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Abstract

Pure BpMo03012, BioM020g, BioM0Og, MoOs and a-Sh,O4 and their mechanical mixtures were investigated in the
oxygen-assisted dehydration of 2-butanol at atmospheric pressure and at low temperature (220&@nARBatalysts were
characterized before and after the catalytic reaction by BET surface area measurement, Raman spectroscopy, XRD and XPS.
A strong parallelism is confirmed with the results obtained in the selective oxidation of olefins. In the frame of the remote
control concepte, 3 andy-bismuth molybdates are able to play a dual role: donor of spillover oxygen (Oso) with respect
to MoQs, and acceptor of Oso with respectdeSh,O4. On one hand, this duality leads to mutual increase of activity when
the bismuth molybdates are mixed together. In the presence oMb@&ux phase seems to be a stronger Oso donor fhan
andvy, and[3 has a donor strength betweerandy. On the other hand, when the Bi molybdates are reacted in the presence
of a big quantity of spillover oxygen, like in a mixture with-Sh,O4, they undergo a dramatic decrease of activity. The
phenomenon originates from the full oxidation of the reduced Mo species ¥ Mduced by Oso. In parallel with other
reactions involving oxygen, this confirms that the real active and selective state of molybdenum-containing oxides is that
slightly reduced possessing Rita © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction subject of numerous investigations. Actually, they are
rarely pure and often contain small amounts (ca. 2%)
This paper is an attempt to shed light on the cat- of other phases. Reports are quite scattered concern-
alytic properties of the various bismuth molybdates ing their Bi/Mo surface and bulk ratios. In addition,
(a-BizM03012, B-BioM020g, v-Bi2M0Og) in reac- results concerning their activity are contradictory.
tions involving oxygen. These phases are modestly As an example, the following is reported about the
active and selective compared to industrial multi- performances of the Bi molybdate phases for the
element, multi-phase catalysts containing Bi and Mo. selective oxidation (Ox) of propene £€) to acrolein:

Nevertheless, each of them individually has been the p o [1.2] B>(a=v)
Ref. [3] ([3:01.)>'y
* Corresponding author. Fax:32-10-473649. Ref. [4] V>B>a
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de la Recherche Scientifique, Belgium. butene (G=) to butadiene, reports for conversion are:
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Ref. [5] Y>B>a system is to modify catalytic sites and tune the state
Ref. [6] B>a>y of the catalytic surface. It is thus possible to ques-
These lists are far from exhaustive. tion the role of spillover oxygen and remote control

Reports concerning multiphasic systems containing mechamsm in this effe_ct. We therefore selected the
Bi molybdates confirm that the matter is mainly the ©Xygen-aided dehydration of 2-butanol as test reac-
cooperative effects in which they are involved. Some tion. The reaction takes place at low temperature, thus
examples are shown in Table 1. minimizing the danger of parasitic reactions of the

New approaches are therefore in strong demand for reactants. We evaluated the positions of the three Bi
clarifying the roles of bismuth molybdates in the per- Melybdates on the spillover oxygen donor-acceptor

formances of selective oxidation catalysts. To do so, Scale. To do so, we investigated the performances of

the phases must remain unchanged in the preparationMixtures of each Bi molybdate with Me(Ja typical

procedure and in the catalytic reaction, and this must SPillover oxygen acceptor) and wittSh,O4 (a typi-

be verified. In order to minimize surface contamination €@l Spillover oxygen donor). Additionally, three mix-

phenomena, formation of new phases, aggregation ortures combining the molybdates two-by-two were also

possible segregations, we used mechanical mixturestésted. . ,

of the bismuth molybdate phases prepared separately. 1€ objective of this study is to present new results
Dehydration reactions on mixtures of oxides are ac- WhICh could be us_eful to elucidate the controversy in

tivated by the presence of molecular oxygen. This can th€ literature mentioned above and to understand the

appear as a surprising effect as oxygen does not reac€"gin of the high performances of multiphasic cata-

with the reactants. However, we have shown a very YStS containing bismuth molybdates. The aim of our

strong parallelism between these dehydrations, Ox andWOrK is to show that in bismuth molybdate catalysts, a

ODH reactions. The catalysts are identical and the in- C&talytic cooperation via a spillover effect offers a true

fluence of the @ pressure is similar [11]. In addition, understanding of their catalytic activity in the presence

previous investigations showed that Mp@ses de-  Of OXygen.

hydration activity in the absence of oxygen [12]. The

phenomenon is interpreted as the reduction of Mo at

the surface, which is shown to happen to some extent 2. Experimental

even in the presence of(J13]. The reduction is a

consequence of the total combustion of the alcohol si- 2.1. Catalyst preparation

multaneous to the dehydration. The corresponding loss

of O atoms from the surface of the catalysts inducesa BioMo03012, BioM020Og and BpMoOg were pre-

loss of Bronsted acid sites, which most likely consist pared by the citrate method from Bi(NR-5H-0,

in superficial O atoms having fixed H atoms. This clar- (NH4)sM00O7024-7H,0 and GHgO7-H2O. Aqueous

ified the necessity to have oxygen in the feed to main- solutions of B¥t and M&* (Bi/Mo molar atomic

tain the dehydration activity of oxides and justifies the ratio equal to 2/3, 1/1 and 2/1, respectively) are added

use of the words “oxygen-assisted dehydration” for to an aqueous solution of citric acid in equivalent

this system. amount. The water was evaporated under vacuum
The advantage of oxygen-aided dehydration as ain a revolving flask at 30C until a viscous solution

tool for investigation is that the role of oxygen in the was obtained. This solution was dried af80under

Table 1

Explanations given in the literature for the cooperative effects between Bi molybdates

Authors Type of cooperation Explanation

Matsuura et al. [6] a+y in n-C4=ODH Formation of a phase similar

Carson et al. [7] a+p in n-C3=0x Deposition ofa or vy

El Jamal et al. [8,9] a+y in N-C3=Ox Elimination of Bi-rich layer on the reaction of this Bi witt

Weng et al. [10] a+various oxides im-C4=0x Action of spillover oxygen
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vacuum for 16 h in order to obtain a spongy precursor
which was crushed, decomposed at 3D0or 16 h
and calcined at 47@ for 18 h. Purea-ShO4 and
MoO3; were obtained by calcination of B3 and
(NH4)sM00O7024-7H20, respectively, in air at 50C

for 20 h. All reactants were pure grade.

The mechanical mixtures contained equal mass flo-

ctions of: (i) two bismuth molybdates, (ii) one bismuth
molybdate andx-SkyO4 or MoQOs, and (iii) a-SkpO4
and MoQG. The starting powders were interdispersed
in n-pentane and then dried at T The mixtures
were not further calcined at high temperatures.

2.2. Catalytic tests

The catalytic measurements were performed in a

conventional fixed-bed reactor in the up-flow mode
at atmospheric pressure with 1g of catalyst pel-

281

For X-ray photoelectron spectroscopy, SSX-100
Model 206 SSI spectrometer with monochromatized
Al Ka radiation (1486.6eV) was used. Vacuum
in the analysis chamber wasx%0~° Torr. Charge
neutralisation was achieved using an electron flood-
gun adjusted at 6eV and placing a Ni grid 3.0mm
above the sample. The recorded peaks were C1ls
(284.8¢eV), Bidf, (164.7eV), Mo3d,, (235.6eV),
O1s (530.5eV) and Sb3g (530.4eV) [12].

3. Results
3.1. Pure bismuth molybdates and single oxides
The a-ShpO4 phase is nearly inactive. In the other

cases, butenes were the only selective products ob-
tained except fora-BioMo03012 and MoQ, which

lets sieved between 0.315 and 0.500 mm. The feed also produced traces of methylethylketone. Tde

(34 ml/min) contains a partial pressure of 176 mm Hg
of 2-butanol (BUT) in air corresponding to a volume
ratio BUT/oxygen of 1.5/1. Two reaction tempera-
tures were chosen: 220 and 280 Analysis of the

phase is more active and selective tf3aandy phases
(Table 2).

XRD and Raman patterns correspond to the re-
spectivea, B andvy phases. The BET surface areas

products was done using on-line gas chromatography.and these patterns remained unchanged after reac-
Catalytic performances were expressed as conversiontion. Concerning the XPS signal for Mo, all spectra

of 2-butanol (%), selectivity (%5), and yield (%)
to butene. One did not try to differentiate the different
butene isomers.

2.3. Catalyst characterisation

All catalysts were characterized before and after the
catalytic test using the BET technique, XRD, Raman

presented a shoulder for the Mag3sl peak at about
231.0eV, which is attributed to Md. A typical pro-

file of the Mo3d/» band with a M8 contribution is
presented in Fig. 1a. XPS analysis did neither detect
any modification in the atomic ratio nor Mo oxidation
state nor the occurrence of any deposition of carbon
at the surface after the reaction.

spectroscopy and XPS. BET surface areas were mea-3.2. Mechanical mixtures of two bismuth molybdates

sured using a Micromeritics ASAP 2000 instrument
by adsorption of krypton at196°C on 200 mg sam-
ples previously degassed at 280for 2 h at a pres-
sure of 0.001 mmHg. X-ray diffraction patterns were
obtained with a high resolution X-ray diffractometer
Kristalloflex Siemens D5000 using CucKradiation
(,=1.5418 A), scanning thedrange betweensand
70° at a rate of 0.29min.

Raman spectra were recorded with a Perkin-Elmer
Spectrum 2000 in the range 700000cnT?,
The samples were irradiated by a Nd/YAG laser
(A=1064 nm) with a power of 200 mW. The spectral
resolution was 4 cm! and the number of scans was
20.

Conversions of 2-butanol, yields and selectivities
to butenes (Table 3) obtained on the mixtures were

Table 2
Surface area and catalytic activity at 2200f pure oxides in the
oxygen-assisted dehydration of 2-butanol

Oxides SBET %C %Y %S
(m?/g) (2-butanol) (butenes) (butenes)
a-BioMo03012 1.30 35.3 12.3 34.8
B-BizM020g 1.40 14.5 3.7 25.7
v-BioM0Og 1.60 11.6 3.4 29.0
003 3.33 86.9 33.6 38.0
SOy 1.49 0.6 0 0
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Fig. 1. XPS Mo3d band for the mechanical mixture obbOs and a-Sh,O4: (a) before catalytic test, and (b) after catalytic test. The
plain line represents the raw spectrum; the dotted line represents the baseline; the dashed line represetitsctimridotion. In (a), the
dashed area is not covered by the Maontribution, indicating the presence of Rtospecies. In (b), the MY contribution fits perfectly
the raw spectrum, suggesting the absence ofMspecies.

always higher than those theoretically calculated on temperature (400-45Q) [11,14], a plausible expla-

the basis of the performances of the pure phases, indi-nation of the synergy rests on the existence of a coop-

cating the existence of a synergy between the differ- eration between separate molybdate phases, probably

ent molybdate phases. BET surface areas, XRD andvia spillover oxygen.

Raman spectra and XPS spectra (including the shoul-

der at 231.0eV for the Mo3gh band) were similar 3.3, Mechanical mixtures of bismuth molybdates and

before and after the catalytic test. The XPS analysis MoO;

did neither detect any atomic ratio nor Mo oxidation

state modification nor carbon deposition. Under the A significant synergy in the conversion of 2-butanol

conditions used in this work, no change of the three anq the yield to butenes was observed on the mix-

molybdate phases can be detected after the reactionyyres (Table 4). However, selectivity corresponds to

Therefore, the observed catalytic synergy cannot orig- the value expected if both components behaved in-

inate from aggregation or segregation effects from the gependently. BET, XRD, Raman and XPS techniques

formation of a new oxide phase or mutual contam- gid not detect any modification of the catalysts after

ination. As suggested in a previous investigation on e reaction.

the oxidation of isobutene to methacrolein at higher |t js striking that compared to the mixture of MgO
with a-SkpO4, the intensity of the synergies are al-

Table 4
Catalytic performances at 220 of the mechanical mixtures of

Table 3
Catalytic performances at 220 of the mechanical mixtures of

bismuth molybdatés

the bismuth molybdates and Mg®

Mechanical %C %Y %S Mechanical %C %Y %S

mixtures (2-butanol) (butenes) (butenes) mixtures (2-butanol) (butenes) (butenes)
a-BizM0o30123-BizM020g 35.0 (24.9) 12.2 (8.0) 34.9 (32.1) a-BizM0301-M0oO;  73.7 (61.1) 27.5 (22.9) 37.4 (37.5)
a-BizM03012—y-BioM0oOg  32.4 (23.4) 10.7 (8.0) 34.9 (34.1) B-Bi2M0209—M00O3 86.0 (50.7) 32.1(18.7) 37.3(36.8)
B-BizM0209—y-BizM0Os  15.4 (13.0) 4.7 (3.5) 30.8 (27.1) v-Bi,M0oOg—M0O3 81.8 (49.2) 30.5(18.5) 37.5(37.5)

2Values in parentheses are those theoretically calculated from
the results obtained with the individual catalysts admitting the
approximation of zero order kinetics.

2Values in parentheses are those theoretically calculated from
the results obtained with the individual catalysts admitting the
approximation of zero order kinetics.
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Table 5
Catalytic performances of the bismuth molybdates an8ilpO,
mechanical mixturés

Mechanical %C %Y %S

4. Discussion

No change of any of the,  or y-Bi molybdates
mixtures (2-butanol) (butenes)  (butenes) during the catalytic_ reaction can be observed. Nev-
«-BiMogO-SbyOs 195 (48.0) 6.7 (17.1) 343 (35.7) ertheless, synergetic effects occurred. In the frame
B-BisM0,Og-a-SyOs 3.2 (25.9) 05 (84) 167 (325  Of the remote control mechanism concept, we have
v-BizM0Os—-Skp 0y 29(236) 0.2(78 57330 shown that all the oxides involved in Ox, ODH or
MoO3—a-Sh 04 73.4 (50.1) 27.5(19.5) 37.5(37.9) oxygen-assisted dehydration are located at intermedi-

aValues in parentheses are those theoretically calculated from ate places in a spillover oxygen donor—acceptor scale
the results obtained with the individual catalysts admitting the [11]. Bismuth molybdates exhibit a dual behaviour
approximation of zero order kinetics. but with different donor/acceptor balances. This ac-
counts for the synergetic effects in mixtures of Bi
molybdates together and in mixtures of Bi molyb-
dates and Mo@ (Tables 3 and 4), while these results
confirm that the bismuth molybdates behave as donor
of spillover oxygen with respect to MaQ(a typical
acceptor). If the synergy in the conversion is consid-
ered,p and+y phases are stronger donors. Selectivities
remain constant and are the same in all cases.

The situation for mixtures of Bi molybdates with
a-ShhOy is less clear because conversions are de-

most identical for the mixtures of Mofand Bi Moly-

bdates (see last row of Table 5). The synergetic effect
exerted by the latter in selective oxidations and the
oxygen-assisted dehydration of formamides [14] has
been shown to be due to the spillover oxygen species,
Oso, that it produces. The bismuth molybdates thus
behave also as Oso donors with respect to §oO

3.4. Mixtures of bismuth molybdates ameblpO4 creased as well as selectivity fBrandy. The inter-
esting result concerns the effect inducedob$yO4,
Surprisingly, when mixingx-SkpO4 with the vari- which is considered as an Oso donor much stronger

ous molybdates, the catalytic activity, yield to butene than the bismuth molybdates themselves [11], when
and selectivity decreased dramatically (Table 5). As it is mixed with the Bi molybdates. This result
for the other mixtures, specific surface areas, XRD may clarify the situation. The Oso donor property
and Raman patterns were unchanged before and afteiof «-ShpO, in the oxygen-assisted dehydration of
the reaction, which suggests that the loss of activity 2-butanol at low temperature has already been proven.
should be interpreted by some interaction between In a long catalytic test of 12 h, it was shown that pure
separate phases leading to inhibition. But XPS anal- MoOj3 surface got deeply reduced with a correspond-
ysis showed a very different behaviour when consid- ing progressive transformation to MeOThe latter
ering the Mo3d,, peak (Fig. 1). led to the deactivation of the catalyst. On the con-
While in all other cases (mixtures of two bismuth trary, when MoQ was used in physical mixture with
molybdates and mixtures of one bismuth molybdate a-ShyQy, its surface got stabilized to a chemical state
with MoQOg), a significant part of the Mo in the bis- which was just slightly reduced without any lattice
muth molybdate phases remained stabilized a8"Mo  destruction. The effect was attributed to the action
species (shoulder at 231 eV) even after the catalytic of spillover oxygen produced bw-SkO4 on the
reaction, the M&" species present before reaction in surface of MoQ. By maintaining MoQ in a more
the mixture witha-SkpO4 disappeared totally afterthe  active suboxide structure, the presencece$bpO4
test. In the case of the mixtures wisthShyO4, Mo®t thus led to a “synergetic” increase of the 2-butanol
got completely oxidized to MY. Fig. 1 shows the  conversion and selectivity to butene [13,15], but the
disappearance of the Mb species during the reaction  effect of a-SkpO4 in the case of the Bi molybdates
in the case of the mixture of BM0oOg with a-ShO4 was completely oppositex-SkpO4 induced a strong
but the phenomenon happened for all mixtures of one decrease of the activity and selectivity of tBeand
bismuth molybdate witlx-Sb,O4. These results show  y-Bi molybdates, and to a lesser extent, of the
that bismuth molybdates behave as acceptors of oxy- phase. In the absence of structural modification of
gen spillover with respect ta-ShO4. the molybdates, we should admit that this effect is
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also due to an action of Oso on these catalysts. In
parallel with the catalytic results, we found that an-
other effect olx-SkpO4 was to induce oxidation of the
reduced Mo species of the Bi molybdates to fully oxi-
dized M&+. The phenomenon particularly concerned
they phase which suffered the most important loss of
activity. Such an oxidation was never observed for the
other catalysts, where Bi molybdates exhibited their
usual reactivity, or better, developed synergetic effects.
Therefore, our hypothesis is that the loss of activity is
intimately related to the full oxidation of the reduced
Mo species. The molybdates are acceptors, tbat
strongacceptors, in the sense that they deactivate by
forming stoichiometric or near-stoichiometric oxides.
In the case of Mo@, not only in the oxygen-assisted
dehydration of 2-butanol [15], but also in the selective

E. Godard et al./Catalysis Today 61 (2000) 279-285

Another result is that the Bi molybdates exhibit their
highest performances when they are maintained in a
slightly reduced state. We previously drew an iden-
tical conclusion concerning the reactivity of MO
This result is important since it shows that our pre-
vious conclusions concerning the reactivity of MpO
in selective oxidation, oxidative dehydrogenation and
oxygen-assisted dehydrations identically apply for
other compounds with similar structural properties.
The present investigation concerned Bi molybdates,
but one presumes that other catalysts often used in
industrial processes also obey the same rules.

In addition, beyond that aspect, our results
open other perspectives. Oxygen-assisted dehydra-
tion reactions of 2-butanol like in this work or of
N-ethyl-formamide to propionitrile [14] are due to

oxidation of isobutene to methacrolein [13,16-18], Bronsted acid sites. We previously showed that such
the best catalytic performances were indeed obtained Bronsted sites could be created under the action of
when the surface of the oxide was maintained in a spillover oxygen. In the present work, it is shown that
slightly reduced state as it is often commented in spillover oxygen can also influence the reactivity of
literature. Bi molybdates have a structure which can oxides in dehydration reactions by dictating their oxi-
undergo changes very similar to those of MpQur dation state and controlling their suboxidic character.
assumption is thus that the compounds should also Our results thus confirm that there is an intimate link
behave similarly from the catalytic point of view. between the presence of acid sites at the surface of
By eliminating the few reduced Mo species at the oxides and their suboxide structure. This point has
molybdate surfacey-ShyO4 led to the destruction of  to be investigated further to fully reveal its potential
the most active and selective state of the catalyst. Theimportance for the understanding and improvement

resulting effect is the decrease of performances that
we have observed.

5. Conclusion

Under the assumption of the remote control mech-
anism, the three Bi molybdates, B and -+, have
been shown to develop a dual role. They influence the
reactivity of the catalytic system as typical oxygen
spillover donor when reacted in the presence of a typ-
ical acceptor (like Mo@), but at the opposite they act
as oxygen spillover acceptor (they have their surface
oxidized) when in the presence of a typical donor (like
a-SkpO4). This duality is the origin of the synergetic
effects and the mutual increase of performances they
exhibited when mixed together. Remembering that the
Bi molybdates are rarely synthesized completely pure,

this likely elucidates the reason of the controversial [

performances previously reported by various authors
in the literature.

of the selective oxidation processes.
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