4 86.9 96.6 92.9 89.7 3.5
8.6 96.4 91.9 88.6 92.8 95.9 89.0 4.0

a �S (%) denotes the selectivity enhancement when operated in (isobutene+ Ar)/He/O2 mode compared with that in (isobutene+ air)/He mode.
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It is tempting to suggest that nonpromoted catalysts co
be successfully operated for isobutene oxidation in the pu
or gas–gas periodic flow mode, but several factors mitig
against this being a commercial possibility. First, the ac
ity of the nonpromoted catalysts is much lower per unit a
of catalyst compared with that of the promoted commer
formulations, and, consequently, the gains made in impro
selectivity are unlikely to be sufficient to offset the higher co
associated with the inherently more complex pulse mod
operation. Second, the promoters provide a structural f
tion [5] in that they lead to higher surface areas for
active catalysts (e.g., BiMoOx = 2 m2 g−1, Co0.25BiMoOx

= 4 m2 g−1, BiMo12Fe2NiCo7MgSb0.9Ti0.1Te0.02Cs0.4Ox =
6 m2 g−1), and, consequently, promoted catalysts will alwa
exhibit superior catalyst performance in terms of methacro
yield for this reaction. Nonetheless, the overall potential be
fits of operation of nonpromoted and promoted bismuth mo
date catalysts in the pulse mode are small relative to the
penalties associated with the more complex reaction. He
for this reaction, there is likely to be no performance benefi
using pulse or riser reactor technology. It is clear that the ti
integrated activities of the low-activity nonpromoted BiMoOx
d
-

e

l
d

f
-

n
-
-
st
e,

-

catalysts are significantly impaired by operation in the pu
mode, even though selectivities are substantially higher.
though these results are only of academic interest, they
provide useful clues as to how the elusive goal of total re
tion selectivity (i.e., 100% atom efficiency) can be obtained
heterogeneous oxidation reactions.

3.3. Investigation of the first and subsequent pulses using
TPR/TPO

Since the initial studies of Robertson et al.[39] using TPR,
TPR/TPO have been used to characterise the oxides us
redox reactions. Monts and Baiker[40] carried out a defini-
tive study of TPR methodology and established the optim
conditions under which this characterisation technique sh
be used. To date, most researchers have used single TP
TPO analysis for catalyst characterisation. This can be of g
value in determining the optimum catalyst reduction or calc
tion temperatures, but for redox reactions, in which the cata
cycles between reduction and oxidation, single TPR/TPO d
minations may not be representative. The observation tha
first pulse-mode operation with bismuth molybdate catal
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Fig. 10. Characterisation of Bi2MoO6 catalyst using 5 TPR/TPO cycles. Gre
lines show the first TPR or TPO profiles: (a) TPR, (b) TPO. Conditio
10◦C min−1. TPR: 10% H2/Ar, 50 ml min−1. TPO: 10% O2/He, 50 ml min−1.

always gave a higher intrinsic activity for methacrolein form
tion than subsequent pulses (Fig. 6) prompted us to investigat
TPR/TPO cycles as a means of characterising the redox be
iour of theγ -Bi2MoO6 catalyst. We investigated five cycles
TPO/TPR or TPR/TPO using dilute H2 (10% H2 in Ar) or di-
lute isobutene (4% isobutene in He) as the reducing agents
dilute O2 (10% O2 in He) as the oxidant. In these experimen
the temperature was ramped to 400◦C and held constant ther
Typical data for this cyclic TPR/TPO study are shown inFig. 10
for H2 used as the reducing agent and inFig. 11for isobutene
used as the reducing agent. The data for the TPR cycles
isobutene are complicated by the reaction of isobutene with
catalyst; hence only the TPO data are shown. However, in
cases, the initial TPR and TPO are significantly different fr
the subsequent TPR/TPO. Characterisation of the catalysts
H2-TPR/TPO cycles using powder XRD (Fig. 12) show subtle
changes in intensity in the 32◦ and 56◦ regions. Laser Rama
spectroscopy (Fig. 13) shows no significant difference betwe
the first and subsequent oxidation cycles. However, signifi
differences between the first TPR/TPO cycle and subseq
cycles were observed with all of the nonpromoted and p
moted bismuth molybdate catalysts reported in this study
appears to be a consistent effect. These data indicate tha
gle TPR and TPO determinations may not be appropriate
the characterisation of catalysts to be used in redox proce
or cyclic operations using pulse reactors, such as the circ
v-
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Fig. 11. TPO characterisation of Bi2MoO6 catalyst using 5 TPR/TPO cycle
Grey line shows the first TPO profile. Conditions: 10◦C min−1. TPR: 4%
isobutene/He, 50 ml min−1. TPO: 10% O2/He, 50 ml min−1.

Fig. 12. Powder X-ray diffraction patterns for Bi2MoO6 catalyst: (a) fresh cal
cined catalyst, (b) after TPR1/TPO1, (c) after TPR1/TPO1/. . . /TPR5/TPO5.

ing fluidised bed reactor[11–15]. The observation that the firs
TPO determination is different from subsequent TPO cycle
consistent with the enhanced activity for methacrolein form
tion observed with the first isobutene pulse (Fig. 6). It is clear
that reoxidation of the catalyst cannot restore the initial cata
surface present after the calcination step of the preparatio
the present study, we used 480◦C as a calcination temperatur
The pulse mode experiments were carried out with a m
mum temperature of 390◦C; thus the TPR/TPO studies wit
a maximum temperature of 400◦C are consistent with the ca
alytic studies. However, to determine whether the effect is
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Fig. 13. Laser Raman spectra for Bi2MoO6 catalyst: (a) fresh calcined catalys
(b) after TPR1/TPO1, (c) after TPR1/TPO1/. . . /TPR5/TPO5.

to a higher calcination temperature, a series of TPO/TPR
cles were conducted with a maximum temperature of 500◦C.
Again, the first TPR and TPO cycles were significantly d
ferent than the subsequent cycles. Thus the effect observe
the enhanced catalytic formation of methacrolein with the
pulse of isobutene is not related to the temperature at whic
catalyst is reduced/oxidised. The origin of this effect rema
unclear, but if it can be understood someday, then it may
possible to prepare catalysts with significantly improved int
sic activities that are of generic importance for redox react
in the pulse mode of operation.

4. Conclusion

A comparison of promoted and nonpromoted bismuth m
lybdate catalysts for the oxidation of isobutene to methacro
has shown that the performance of the relatively noncom
nonpromoted BiMoOx catalyst can be significantly improve
by operation in the pulse mode. Significantly, almost total
lectivity to methacrolein can be observed during the short
ration of the pulse experiments. Promoted catalysts ten
yield greater deposition of carbon or reaction products du
the pulse mode of operation, which significantly decreases
overall selectivity of these catalysts. We conclude that the c
plex catalysts designed specifically for use in the continu
mode are not well suited for use in the pulse mode of opera
and hence there is no potential benefit to be gained by op
ing the promoted bismuth molybdate formulation with a ri
reactor[11–15] or gas–gas periodic flow reactor for this rea
tion. It is apparent that bismuth molybdate catalysts that are
particularly selective in the continuous-feed mode can be o
ated with improved performance in the gas–gas periodic-
mode, but the potential gains are far outweighed by the c
plexity and cost of operating such a process on a comme
scale.

Overall, the complex promoted catalysts are superior to
nonpromoted catalysts because of their higher activities
higher surface areas. Interestingly, our results for this reac
indicate that the riser reactor technology could allow the us
relatively low-activity nonpromoted catalysts with high sele
-
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tivity. However, commercially, these benefits would likely
outweighed by the complexity of operating a riser reactor.

Using TPO/TPR or TPR/TPO cycles has been shown to
informative. In most cases, the first TPR or TPO cycle is
nificantly different than subsequent cycles, although there i
effect on the bulk structure. This is consistent with the ob
vation that the first pulse reaction cycle for isobutene oxida
gives significantly higher yields of methacrolein.
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