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Abstract

The oxidation of propane to acrylic and acetic acids has been studied using\NbjbgShy 25V 0.3 mixed oxide catalyst,
calcined and activated before reaction under different conditibns (G600 or 600 C in atmospheres of N static air, and
flowing air (dry or with water or ammonia addition)). Catalytic testing was performed &t@@®a plug flow microreactor
and the characterisation of the catalysts was carried out by XRD, XPS, BET, FT-IR and ammonia TPD. The best conditions
for acrylic acid (AA) formation are calcination at 50C under N, followed by activation at 500C prior to reaction under
helium. The selectivity to acetic acid was found to be rather high, which was assigned to the presence of Sb instead of Te, which
is used most often. The presence of all four elements, Mo, Nb, Sb and V, was found necessary to achieve high selectivities
in acrylic and acetic acids. The presence of several crystalline phases, sueas@/SkpM10031 with M: Mo (major),

Nb and/or V (minor), SbVQ, sub-oxides of Mo®, such as MgO3 and (M;M,Mo;_,_,)sO14 with x andy referring to
low amounts of V and Nb, and some amorphous phases, such@g,$ims shown to be important in order to orientate the
reaction toward the production of acrylic and/or acetic acids. The presence of Mafair-calcined samples was found to
be detrimental to the selective oxidation of propane.

This work exemplifies further the general concept of multicomponent oxide catalysis for heterogeneous selective oxidation,
which involves low acidity, a synergistic effect between several solid phases and the role of shear/defective and even XRD
amorphous, structures facilitating the redox mechanism of the reaction.
© 2003 Elsevier Science B.V. All rights reserved.

Keywords: Propane selective oxidation; Acrylic & acetic acids; Redox vs. acid—base; MoNbSbVO mixed oxid&{M)s014 sub-oxide
with M = V or Nb; Activation conditions

1. Introduction economical since alkanes are much cheaper and more
abundant than the corresponding olefins. The second
The selective oxidation of light alkanes&Cs) to one is fundamental since the way by which the alkane

form the corresponding olefins, alcohols, aldehydes, is activated and functionalised into an oxygenate re-

anhydrides or acids has been largely studied in the mains unclear and challenging.

past 20 years for two main reasons. The first one is  There are two main actors in an oxidation reaction:
the reactants (the hydrocarbon and the oxygen species)
and the catalyst. In short, one needs:

* Corresponding author. Present address: ENSCP, Laboratoire 1. to activate both the oxygen and the hydrocarbon,
de Physico-Chimie des Surfaces, 11 Rue P. & M. Curie, Paris i .
F-75005, France. Tel:+33-14633-5587; fax:+33-14634-0753. and more specifically to determine the role of the
E-mail addresses: vedrine@liv.ac.uk, adsorbed/lattice oxygen species and the importance

jacques-vedrine@enscp.jussieu.fr (J.@dxine). of the mode of hydrocarbon adsorption;

0920-5861/03/$ — see front matter © 2003 Elsevier Science B.V. All rights reserved.
doi:10.1016/S0920-5861(03)00125-1



248

2. to ensure the reactivity of the reactants and, more
importantly for selective oxidation, to control the
reactivity of the primary and secondary products to
avoid further oxidation to CQ

. tocontrol the mechanism of the hydrocarbon trans-
formation (heterolytic versus homolytic C—H bond
activation), the desorption rate of reaction inter-
mediates, and the contribution of homogeneous re-

actions, especially when the temperature exceeds

400°C;

. totunethe surface properties of the solid catalyst to
match several reaction requirements, comprising H
atom(s) abstraction, oxygen atom(s) insertion and

electron transfers.

In this paper, a single example is discussed, namely
the direct oxidation of propane to acrylic and acetic
acids on Mo/Nb/Sb/V mixed oxides, as described in
Mitshubishi, Toa Gosei, and Rohm & Haas patents and
synthesised using a slurry method, followed by calci-

nation and activation in different conditiofis—4]. A

study of the kinetic and reaction mechanism of both
propane and propene oxidations to acrylic and acetic
acids, and catalysts characterisation before and after

catalytic testing, have allowd8,6] the description of

such catalysts and of their behaviour during catalytic

and will be published elsewhefd].

2. General features of selective oxidation
reaction on metal oxide catalysts

Many factors play a role in selective oxidation re-
actions on metal oxide catalysts and the complexity of

such catalysts is widely recognis¢®l. It is usually
accepted that:

(b)

(©)
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scheme, wher@ represents the partial pressure
andé the surface coverage by the hydrocarbon:

k k
R + O T9p + OandO + %Og—%OL

With rred = kredprE androx = koxp’(ljz(l —0)

The reaction proceeds entirely at a single site,
consisting of a cluster/ensemble of atoms.
This concept has been first proposed by Haber
and co-workerg[10,11], and was confirmed in
many cases, e.g. for bismuth molybdate cata-
lysts by Grasselli and Burringtofil2] in the
(amm)oxidation of propene to (acrylonitrile)
acrolein, and extended to many other mixed ox-
ides[13,14] The reaction is usually schematised
as a sequence of consecutive steps. The first step,
H atom extraction from the hydrocarbon, is fol-
lowed by the formation of an adsorbed complex
to which lattice oxygen atom is added, etc.

The rate-determining step (rds), controlling the
overall rate of the reaction, is usually the first
H-abstraction from the hydrocarbon. Other steps,
such as further H atom extraction and product des-
orption, are usually significantly faster.

Selective oxidation reaction involves one or several
reaction. A combinatorial approach to the preparation H atom(s) abstraction from the hydrocarbon molecule,
of this mixed oxide system, either as bulk or sup- one or several O atom(s) insertion from the lattice
ported on silica beads, as well as its testing using high and several electrons transfer. For instance, for the
throughput experimentation has also been carried out n-butane oxidation to maleic anhydride, eight H atoms

are extracted frorm-butane molecule, three O atoms
are incorporated and there are six electrons transferred
according to:

C4H10+ 707 — C4H203 + 4H,0O + 66~

This means that surface cations are reduced and

dehydroxylation occurs creating lattice oxygen va-
cancies, which are further replenished by molecular
oxygen that re-oxidises the cations by electron trans-
fer at the surface or within the solid. This implies the

(a) Selective oxidation reactions in heterogeneous existence of collective properties at the solid surface,
catalysis with oxides proceed through a Mars in particular lattice oxygen mobility and electron con-

and van Krevelen redox mechanigfi. In such

ductivity [15,16] This means that, even if the concept

mechanism, the active site oxidises the reactant of localised active sites holds true, collective prop-

molecule R creating a lattice oxygen ®acancy

erties of the solid also take part in the catalytic act

O, and being reduced yields the product P. The [17,18]
In general, the oxygen requirement of the selec-
in a subsequent step, according to the following tive reactions is less demanding than that of the

catalyst is then re-oxidised by gas phase oxygen
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non-selective reactions. It follows that restricting the
availability of lattice oxygen anions at and around
the active site should favour the selective oxidation
reactions over the total oxidation reactions. This was
clearly demonstrated by Grasselli and co-workers
[19,20] for USI3019 used as catalyst for the propene
oxidation to acrolein. An important feature is the di-
lution of the ions (U) responsible of the redox activity
within the active site, brought about by the presence of
Shb, which does not readily change its oxidation state.
The dilution is a consequence of the crystallographic
plane cleavage, on which the active site is located.
This is the site isolation principle introduced by Calla-
han and Grassel[R1] and reviewed recentlf22].
Multicomponent metal oxide catalysts are known
since the early seventies, following the pioneering
works by Sohio Researchdi®,19-21]to be the most
efficient for the selective oxidation and ammoxidation
of hydrocarbons and organic oxygenates. Different hy-
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w-bonded to a Lewis acid site. It is then susceptible
to an attack at the-hydrogen by neighbouring lattice
oxygen. The allyl species can be side-on or end-on
bonded depending on the metal. The former may un-
dergo nucleophilic attack and give a ketone or an alde-
hyde, while the latter may dimerise.

On an acidic oxide, the allylic species exist as carbo-
cations giving an unsaturated ketone R—CO=CH.
or aldehyde R—CHCH-CHO. Another possibility is
that the hydrocarbon is attacked by a Brgnsted acid
site and forms an alkoxide intermediate, which gives a
saturated ketone R—CO—-GHCHz. ltis clear that con-
trolling the acid—base properties of a catalyst surface
will affect the first C—H activation and first reaction
intermediate, and thus, the overall reaction scheme.

2.2. Nature of the oxygen species and
structural/crystallisation state changes during
catalytic reaction

potheses have been proposed to explain the enhance-

ment in both catalytic activity and selectivity. These in-
clude morphology changes under catalytic conditions
[23], interaction between phasdg4], contamina-
tion/wetting of one phase by the other under catalytic
conditions[25] or remote control (oxygen spill-over)
procesd26,27] The latter concept was supported re-
cently[28] for acrolein oxidation to acrylic acid (AA)

when antimonates, considered to be oxygen donors,

were added to a Mo, V, W and Cu mixed oxide catalyst.

2.1. Acid-base features of metal oxides [18]

Various types of surface oxygen species, such as
Oads Oads O3~, 02—, O™, O°, lattice &~ anions,
etc. may exist and are usually classified, following
Bielanski and Haber’'s suggestiofi29,30], as elec-
trophilic/nucleophilic. The electrophilic oxygen is
generally considered as non-selective at variance with
nucleophilic and thus more basic oxygen, such as
lattice &~ anions.

Transition metal oxides, which constitute the ma-
jor family of catalysts for selective heterogeneous
oxidation, are non-stoichiometric compounds whose
compositions depend on the surrounding gas phase

Oxygen has a highly electronegative character and environment. The formation of point defects or alter-

its bond with a metal is ionic, while it is covalent

ation of the linkage between polyhedra under catalytic

with a non-metal. Oxides of metals at high oxidation reaction conditions, as a result of lattice oxygen in-
state, such as ¥ or Mo®t are characterised by a corporation in the adsorbed hydrocarbon (Mars and
covalent metal to oxygen bond and behave as acidic van Krevelen mechanism) leads to the reorganisation
oxides, whereas the same elements at lower oxidationof the surface and to the formation of extended de-
state have more ionic character and behave as basidects in crystallographic shear planes. This has been
oxides. The acid—base characteristics of the oxide havedemonstrated by GdB1] for VPO catalysts during
a major effect on the activation of the reactants, the n-butane oxidation to maleic anhydride. It follows
relative rates of competitive reaction pathways, and that the oxide surface is changing during catalytic
the rate of adsorption and desorption of the reactantsreaction and can be considered as “living and in
and products. These characteristics may change undeibreathing movement”. It also corresponds to the fre-
reaction conditions depending on the oxidation state quent suggestion that the catalyst uppermost surface
of the catalyst surface. is rather labile, and even amorpho{#2,33] The

On a basic oxide, one expects the allylic species, present paper will also emphasise the role of these
formed by the first H abstraction, to be anionic, and structural features and changes.
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Fig. 1. Main oxygenated products of partial oxidation of propane ff86j.

3. Propane oxidation to acrylic and acetic acids influence of calcination and activation atmospheres,
on MoNbShV mixed oxides and temperatures, on catalytic performance and to
relate the latter to structural changes of the catalyst.
The synthesis of MoNbV(Sb)Te mixed oxides and
their catalytic properties for propane (amm)oxidation 3.1. Experimental part
have already been largely studied in industry and
academia. The reaction mechanism has also been dis- A Mo1Nbg 0sShky25V030, mMixed oxide sample
cussed in the literaturfd8,34—38]and is summarised  was prepared using the slurry method described in
in Fig. 1 In a previous study5,6], we have shown the patent literatur@4], followed by drying the solid
that propene is the major primary product, which at 120°C and calcining it for 2h. Calcination con-
is further transformed to acrylic acid. By studying ditions and further activation in air or nitrogen and
propene oxidation at the same temperature, we ob-the temperature were reported previously to be im-
served that acrolein is the major primary product and portant parameters controlling catalytic performance,
acrylic acid, a major secondary product. The other mainly for the acrylic acid yield5,6]. The former
primary product, acetone, yields acetic acid as a sec- studies have been extended by calcining the sample at
ondary product in an alternative pathway. We have 500 or 600°C under different atmospheres: nitrogen,
also shown that calcining the precursor in nitrogen at ammonia+ air, humid air, dry air, static or flowing
500 or 600°C and activating the catalyst in helium at air. The catalyst was further activated at 3@under
500°C favour the main pathway via propene and the oxidative (20% Q in He) or inert (He) atmospheres
acrylic acid formation. When calcination and activa- for 1 h before starting the reaction. Catalytic experi-
tion were performed in air, the second pathway via ments were performed at 40Q in a continuous flow
acetone giving acetic acid and G@as favoured. It  fixed bed micro-reactor using 500 mg catalyst diluted
appeared therefore important to investigate further the in SiC to a total volume of 1.2 cfnand a flow rate
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of 30cn? min~1, GHSV = 1500 h L. The feed com-
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(50 cn? min—1) at 80°C. For quantitative determina-

position was propane, oxygen and water in the ratio tion of the desorbed N§{ a calibration of the detector
52/13/35vo0l.%. The condensable products (acrylic signal was done by performing a TPD in He up to
and acetic acids, acrolein, acetone, water, etc.) were800°C on three NH-exchanged MFI zeolites with
collected for 1.5 h in a system of two successive traps different Si/Al ratio and the amount of the desorbed
at room temperature and the gases were analysedammonia was plotted versus the calculated concen-

on-line (propane, propene, carbon oxides,). The
catalytic results were calculated by integrating the

tration of ammonia for a given weight of zeolite. The

acid—base titration of the catalysts was done against

data for gases for 1.5 h and adding those to the liquid a standardised solution of N®H (0.1014 N) using

condensate data, assuming a 100% C balance.
The catalysts were characterised using BET, XRD,
FT-IR, XPS and NH-TPD techniques. The sur-

1:1 mixture of methylene blue and neutral red (colour
change at pH= 7) for an indicator. The elemental
composition of the samples was determined either by

face area measurements were performed with aatomic absorption at UMIST, Manchester, UK, or by

Micromeritics ASAP2000 apparatus using nitrogen

as probe. The XRD characterisation was carried

ICP (CIROS 120 SOP from Spectro) techniques.

out at room temperature using a D-5000 Siemens 3.2. Effect of calcination environment

diffractometer with a Co anticathode. The IR spectra

were recorded at ambient temperature, as KBr self-

supported disks (KBr/catalyst 400/1). XPS analyses
were performed using a VG Scientific spectrometer

on phase formation

The XRD patterns of the catalyst calcined in differ-
ent conditions are given irig. 2 It is seen that moving

with Mg anode as a source of non-monochromatised from an oxidative to an inert atmosphere, the nature of

X-ray radiation. All binding energy values were de-
termined by using the {g line as a reference at
284.5eV. The NH-TPD characterisation was carried
out with a Micromeritics TPO/TPR 2900 apparatus
in the temperature range 200-6@ under He flow
after saturation of the sample with pure ammonia

the catalyst phases changes significantly. The identifi-
cation of the phases present after calcination under air
or nitrogen and before and after activation at 560
under N or under 20% @ in He prior to catalytic
testing, are summarised ifable 1(A) before reac-
tion. It appears that after calcination under nitrogen,

20000 -
15000 | Nitrogen
3 P, | \
@ 10000 - R; Mt s S00°C.
2
£ |
\ |u| I‘ Dry air
5000 v,
0 L 1 L | " 1 1 | 1 1 1 1 ! 1 " |
10 20 30 40 50 60 70 80 20
2-Theta

Fig. 2. XRD patterns of it and air-calcined catalysts at 500 and 600 using Co K radiation.



Table 1
Phases detected by XRD (Co source) for both air and nitrogen calcined samples at 500 @raé@Dactivated under XHe or G;/He at 500C
XRD phases
MoO3 MogOy3 VSbO4 Sb;MO]_oOgl Sb2M010031 M-Mo—-0O?
(35—-0609) (05-0339) (35-1485) (33-0104) (33-0105) (M: Nb and V)
(A) before reaction
Calcination atmosphere 14.9; 27.1; 29.0; 25.5; 29.8; 30.3;  31.9; 40.9; 45.7;  25.7, 33.1, 25.6; 30.7; 31.2; 25.7; 27.1; 28.8;
31.5; 39.2 34.6; 38.6; 549  63.1; 66.7 42.2;58.8 35.7; 40.7; 578 30.4; 36.8; 39.4
500°C air prior/after activation in @He  \Very strong Weak Medium - - Strong
600°C air prior/after activation in @He  \ery strong Weak Medium - - Strong
500°C Ny prior/after activation in He - Weak - Very strong - Strong
600°C Ny prior/after activation in He - Weak - Very strong - Strong
500°C Ng, activation in Q/He - Weak - - Very strong Strong
600°C Ng, activation in Q/He - Weak - Strong Strong Strong
(B) after 4.5h reaction
500°C Ng, activation in Q/He - Weak - Weak Very strong Strong
600°C Ng, activation in Q/He - Weak - Very strong Medium Strong

The numbers in parentheses refer to JCPDS files.
a8M-Mo-0O corresponds to (MMo1_,)s014 with M: V and/or Nb.

b Main 29 values ¢).

[As14

292-1%2 (€002) T8 AepolL sshlered / [e 1 sulpsA OT
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StyMo19031 and to a lesser extent (Mo1_,)5014
with M: V and/or Nb are the major phases with traces
of MogO»3, while after calcination under oxidative at-
mosphere, the major phases are Mp@®SbQ, and
(MMo1_,)s014 with traces of M@O23. Moreover
when the N calcined samples were activated before
reaction under 20% ©in He, SkhMo010031 (which
can be written as S8 Mo1¢°t 03;) disappeared for

the 500°C calcined sample and decreased in intensity

for the 600°C calcined sample while the 010031
(which can be written as $B*Mog®Mo,%t 031 or
Shy3*Mo10>8+031) phase was formed (see two bot-
tom rows inTable 1(A) before reaction). No change
was noticed for activation under He.

The catalysts calcined in static air (grey colour) or
in air flow (green colour), with or without addition
of NH3 or H>O, are only slightly different by their
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that the latter peaks belong to the (Mo;_,)s014
phase. If our interpretation is correct, we can conclude
that MoG; phase is present in appreciable amounts
for all air calcined samples, but not for static air
and Np-calcined samples, while the (Mlo1_,)5014
phase, seen mainly by the peaks near 19, 29 and
36.5, is present for all samples in the decreasing order:
static air> N2 > HyO/air > NHaz/air ~ dry air.

In parallel with the phase identification by XRD,
FT-IR measurements on the differently calcined sam-
ples were also performed in order to obtain additional
information about the crystalline phases. All charac-
teristic bands are in the region of skeletal vibrations
(1100-400 cm?), which makes their interpretation
extremely difficult Eig. 4). There is limited literature
data on the position of IR bands in Mo, V, Sb and Nb
binary or ternary mixed oxides, which as shown by

physical appearance (colour), their surface area andXRD, are the main phases formed during calcination.

their crystallite size. Their XRD patterns are shown
in Fig. 3 It may be noted that the sample calcined
in static air shows specific peaks ai°Z2near 14.2,
19, 26, 29, 36.5, 38 and 39 (= 7.24; 5.42; 3.98;
3.57; 2.86; 2.75 and 2.68 A) with respect to the N

The interpretation is further complicated by the shifts
in peak position of the mixed oxides in comparison
to the corresponding single oxides.

Fig. 4 shows that the catalysts calcined in oxidative
atmosphere have similar FT-IR spectra with three

or air-calcined samples. The peak assignment is quite very strong bands. The band at 990¢his charac-
difficult because of peak overlap due to the presence of teristic for v(Mo®t=0) vibration in MoQ together
several different phases. Nevertheless, it is suggestedwith a weak band at 818 cm. The bands at 870-883

25000
20000
S 15000 [ \ A T
3 k\‘\\-«\..w' L_dw,; WA NWJWA vrilos i, Pitrogen
2 |
‘@
¢ \\‘}\%JAJM J ‘!\.FU\_JU ¥ V. WU PN, W static air
£ 10000 | | l
£ \ byl
b AN oI A N rnr . n N far
A , i H,O/air
5000 AT L TR R N -
WWMEL
| 1 I I | 1 | )
10 20 30 40 50 60 70 80 90
2-Theta

Fig. 3. XRD patterns of all catalysts calcined at 6@0under various atmospheres, using Ce tdiation.
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Fig. 4. Room temperature FT-IR spectra of differently calcined samples &@0@) nitrogen; (b) static air; (c) dry air; (d) J®/air;

(e) NHg/air.

and 1012cm! can be assigned, respectively, to
v(Sb—0O-Sb) and(V=0- - - Sb) vibrations of VSb®
mixed oxide[39]. The broad band at 590—-600 cfn
can be assigned to(V=0) and the weak band at
510cnt! to v(Nb=0) on the basis of data listed for
the single oxides in the Atlas of Infrared Spectra of
Inorganic Compound§0]. These data are coherent
with the XRD data given above.

a theoretical elemental compositions840,0031 was
synthesised and calcined at 5@ However, although

the Mo/Sb ratio of the sample was found equal to 2.52
by ICP analysis, the XRD pattern corresponds rather
to the ShMo10031 phase, indicating that some amor-
phous Sb oxide was also formed. The IR spectrum
presented broad bands centred at 1088, 918, 472 and
458 cntL. This enabled us to the assign the peaks at

In the case of the sample calcined in static air, the 1084, 925, 472 and 457 cth, observed irFig. 4a for
intensities of all bands are smaller due to an intense the N, calcined sample, to the Zo10031 phase.

background related to the darker colour of the sample,
indicative of a partial catalyst reduction. Nevertheless,

The band at 418 cmt is also found in some of the
spectra of samples calcined in air and can be attributed

the general aspect of the spectrum is similar to those of to SkOs (sharp peak at 400 cm). The broad band
all air-calcined samples, although a broad band centredat 754 cnm! can be assigned ®-SkhO4, as observed

near 790 cm! appeared as for the J@/air-calcined
sample.

For the N calcined sample, the IR spectrum is quite
different with broad bands at 1223, 1084, 925, 754,
562, and 457 cmt, and an intense background, in-
dicative of a coloured and partially reduced catalyst.
To gain additional insight, Sb—Mo mixed oxide with

by Cody et al. for a nitrogen-calcined VSbO catalyst
[41], the band at 562 cnt to v(V—O-V) vibration in
which vanadium is partially reduced and the shoulder
at 990 cnt! to ¥(Mo=0) in MoOs. The low intensi-
ties of these three latter bands indicate that the main
phase in this case is the Sh—Mo—O phase, which is in
agreement with the XRD results. This infrared study in



J.C. Védrine et al./ Catalysis Today 81 (2003) 247-262 255

complement to the XRD studies indicates that in both
cases, one has an intimate mixture of several phases,
some of them being XRD amorphous.

The main phase found for the samples calcined in
air is MoGQ;. It is well known since the pioneer work
by Kihlborg in the Sixtieg42,43], that MoG; forms
oxygen defect shear structures. These sub-oxides of
molybdenum have the general formula M,_,,,
wheren = 4, 5, 8, 9 andn = 1 corresponding to the
stoichiometries MgO11, M05014, M0gO23, M0gOog.
Other structures, such as M@®a7, M0o1g0s5, etc. also
exist. Mestl and co-worker§44,45] prepared some
of these sub-oxides with V and W substitutions for
Mo and tested them in various oxidation reactions.
Based on their results, they concluded that Md®
a non-selective catalyst, while V and W substituted
Mos014 appears to be selective in partial oxidation
reactions. Therefore, it is possible to predict that the Fig. 5. Crystal structure of MD14 taken from[45].
presence of Mo@ after calcination in oxidative at-
mosphere will result in less selective reaction, i.e. in )
higher CQ formation compared to the catalyst cal- (0-54 against 0.59 ’8})- For Nb, the a and b parame-
cined in nitrogen. _ters were _S|m|Iar while the ¢ parar_netgr mcrgaseq with

The MosO14 sub-oxide is a quite interesting ma- ncrease in Nb conterféd7], resulting in a shght. in-
terial. MosO14 (designated ag-molybdenum oxide) ~ ¢f€ase In the u.c. volume up to 21,00_21@5(‘8“'“5
together with M@7047 (designated ag-molybdenum of Nb>* = Q.64A in six coordination). In our case,
oxide) were observed long time ago by Kihlborg in a the calculations from XRD patterns gave= b =
study of the binary system Mo©MoOs [42,43] The 22.81_0A ande = 4.042 A, i.e.u.c. volume of 21033
structure of M@Ox4, described by Kihlbord43], is for air calcined samples and= b = 22.898A and
a complex pattern of metal-oxygen Mg@Octahedral ~ ¢ = 4.025 A, i.e. an u.c. volume of 21103AThese
and MoG pentagonal bi-pyramids linked by sharing _data indicate that both Nb and V cations substitute Mo
corners and edges, as representeffiin 5. The lat- in the MosO14 structure. _
tice parameters of the tetragonal sub-cell were found All catalysts were also characterised by XRD af-
equal toa = b = 22.989 A andc = 3.938A, i.e. u.c. ter 4.5h catalytic testingT@ble 1(B) after 4.5h re-
volume of 2081 &. Such a phase was observed to be action). Only minor changes were detected for the
metastabld43,46] and to decompose to a mixture of 900 and 600C Np-calcined samples, for which a

Mo17047 and MoQ and further to MoG and Mo, small transformati_on (_)f SiMo10031 to SlyM019031 _
but was shown to be stabilised by a partial substitu- W&s observed, indicating that both phases are certainly

tion of transition metals such as V, Nb and W for Mo  Present during catalytic reaction. This also supports
[43]. The ternary phase diagram of (Mo1_,)5014 the c_:oncept. of the dynqmlq aspect of the active sites
with M: V or Nb was established by Ekstrom and Ny- and its role in the deactivation process.

gren[46,47] They found that the puré phase was

obtained in the range = 0.06-0.11 for V[46] and 3.3. Characterisation of the acidity and of

x = 0.05-0.15 for Nb[47], and in mixtures fox up the state of the surface layers of the catalysts

to 0.2 for V and up to 0.4 for Nb. The a and b param-

eters were observed to decrease and the ¢ parameter The acidity of the samples was determined by
to increase with increasing V substitution for Mo, re- ammonia TPD as summarised Tiable 2 after nor-
sulting in a negligible u.c. volume change, although malisation to the same weight of catalyst. In order
V>t radius is smaller than Mg in six coordination to support the TPD results, acid—base titration was

Pt
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Table 2
Acidity determined by ammonia TPD and titration for 200 mg sample
Catalyst NH-TPD results H titration
NH3 mol® —|Og;|_0[NH3]a NH3 molb —|Oglo[NH3]b —|Og;|_0[NH4+]a —|Oglo[NH4+]b
60C°Clair 15x 10~/ 5.8 11x 1077 5.9 5.5 5.4
600°C/N, 1.1x 1077 7 09x 1077 7.1 6.5 6.6
500°C/N; 1.8 x 1077 6.7 1.4%x 1077 6.9 6.4 6.5

The superscript alphabets (a,b) represents the values for repeated experiment.

performed with a standardised solution of NBH. Table 3
The results from these titrations are also listed in Surface and bulk chemical composition determined by XPS and
Table 2 The K, values obtained are very comparable 2°Mic absorption (AA)

to those from TPD experiments. Element  Calcination Calcination in AA analysis
The results show that all catalysts have low acid- in ar nitrogen
ity, especially those calcined in nitrogen. Together mol% Atomic  mol% Atomic  Atomic
with literature data they lead to the view tHagher rafic® i ratic®
conversion of propane and production of CO, will \";'02 3052 12-;‘ 331 12-2 (1)31 t .
. . i . . P32 . . . . .
bg obtamed. with air-calcined rather than with Sb3ds 85 062 38 025 0.20
nitrogen-cal cined samples.  Nb3dp 05 004 15 01 0.09
XPS analyses have been performed to determineo 1s 729 5.28 751  5.01 -

the elemental composition and the oxidation states of
the cations in the top layers of the catalyst after var-
ious calcination and activation treatmeifs6]. The
experimental data for surface composition are shown paring the obtained value with literature data, such as
in Table 3 They reveal that, with respect to the bulk, those listed in the Handbook of XP@8]. Table 4
the surface is enriched in Sb (by a factor of 3) and gives the binding energy values determined for each
depleted in Nb (by a factor of 2) when the catalyst element, after calcinations in either air or nitrogen,
precursor is calcined in air. The bulk and surface com- and the corresponding oxidation states determined by
position are nearly identical when the catalyst is cal- comparison to selected reference compounds.
cined in nitrogen. These results further demonstrate  All metal cations are in their highest oxidation state,
that calcination in oxygen favours the diffusion of the except for the presence of somé*vand traces of
Sb cations, very probably as XRD amorphous $bO Mo®+ and SB*t for the nitrogen-calcined catalysts.
phase at the catalyst surface. The shape of the V2p, peak and its shift to a lower
From the binding energy value for each cation, it binding energy value are indicative of the presence of
is possible to determine their oxidation state by com- reduced vanadyl species. Additional information on

2The atomic ratio is normalised to Mo.

Table 4
Oxidation states of cations at the catalyst surface determined by XPS

Calcination in air

Calcination in nitrogen

Reference compoud@3

Element Binding Oxidation state Binding Oxidation state Binding energy (eV)
energy (eV) energy (eV)
Mo 3ds/2 232.2 6+, 5+ 232.3 6+, 5+ MoOy: 229.2; MoQ: 232.3
V 2p3)2 516.6 5+, 4+ (transformation) 516.2 B, 4+ V70s: 516.8; VOCh: 516.2; VO: 515.9
Sb 3a)> 540.1 5+ 539.3 3+ ShyO3: 539.4; ShOs: 540.2
Nb 3d,2 206.6 5+ 206.3 5+ KNbO3z: 206.3; NpOs: 207.0
O 1s 530.3 2 530.2 2- WO3: 530.2; FeOs: 530.0
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Table 5
Catalytic results for all samples calcined under different atmospheres and activated in situ before reactiotCairsld 20%Q in He
Temperature°C) Atmosphere g conversion % Rate of AA formation  Selectivity (mol% C)
(x10~* mol/h g)
CcO COo Cs= AA AcA
500 Dry air 5.5 1.8 29 7 8 24 29
H,O/air 5.1 2.0 36 10 9 20 24
NHs/air 6.1 34 33 9 8 22 27
N2(O2/He) 7.5 5.9 15 7 11 32 33
N2(He) 11.4 14.5 10 4 13 54 18
600 Dry air 5.4 1.2 27 7 7 23 34
H,O/air 3.8 1.3 34 6 8 19 26
NHa/air 6.7 3.2 33 6 8 24 27
N2(O2/He) 1.3 1.0 10 2 10 32 42
N2(He) 15 2.3 3 2 21 35 35
Static air 2.2 1.3 16 2 8 27 43

The conditions of activation for nitrogen calcined samples are shown in the brackets.

the Mo(V) and V(IV) species was obtained by ESR and nitrogen, as indicated ifable 5 The samples
and reported earlief5,6]. They support these XPS  were further activated at 50C in 20%QG in He un-

observations and assignments. less mentioned otherwise. The observed conversions
and selectivities, as well as the rates of formation of

3.4. Effect of various activation treatments on AA are also given infable 5 Fig. 6 plots conversion,

catalytic performance BET surface area, and the rate of AA formation as

a function of temperature and calcinations/activation
Catalytic tests were performed with catalysts cal- treatments, wheredsg. 7 does the same for the se-
cined at 500 and 60CC in air (wet or dry), NH/air, lectivities to CQ, propene (G=), AA, and AcA.

O Rate of AA formation

[ C3 conversion | [~

B BET surface area 12

Static air

Dry air
H20/air
NH3/air
N2 (in 02)
N2 (in He)
Dry air
H20/air
NH3/air
N2 (in 02)
N2 (in He)

Fig. 6. Comparison between conversion (%), rate of AA formatiedq 4 molh1g1) and Sser (M2 g~1) for samples calcined at 500
or 600°C under the atmosphere indicated and activated af60inder 20% @ in He, unless stated otherwise in parentheses.
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gcoz2 60-}

.C3:
mCo 504

mAA
40 -

WACA
30 -

o
500 C

204
10
0 4

ocCoz2
mC3=
OcCo
mAA
WACA

600°C

Fig. 7. Products selectivity (mol% C) for various catalysts, calcined af60@op) and 600C (bottom) (propane conversion is added in
parentheses next to the calcination atmosphere).

The following observations are made: to the change in surface area. This does not hold

true for Nb calcined samples.
1. For air-calcined samples, catalysts calcined at 2. Calcination at 500C under N followed by ac-
500°C give higher propane conversion in parallel tivation under helium gives the higher propane
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conversion and the highest acrylic acid (AA)
(54mol% C at 11.4% propane conversion) and
propene selectivities and the lowest C€elec-
tivity. It is also remarkable that the selectivity
to acrylic acid is higher than that to acetic acid,
which is opposite to what was observed for the
other catalysts. The selectivity to acetic acid
(AcA) is relatively high in all cases at variance
with literature data when Te was used instead of
Sh, particularly when activation was performed
under Q/air.

. Calcination under static air at 600 gives high
selectivity to acetic acid, comparable to that ob-
served for the 600C N, calcined sample activated
under GQ/He.

. For the air-calcined samples, with and without ad-
dition of NH3 or H,O, the major products are GO
acetic and acrylic acids with average selectivities
of about 40, 28 and 22 mol% C, respectively, at
5.4% average ropane conversion.

. The selectivities to acetic and acrylic acids for
the air-calcined catalysts decrease in the order:
static air> dry air > NHs/air > HoO/air.

. The CO selectivity prevails over that of G@n

all cases by a factor of four for the air-calcined
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samples, which could indicate that these species
originate from different reaction intermediates and
products. Some Cfcan be formed together with
acetic acid by the oxidation of acetone (the stoi-
chiometry of this reaction is AcA:C9= 1:1) and
some other from the over-oxidation of the acid
products.

Based on these results, one can tentatively propose
the reaction network schematisedHiy. 8 where the
relative importance of the two major pathways is pre-
sumably controlled by the nature of the solid phases
at the catalyst surface.

A close look at the catalytic results reveals that the
calcination and activation conditions impact not only
on the relative rates of formation of the various prod-
ucts, but also one the main pathway by which they
are formed. As shown by the XRD, FTIR, and XPS
results, the air-calcined samples show the presence of
MoO3 as a major phase, which is the probable reason
for the higher selectivity to COcompared to the cat-
alysts calcined in Bl and in static air. The presence
of StyMo10031/ SkbMo19031 for the Ny-calcined
samples, SbVv@for the air-calcined samples, and/or
a molybdenum sub-oxide, such as §Mp3 (traces)

""""""""""""""""" CH;3-CH,-CH3-------mmmmmmmmmmmmmmeeeoy
major
+H,0 \/ +H,0
CH3-CH2-CH70HI < CH,=CH-CHj; 4>ICH; CH(OH) CH;I
anti-Markovnikov Markovnikov
addition addition
[ CH,=CHICH,OH]

Y N4 y

CH;-CH,-CHO| — > CH,=CH-CHO CH;3-CO-CHj;
trace
N

CH;-CH,-COOH ——— > CH,=CH-COOH CH;-COOH

Fig. 8. Mechanism network proposed for propane oxidation on MoNbSbV mixed oxides.
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and/or (M:Mo;_,)s014 for all samples appears de- phase M1
termining for the formation of the desired acrylic
and acetic acid products. This proposal is further
supported by the acidity studies described earlier,
which suggested that the higher acidity in air-calcined o O» » @
samples (due to the presence of MPp@hould lead
to higher activity and, consequently, selectivity to
combustion products.

4. Discussion and conclusions phase M2
The present study shows that the calcination and ac- S J Oy oy
tivation treatments and conditions have a major effect

on the structural features and catalytic properties of
MoNbSbV mixed oxides. The best conditions for the
selective oxidation of propane to acrylic acid comprise
calcination under nitrogen at 50C and activation in
inert atmosphere (He) at 50C, followed by calci- @ ] » »
nation under static air. A mixture of several phases,
such as SkMo010031/SbM010031 and a molybdenum
sub-oxide such as M@®-»3 and/or (M(Mo31_,)5014
appear to be determining for the selective oxidation of
propane.

The ShMoloO_31/Sb2I\_/I010031 p_hases have alre_ady _ » o »
been observed in previous studies. They were identi-
fied as the phases M1 and M2 by Ushikubo e{48]. ) .

Their structures were determined by Parmentier et al. Fig. 9. Repre;entatlon_ of the structure of the phases M1 and M2
along thec-axis constituted by row of M@ octahedra. Sb are
for SlyM010031 [50] and SBMo;003; [51] and that located in the hexagonal channels (fr¢&3]).
of TeMosO;6 by Forestier et al[52]. The structural
relation between Si10,0031 and ShMo109031 with
the Te[MGs]2,+1 phases (withw = 1 or 2 for M1 noting the small amount of substitution of Mo by M
and M2 respectively), was shown by Aouine et al. (M: V and/or Nb).
[53]. They are inter-related structures and are consid-  Ushikubo et al. in a study of the propane ammoxi-
ered as stacking models built up from simple (M1) dation on MoNbVTe mixed oxidd#9] suggested that
or double (M2) sheets of M@octahedra (M: Mo, V, propane is activated on the M1 phase to give propene,
Nb) separated by row of hexagonal windows forming which is then ammoxidised on the M2 phase. Botella
channels as shown iRig. 9. The Te or Sb cations et al. found a new MoVTe mixed oxidp5] active
occupy the channels formed by the MIQM: Mo, V, for the propene oxidation to acrolein and acrylic acid,
Nb) octahedra and Sb may also partly occupy the M which, however, was unable to activate propane. They
sites. Consequently, both phases are systematicallyidentified the presence of the M1 phase only and sug-
formed concomitantly and an intergrowth between gested, therefore, that for the MoVTeNb mixed oxide
M1 and M2 structures was even propog8d]. It is system propane should rather be activated on the M2
quite possible that, in our case, as for the J@g, phase and then oxidised on the M1 phase. Whichever
phase, some V and Nb cations have partly replaced situation holds, it is clear that both the M1 and M2
Mo in the ShMo030031 and SbMo10031 phases, phases must be present simultaneously, presumably as
resulting in mixed oxides whose formulae are then an intergrowth, for the catalyst to convert, selectively
StyM;Moj0-,031 and SbM,;Mo1q_,031 with z de- and with reasonable yield, propane to acrylic and/or
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acetic acids. Botella et al. also emphasised that both [4] M. Takahashi, X. Tu, T. Hirose, M. Ishii, US 5,994,580 (1999)

Nb and Te have to be present to enable the activation

assigned to Toa Gosei.

of propane and that the presence of several phases, [5] E. Novakova, PhD thesis, University of Liverpool, UK,

assumed to play a determining role in the reaction,
was necessaifp5]. Other recent reports support these
conclusions, in particular for the MoNbTe86] and
MoNbSbV mixed oxide systen{§7].

With due consideration to the complexity of such

systems and of the results themselves, some gen-
eral trends and conclusions can be drawn from the

February 2002.

[6] E. Novakova, J.C. Védrine, E.G. Derouane, Parts | and Il, J.
Catal. 211 (2002) 226, Part 1, and 211 (2002) 235, Part 2.

[7]1 L. Chen, C. Bouchy, J. Tabatabatei, N. Winterton, J.C.
Védrine, E.G. Derouane, in: E.G. Derouane et al. (Eds.),
Principle and Methods for Accelerated Catalyst Design
and Testing, Kluwer Academic Publishers, Dordrecht, 2002,
pp. 291-297.

[8] B. Grzybowska-Swierkosz, Top. Catal. 11-12 (2000) 23.

present study. Propane is activated on one phase, [9] P. Mars, D.W. van Krevelen, Chem. Eng. Sci. Suppl. 3 (1954)

such as Shv@and/or ShM,;Mo1¢_,O31, to propene
which is then oxidised to acrylic and acetic acids on
SpM M10-_,031 (with z referring to V and/or Nb)
and/or (M\M,Mo1_,_,)5014, with x: V and y: Nb.

The latter statement is based on the fact that a doped

VMo oxide is used industrially for the oxidation of
acrolein to acrylic acid at ca. 25C [58] and that
the presence of the (Mo1_,)s014 phase has been
identified recently in a mixed Mo-V oxide used for
the acrolein oxidation to acrylic aci&9].

It appears that the substitution of Sb for Te, although
patented for the propane oxidation to acrylic afeifl

leads to a catalyst that is indeed active for the propane

oxidation to acrylic acid, but also yields a relatively
high amount of acetic acid via the “acetone pathway”
shown inFig. 8 Thus, this material may not be as

41.

[10] J. Haber, B. Grzybowska, J. Catal. 28 (1973) 489.

[11] B. Grzybowska, J. Haber, J. Janas, J. Catal. 49 (1977) 150.

[12] R.K. Grasselli, J.D. Burrington, Adv. Catal. 30 (1981) 133.

[13] J.C. Védrine, J.-M.M. Millet, J.-C. Volta, Catal. Today 32
(1996) 115.

[14] J.C. Védrine, Stud. Surf. Sci. Catal. 110 (1997) 61.

[15] A. Pantazidis, A. Auroux, J.-M. Herrmann, C. Mirodatos,
Catal. Today 32 (1996) 81.

[16] K. Ait-Lachgar, A. Tuel, M. Brun, J.M. Herrmann, J.M.
Krafft, J.R. Martin, J.C. Volta, M. Abon, J. Catal. 177 (1998)
224.

[17] J.C. Védrine, Catal. Lett. 2002, in press.

[18] G. Centi, F. Cavani, F. Trifird, Selective Oxidation by
Heterogeneous Catalysis, Kluwer Academic Publishers, New
York, 2001.

[19] R.K. Grasselli, D.D. Sureh, K. Knox, J. Catal. 18 (1970) 356.

[20] R.K. Grasselli, D.D. Sureh, J. Catal. 25 (1972) 273.

[21] J.L. Callahan, R.K. Grasselli, AIChE J. 9 (1963) 755.

promising as expected. It may be that the rates of [22] RK. Grasselli, J.M. Thomas, The role of site isolation and

acrylic and acetic acids formation are related to the
SkyM10031/SkpM 10031 ratio and on the amount of V
and Nb substitution for Mo in the Mg®14 and/or in
SbMoO phases.
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