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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 periodic flo
mode, in which the oxide is first treated with air at the reaction temperature, followed by reaction of isobutene in nitrogen or argon in the absence
of oxygen. For nonpromoted catalysts, in the continuous-feed mode, relatively low selectivities for methacrolein are observed and significan
amounts of byproduct Cfare formed. In contrast, in the pulse mode, no,GMd almost 100% selectivity to methacrolein can be observed
with nonpromoted BiMoQ, especially for the initial reaction period. At realistic reaction temperatures, no carbon or carbon-containing product
depositions are observed during the pulse mode, indicating that the very high selectivity observed is realistic for the nonpromoted catalyst unde
pulse conditions. The effect of Co and Fe as promoters on the catalytic performance was also investigated. The addition of Co and Fe leads to ti
observation of C@also in the pulse mode along with some carbon deposition, although the selectivity to methacrolein remains significantly higher
than that observed in the continuous-feed mode. Investigation of a more complex promoted catalyst representative of a commercial formulatio
[BiMo 12Fe&NiCo7MgSky 9Tig. 1Ten.02C%.40x] also shows that C®is observed in the pulse mode but, at much lower levels than observed with
the less complex catalysts. However, in subsequent operation in the gas—gas periodic flow, the catalytic performance for this catalyst is almo
identical in the continuous and pulse operations. It is concluded that, for pulse-mode operation, the best results, including almost tatal selectiv
to methacrolein, are observed with the relatively simple nonpromoted binary oxides. In general, the first pulse-mode operation of these catalys
gives the highest yield of methacrolein and subsequent oxidation/reaction cycles gives lower yields. The origin of this effect was investigatec
using cyclic TPO/TPR and TPR/TPO analysis, revealing that the first TPR/TPO cycles are significantly different than subsequent cycles, likely
due to the initial state of the catalyst surface.
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1. Introduction and isobutene are oxidised to acrolein and methacrolein, re-
spectively, using bismuth molybdate catalyist8]. Although
The selective oxidation of hydrocarbons remains a subjeatelatively simple binary oxides are known to catalyse these re-
of intense interest, because this process is used in the larggetions [e.g., (VO)P>0O7 [5] andy-BioMoOg [7]], most often
scale synthesis of a number of chemical intermediates. Faf complex array of promoters are added. For example, Co, Fe,
example, maleic anhydride is produced by the selective oXiand Mo are often added to commercial vanadium phosphate
dation ofn-butane using vanadium phosphate catalfstgl].  catalysts, although nonpromoted catalysts are used for this re-
This reaction has become one of the most widely studied heyction, whereas bismuth molybdate catalysts are used commer-
erogeneously catalysed proces§e$]. In addition, propene cially only in a promoted form and often in highly complex
formulations, for example,

* Corresponding author.
E-mail addresshutch@cardiff.ac.ukG.J. Hutchings). BiMo12FeNiCo;MgShy oTip.1Tep.02C%.40x [9]

0021-9517/$ — see front mattét 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2005.10.008


http://www.elsevier.com/locate/jcat
mailto:hutch@cardiff.ac.uk
http://dx.doi.org/10.1016/j.jcat.2005.10.008

N. Song et al. / Journal of Catalysis 236 (2005) 282—-291 283

or Cobalt-promoted bismuth molybdate catalysts were pre-
. ) ) pared as follows. Solutions A and B were used as described
Bio.7M012Wo 3F€:Sky. 7N14C022nCe sS5C sK0.10x [10] - apove. Co(N@),-6H,0 (3.9 g for Co25BiM0O,; 7.7 g for

In most cases, these catalysts are operated in a continuods®.58iM0O,; 15.4 g for CoBiMoQ; Fisher Chemicals) was
feed mode, in which the hydrocarbon is fed together withdissolved in water (35 ml) at 2% to produce solution C..
oxygen or air through a packed catalyst bed. In an alterna>°lution C was added dropwise to solution A over 5 min
tive approach, Contractor et glil1-15] have developed the at 25°C_, and the mixed _solutlon was then added d_ropW|se
riser/circulating fluidised bed (CFB) reactor for the oxidation(© Solution B over 10 min at 2%C. The pH was adjusted

of butane to maleic anhydride. This process is based on the of? 7 With 5% aqueous ammonia, and the catalyst was recov-
servation that many oxides operate as oxidation catalysts by §€d as described above. An iron-promoted bismuth molybdate
Mars—van Krevelen mechanisibé]; that is, in the absence of Ccatalyst (Fe.2s8iMoO,) was prepared similarly to the cobalt-

a co-fed oxidant, the hydrocarbon reacts to give the selectivBromoted catalyst using Fe(NJ3-9H0 (5.4 g; Fisher Chemi-
oxidation product by reacting with lattice oxygenQ. In the cals) dissolved in 5% aqueous ammonia (120 ml) as solution C.

CFB process, butane is reacted with vanadium phosphate cdt- Multicomponent catalyst, BiMeFeNiCo7MgSky oTio.1-
alyst in the absence of air in a riser reactor. This allows thel €0.02C%.40x, was prepared as described previoysly
catalyst and hydrocarbon to remain in contact for a few seconds L

at the reaction temperature. Subsequently, the reaction products?- Catalyst characterisation

are recovered, and the catalyst is reoxidised in a fluidised bed . hni q h . h |
by reaction with air. Various techniques were used to characterise the catalysts.

Decoupling the reduction and reoxidation stages of the cat]—DOWder X-ray diffraction (XRD) was performed using an En-

alyst operation leads to improved process control; however, ﬁag qu;:us FIRS?O I)DH?ZI gﬁnergtorr] W,'thla de—lSourée fit-
does not lead to the elimination of the formation of £4% an ted with an Inel CPS120 hemispherical detector. Brunauer—

undesired byproduct of this reaction. In this process, the ‘,CatI_Emmedtt—TeII_er (BET) surchg area r_nr?aSlﬁ_ements,_ F‘S'”ES”:;"'
alyst” is acting as a stoichiometric oxygen carrier. Althoughgen adsorption, were carried out with a Micromeritics

work with CFB reactors has focused on the butane oxidatio&000 instrument. Raman spectra were obtained using a Ren-

process, Du Pont and EIF Atochem have used a CFB process ?J‘uaw Ramanscope spectrograph fitted with a g'reehla:ser
oxidise propene to acrolein and acrylic afid, 18] A = 514532 nm). Temperature-programmed oxidation (TPO)

Pulse (or periodic) flow reactors are attracting increased ree—md_ temperatgre-programmeq_ reduction (TPR) S'FUd'eS were
arried out using a Micromeritics Autochem 2910 instrument

search attention for both gas—gas and gas-liquid reaction syg_ . . .
tems[19-26] Therefore, the concepts are well developed for}""th r? .1_0.2dg of clatalyst. Therr‘?ogra\gmet_nc an:ﬁyss (TSA)
laboratory scale reactors, although to date there have been f r; 7et;]Jse cata ystst was pier ormed using a Ferkin—timer
studies on the effect of promoters under these conditions. In ermogravimetric analyzer.

this paper we contrast the catalyst performance, in terms
activity and selectivity, for a series of bismuth molybdate fo
isobutene oxidation operated in both periodic- and continuous-

flow modes, and comment on the role of promoters in thes

r0£.3. Catalyst testing

The oxidation of isobutene in the continuous-feed mode was
Gone in a fixed-bed laboratory microreactor. The reactor was

systems. fabricated from stainless steel (4.4 mm i.d.) and operated at
) 1 bar pressure, containing catalyst (250- to 300-um particles,
2. Experimental 0.25 g) diluted with quartz (250- to 300-um particles, 0.25 g).
Isobutene, N, and air were fed to the reactor through mass
2.1. Catalyst preparation flow controllers. For isobutene, typical continuous-feed flow

conditions used 3.5 vol% isobutene in air (50 mimih The

Bismuth molybdate binary oxide catalysts were prepared usreaction products were analysed by on-line gas chromatogra-
ing a coprecipitation method. We describe the procedure usgshy. Carbon mass balances for the continuous-feed mode were
to prepare the BiMo@material (the catalyst with a Bi:Mo ratio typically 98—-100%. Two reactors were used for the pulse re-
of 1:1); the amounts of the components used were adjusted tction studies. Initially, the same microreactor as that used in
obtain other Bi:Mo mol ratios. Bi(Ng)3-5H20 (25.8 g; Fisher the continuous-flow mode was used. The catalyst was initially
Chemicals) was dissolved in nitric acid (108 ml, 5 M; Fishertreated in flowing air (50 mI mint) at the reaction temperature
Chemicals) at 25C to give solution A. (NH)eM07024-4H,0O  for 30 min. Then 3.5 vol% isobutene in nitrogen (50 ml mih
(9.4 g; Fisher Chemicals) was dissolved in agueous ammoniaas switched to pass over the heated catalyst. The reactant and
(108 ml, 5%; Fisher Chemicals) at 26 to give solution B. So-  products were analysed by on-line gas chromatography at reg-
lution A was added dropwise to solution B over 15 min at€5 ular time intervals, with the first interval occurring 10 s after
with stirring. The pH was adjusted to 7 with 5% aqueous am-switching isobutene/plto pass over the catalyst. The void vol-
monia. The slurry was heated at 8D for 16 h to give a paste ume between the switching valve and the sample loop in the
that was dried in air (100C for 24 h) and calcined at 48C  six-port sampling valve was ca. 3.2 ml; therefore, after ca. 3.8 s,
for 12 h in static air at a temperature ramp rate 8€Imin—1. the reactant/products reach the sample loop. After isobutene/N
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flow for 2 min, air (50 mI mirm1) was switched to pass over and
reoxidise the catalyst. In subsequent experiments, a specially 54 2
designed gas—gas periodic flow reactor was constructed using
a six-port sampling valve with a sample loop size of 250 pl to
provide well-defined consecutive pulses, thereby ensuring con-
siderably more control than that obtained using the standard
microreactor. The reactor was located immediately downstream
of the sample loop, so a well-defined pulse was injected onto
the catalyst in a flow of helium carrier gas and then onto the
gas chromatograph columns. The flow rates of air, argon, and
isobutene were measured using calibrated mass flow controller,
and the total flow rate of isobutene/air or isobutene/argon mix-
ture was controlled at 50 mlmift through the sample loop. Temperature (‘'C)
In the aerobic pulse-flow experiments, air and isobutene were 20
measured and mixed together to pass through the six-port valve.
In the anaerobic experiment, argon was used instead of air, and
an isobutene/argon mixture was introduced into the reactor. Af- 15 1
ter 30 min of isobutene/Ar introduction through the sample loop
to the catalyst, a pulse of 250 ub@as passed through the re-
actor to regenerate the catalyst. The flow of helium through the
catalyst bed was maintained at all times. Both operations were
carried out cyclically. Product analysis was carried out using 51
gas chromatography with helium as a carrier gas using Porapak
Q and Molecular sieve 13X columns and a thermal conductiv-
ity detector. All experiments were conducted several times, to
ensure that reproducible data are reported.
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3. Resultsand discussion Fig. 1. Catalytic performance of bismuth molybdate catalysts in the continuous
feed mode (3.5% isobutene in air): (a) isobutene conversion, (b) methacrolein

3.1. Comparison of nonpromoted bismuth molybdate catalystgiem' Key: (@) BiMo = 2:1, (W) BiMo = 1.1, (4) Bi:Mo = 2:3.

. . ._after reaction, only traces (typically 1%) of carbon or non-
A series of bismuth molybdate catalysts were prepared usmg bed product b donth talvst. Ch teri
coprecipitation with varying Bi:Mo mol ratios (Bi:Me= 1:12, esorbed products were observed on the catalyst. t.haracteriza-

2:3, 1:1, 2:1, 3:1, 6:1) and characterised using powder XRdion of the catalysts after oxidation reaction using powder XRD

and laser Raman spectroscopy (see supplementary materiaﬂﬂd laser Raman spectroscopy found that their structures were

Bismuth molybdate catalysts have been extensively studied uschanged. Normalising the catalytic performance to yield in-
ing these two techniques, and the materials prepared here wefiSic activity data (mol isobutene converted fi~*, mol
consistent with those used in earlier stud2s-38] The phase Methacrolein formed m? h~*) confirms thaty -Bi,MoOs is the
composition and BET surface area for the catalysts with Bi:Mdmost active and selective catalyst in the continuous-feed mode
ratios of 2:1, 2:3, and 1:1 are summarisedarle 1(see supple- (Fig. 2 and that with this material, selectivity to methacrolein
mentary material for other catalysts). The Bi:Mal:1 material  is ca. 80% at 390C.

calcined at 480C in the present work comprises equal parts The catalysts were then evaluated in the pulse-feed mode
of y-BioM0oOg anda-BioM0301,. Calcination at temperatures using the same microreactor. In this case, the catalysts were
above 600C formed 8-BioM020g [29,30] These materials initially oxidised in flowing air for 30 min at the required re-
were used as catalysts for the oxidation of isobutene using thection temperature, in the 350-390 range. An oxidation of
continuous-feed mode at 350-390; the results are shown in 30 min gave optimum results, with no further improvement ob-
Fig. 1 The catalyst containing-Bi2M0oOs was found to give  served when the catalysts were exposed to longer oxidation (up
the best results, in agreement with previous stud@és8] The  to 2 h). For the Bi:Mo= 3:1 and 6:1 materials, no methacrolein
catalysts were very stable under the continuous-feed mode, apg CO, was observed in the pulse-mode operation at 359 and

379°C, although some carbon deposition was observed (ca.

Table 1 _ 35-41% of the isobutene fed). However, for the other bismuth
Catalyst properties molybdate materials, operation in the pulse mode initially gave
Catalyst Phase composition BET surface are8dm')  higher intrinsic activity for methacrolein formation in the pulse
Bi:Mo =2:1  y-BipMoOg [27-34] 2 mode than in the continuous modégs. 3—5show the data at

Bi:Mo =2:3  «-BisM03012[27,28,30] 2

) ) ; two temperatures; see supplementary material for the data at
Bi:Mo =1:1  «-BioM03012 + y-BioM0Og 2

all temperatures investigated. Most significantly, for catalysts
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Fig. 2. Intrinsic activity data at 380C for bismuth molybdate catalysts oper-
ated in the continuous feed mode. Ke@p) mol isobutene converted ¥ h—1,
(M) mol methacrolein formed mé h—1.
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Fig. 3. Intrinsic activity data comparison for pulse and continuous feed mode
for the Bi:Mo = 2:1 catalyst: (a) 365C, (b) 377°C. Key: pulse mode:
(@) CO,, (W) methacrolein, ) carbon deposits. Continuous mode: (—)£0

(- - -) methacrolein.

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

In addition, almost no carbon or product deposition (within
experimental error{2% of isobutene fed)) was observed with
BiMoO, catalyst during the pulse-mode operation. This obser
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Fig. 4. Intrinsic activity data comparison for pulse and continuous feed modes
for the Bi:Mo = 1:1 catalyst: (a) 359C, (b) 377°C. Key: pulse mode:
(@) CO,, (W) methacrolein, ) carbon deposits. Continuous mode: (—)£0

(- - -) methacrolein.

firmed by postreaction TGA and carbon analysis. These find-
ings indicate that nonpromoted bismuth molybdate catalysts
can give very high selectivity of methacrolein for short reaction
times when operated in the pulse mode. However, it should be
noted that because these catalysts are nonpromoted, their cata-
lyst activity is relatively low compared with that of commercial
promoted formulationf9]. For all catalysts, the catalytic activ-

ity decreased during exposure to the isobutene pulse.

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

A subsequent set of experiments used the gas—gas periodic
flow reactor, in which the sample loop was used to introduce
the pulse of reactants, to investigate the reactivity eMRiOg
when the pulses could be more rapidly applied. A full analy-
sis of the products was carried out. The effect of increasing the
concentration of isobutene in the feed is detailedé@ble 2

vation is based on carbon mass balance data on reproducilligs clear that the effect is replicated. Co-feeding isobutene/air

experiments. The absence of deposited carbon was further cq

produced much lower methacrolein selectivity in periodic flow
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Table 2

Effect of isobutene concentration on the operation of a gas—gas periodic flow reactof & @§g BpMoOg

Isobutene (Isobutenet air)/He (Isobutener Ar)/He/Op AS
(%) Conversion (%) Selectivity (%) Yield (%) Conversion (%) Selectivity (%) Yield %) (%)
1.3 900 311 280 574 722 414 411
34 834 496 414 363 808 293 312
8.6 688 656 451 238 817 194 161

2 AS (%) denotes the selectivity enhancement when operated in (isobuténgHe/O, mode compared with that in (isobuteseair)/He mode.
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conditions, and an improved yield was also observed at thEig' 7. Selectivity vs. conversion for isobutene oxidation at 360over

. . . . ioMoOg catalyst operated in (isobutere Ar)/He/O, and (isobutene- air)/
lower isobutene concentration. Indeed, the improvement in SQ1g periadic flow mode. Key:&) (isobutenet- Ar)/He/O, mode, @) (isobut-

lectivity, denoted byA S, for the nonpromoted BMoOgs was  ene+ air)/He mode.
quite marked.

This result hides an interesting observation, however—hese operations is in the range 70-90%. In the pulse mode, the
namely, that selectivity is much more strongly influenced bydeposits are retained on the surface during the isobutene expo-

isobutene conversion than by mode of operation. TRigs 7 sure and are oxidised to G@uring the oxidation phase.
shows the data froniable 2plotted as selectivity versus con-

version. Unfortunately, there is no overlap of conversions in theg.2, Comparison of promoted BiMg@atalysts

two operating modes; nonetheless, a single curve can be drawn

that passes through the two sets of data points with only a negli- A series of BiMoQ catalysts containing Co and Fe as
gible (or, at best, small) improvement in selectivity. This resultadditives was prepared with a Bi:Me& 1:1 mol ratio. The
may suggest that the deposition of carbonaceous species is materials were characterised by powder XRD and laser Ra-
competition with isobutene oxidation. The selectivity is then aman spectroscopy (see supplementary material). Addition of
function of the relative quantities of isobutene and methacroleifCo to the materials did not result in any changes in the pow-
rather than the absolute quantities. The carbon mass balancedar XRD pattern, whereas addition of Fe led to the forma-
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the continuous feed mode (3.5% isobutene in air): (a) methacrolein seyodes for BiMa sFe;NiCo7MgShy gTig.1Tep g2Csp 40+ catalyst: (a) 347C,

lectivity, (b) methacrolein yield. Key: &) BiMoOy, (M) Cop25BiM0Ox,  (p) 382°C. Key: pulse mode: @) CO,, (M) methacrolein, ) carbon deposits.
(@) Fep 25BiM0Oy, (O) BiMo12Fe;NiCo7MgShy gTio. 1T€0.02C%0.40x - Continuous mode: (—) C§ (- - -) methacrolein.

tion of a new phase, BFeM;O12. The materials were in- [9] show that the initial methacrolein yield in the pulse mode
vestigated as catalysts for the oxidation of isobutene in theyas |ow and increased through a maximum with continuing
continuous mode; the results are showrfig. 8 (see supple-  exposure to isobuteneFig. 9). It is clear that this catalyst
mentary material for all of the data). As expected, addition ofwas significantly more active than the relatively simple pro-
the Co and Fe promoters enhanced the catalytic performancgioted formulations; however, GOwas still observed at the
Data are also given for the more complex multicomponentnitial isobutene exposure time, but not at similar reaction times
catalyst, BiMa2Fe;NiCo7MgShy oTio.1T€.02C%.40; [9]; With  for the equivalent nonpromoted formulation BiMO®, (see
this commercial formulation, methacrolein yields were signifi-supp|ementary material), although, superficially, the observed
cantly enhanced and the selectivity to methacrolein was ca. 96%ethacrolein selectivity was similar to that seen in the continu-
for all temperatures investigated. ous mode.

These catalysts were also investigated in the pulse-feed In a subsequent set of experiments, the gas—gas peri-
mode in the same way as the nonpromoted catalysts; the dagadic flow reactor was used to investigate the reactivity of
are given inTable 3andFig. 9. Introduction of Co or Fe into  BiMo12Fe;NiCo7;MgShy gTig 1Tep 02C%.40; in a similar way
BiMoO, led to the formation of C@as well as methacrolein as was done for BMoOg (Table 9. The effect of increasing the
in the initial exposure of the catalyst to isobutene in the pulsésobutene concentration in the feed is characteris&dite 4
mode. This is in contrast to the nonpromoted catallygi.(4),  No carbon loss was found within experimental error. Clearly,
where no CQ was observed during the pulse-mode operationthis effect was replicated using the microreactor under pulse-
However, the formation of C9Ywas much less than that ob- flow conditions as well. Co-feeding isobutene/air gave only
served in the continuous-feed mode. At low temperature witlhmarginally lower methacrolein selectivity and slightly higher
Co-promoted BiMoQ catalysts, there was no deposition of car-isobutene conversion, so that the overall yields were almost
bon within the limits of experimental error, but at higher tem-identical. This confirms that for the optimised promoted cat-
peratures, carbon deposition was observed (see supplementaityst, the benefits of operating in a pulse-flow mode are very
material). Significant levels of carbon deposition were observetimited. In contrast, the nonpromoted BiMgQ@atalyst led to
with the Fe-promoted catalyst. The data for the complex protower conversion in a pulse-flow mode but gave almost total
moted catalyst BiMgFeNiCo;MgShy gTio 1T€y.02CS.40, selectivity to methacrolein within experimental error.



288 N. Song et al. / Journal of Catalysis 236 (2005) 282—-291

Table 3

Comparison of the operation of BiMgCand promoted BiMo@® catalysts in the pulse and continuous feed modes

Catalyst Time Normalised yield (108 mols1m~—2)
(sF 358°C 376°C

CO, Methacrolein Carbon co Methacrolein Carbon

BiMoO, 10 0 195 0 0 294 0
30 0 105 0 0 173 0
60 0 56 0 0 42 0
20 0 30 0 0 37 0
120 0 0 0 0 0 0
Continuous g 3.6 0 198° 9.8 0

Cop.25BiM0O, 10 36 159 0 62 230 21
30 0 58 0 0 78 10
60 0 0 0 0 0 0
Continuous ®P 0 0 220¢ 111 0

Fep.25BiM0O, 10 20d 8.2 81 328 113 107
30 0 42 115 0 45 31
60 0 20 36 0 23 0
90 0 0 0 0 0 13
Continuous b 48 0 138f 8.2 0

2 pulse mode data collected at specified times during 2 min isobutene feed (3.5 vol% isobutgrﬁ(]mnﬂminfl); continuous mode data collected at 360, 370,
380, 390°C using 3.5 vol% isobutene in air (50 mi mif).

b Continuous mode data collected at 36D

¢ Continuous mode data collected at 380

d pulse mode data collected at 355.

€ Pulse mode data collected at F70.

f Continuous mode data collected at 3T

Table 4

Effect of isobutene concentration on the operation of a gas—gas periodic flow reactof & @§@ig BiMo, 2FeNiCo7MgShy gTig.1Tep.02C%0.40x

Isobutene (Isobutenet air)/He (Isobutene- Ar)/He/Op AS
(%) Conversion (%) Selectivity (%) Yield (%) Conversion (%) Selectivity (%) Yield %) (%
13 975 871 849 969 912 884 41
34 972 894 869 96.6 929 897 35
8.6 964 919 886 928 959 890 40

2 AS (%) denotes the selectivity enhancement when operated in (isobuténgHe/O, mode compared with that in (isobuteneair)/He mode.

It is tempting to suggest that nonpromoted catalysts couladatalysts are significantly impaired by operation in the pulse
be successfully operated for isobutene oxidation in the pulsenode, even though selectivities are substantially higher. Al-
or gas—gas periodic flow mode, but several factors mitigat¢hough these results are only of academic interest, they may
against this being a commercial possibility. First, the activ-provide useful clues as to how the elusive goal of total reac-
ity of the nonpromoted catalysts is much lower per unit aredion selectivity (i.e., 100% atom efficiency) can be obtained in
of catalyst compared with that of the promoted commerciaheterogeneous oxidation reactions.
formulations, and, consequently, the gains made in improved
selectivity are unlikely to be sufficient to offset the higher costs3.3. Investigation of the first and subsequent pulses using
associated with the inherently more complex pulse mode of PR/TPO
operation. Second, the promoters provide a structural func-
tion [5] in that they lead to higher surface areas for the Since the initial studies of Robertson et [@9] using TPR,
active catalysts (e.g., BiMoO= 2 m?g1, CaysBiMoO, TPR/TPO have been used to characterise the oxides used in
= 4 n? gL, BiMo12F&NiCo7MgShy oTio 1Tep 02.C40: =  redox reactions. Monts and Baik@0] carried out a defini-

6 m?g~1), and, consequently, promoted catalysts will alwaystive study of TPR methodology and established the optimum
exhibit superior catalyst performance in terms of methacroleirtonditions under which this characterisation technique should
yield for this reaction. Nonetheless, the overall potential benebe used. To date, most researchers have used single TPR or
fits of operation of nonpromoted and promoted bismuth molyb-TPO analysis for catalyst characterisation. This can be of great
date catalysts in the pulse mode are small relative to the costlue in determining the optimum catalyst reduction or calcina-
penalties associated with the more complex reaction. Hencéipn temperatures, but for redox reactions, in which the catalyst
for this reaction, there is likely to be no performance benefit incycles between reduction and oxidation, single TPR/TPO deter-
using pulse or riser reactor technology. It is clear that the timeminations may not be representative. The observation that the
integrated activities of the low-activity nonpromoted BiMpO first pulse-mode operation with bismuth molybdate catalysts
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b ﬂ ’A M
always gave a higher intrinsic activity for methacrolein forma- \ J

tion than subsequent pulsdsd. 6) prompted us to investigate
TPR/TPO cycles as a means of characterising the redox behav-
iour of they-BioMoOQg catalyst. We investigated five cycles of
TPO/TPR or TPR/TPO using diluteoH10% H, in Ar) or di-

lute isobutene (4% isobutene in He) as the reducing agents and
dilute O, (10% O in He) as the oxidant. In these experiments,

the temperature was ramped to 4@and held constant there. ¢ ‘A‘ M

Typical data for this cyclic TPR/TPO study are showikig. 10 A JL M N S " ~AA

for Hz used as the reducing agent and-ig. 11for isobutene 3'0 4'0 5'0 6'0 7'0 80
used as the reducing agent. The data for the TPR cycles with 2-theta (degree)

isobutene are complicated by the reaction of isobutene with the

catalyst; hence only the TPO data are shown. However, in botfig. 12. Powder X-ray diffraction patterns foriloOg catalyst: (a) fresh cal-
cases, the initial TPR and TPO are significantly different fromcined catalyst, (b) after TRRTPOy, () after TPR/TPOy/. .. [TPR/TPCs.

the subsequent TPR/TPO. Characterisation of the catalysts after

H2-TPR/TPO cycles using powder XRIFify. 12 show subtle  ing fluidised bed reactdi1-15] The observation that the first
changes in intensity in the 3zand 56 regions. Laser Raman TPQO determination is different from subsequent TPO cycles is
spectroscopyHig. 13 shows no significant difference between consistent with the enhanced activity for methacrolein forma-
the first and subsequent oxidation cycles. However, significarfon observed with the first isobutene pul$éy( 6). It is clear
differences between the first TPR/TPO cycle and subsequetiiat reoxidation of the catalyst cannot restore the initial catalyst
cycles were observed with all of the nonpromoted and prosurface present after the calcination step of the preparation. In
moted bismuth molybdate catalysts reported in this study anthe present study, we used 48D as a calcination temperature.
appears to be a consistent effect. These data indicate that sifthe pulse mode experiments were carried out with a maxi-
gle TPR and TPO determinations may not be appropriate fomum temperature of 3RC; thus the TPR/TPO studies with
the characterisation of catalysts to be used in redox processasnaximum temperature of 40C are consistent with the cat-
or cyclic operations using pulse reactors, such as the circulaglytic studies. However, to determine whether the effect is due
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tivity. However, commercially, these benefits would likely be
outweighed by the complexity of operating a riser reactor.

Using TPO/TPR or TPR/TPO cycles has been shown to be
informative. In most cases, the first TPR or TPO cycle is sig-
nificantly different than subsequent cycles, although there is no

A “ effect on the bulk structure. This is consistent with the obser-
vation that the first pulse reaction cycle for isobutene oxidation
gives significantly higher yields of methacrolein.
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