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The catalytic performances of five lanthanide oxides (La203, Sm203, CeO2, Pr6011 and Tb4OT) for the selective oxidation ofiso- 
butene to methacrolein are evaluated within the framework of the remote control mechanism. Mechanical mixtures of these oxides 
with typical donor (Sb204) or acceptor (MOO3) phases of spill-over oxygen were prepared and tested for their activity in the isobu- 
tene-to-methacrolein oxidation at 400~ Amongst the five lanthanide oxides tested, only CeO2 and Pr6Oll were found to display 
significant cooperation effects for the investigated reaction, with enhanced yields and selectivity for partial oxidation and concomi- 
tant decrease of CO2 production. The fresh and used catalysts were characterized by X-ray diffractometry, and the occurrence of 
solid state reactions between the partner oxides outside the reaction conditions was investigated in parallel in the temperature range 
400-500~ No new phase was observed in the case of the mixtures with La203, Sm203, CeO2 and Tb407. Account taken of the 
absence of any new phase in the CeO2-MoO3 system, it can be concluded that CeO2 is a potential donor of spill-over oxygen. The 
situation in the MoO3-Pr6Oll mixtures is more complex, owing to the generation of various praseodymium molybdates, together 
with the oxocarbonate Pr2COs. The latter phase was shown to have no intrinsic tendency to produce methacrolein, but it seems that 
some of the praseodymium molybdates present in the working catalysts may exhibit noticeable catalytic properties. 
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1. I n t r o d u c t i o n  

Although the catalytic potential  of  lanthanides in oxi- 
dation catalysis seems to concern mainly total  oxidation 
processes, experimental  results suggest they could play 
an essential role in controlling selective oxidation [1-4]. 
However ,  pert inent  informat ion on the real role played 
by lanthanides in mult iphasic oxidation catalysts is still 
rather  scarce. 

During the last few years, the catalytic performances 
of  mult iphasic oxide-based catalysts were analyzed 
within the f ramework  of  the " remote  control"  theory, 
based on the migrat ion of  active oxygen species ("spill- 
over"  oxygen) f rom a donor  to an acceptor phase. The 
keypoint  of  this mechanism is that  cooperat ion occurs 
between two oxide phases, the one, the acceptor, being 
the catalytically active phase for the oxidation reaction, 
while the other one, the donor,  which shows no intrinsic 
catalytic behaviour,  governs the efficiency of  the first 
one by creating a n d / o r  regenerating selective active sites 
on its surface. This mechanist ic model  has been success- 
ful in accounting for  the synergetic effects observed on 
the yield and selectivity of  a wide range of  multiphasic 
oxidation catalysts [5,6]. To help to understand the over- 

1 To whom correspondence should be addressed. 

all behaviour of  lanthanide elements in oxidation cat- 
alysis, it seemed therefore interesting to carry out a first 
approach by looking whether their oxides give rise to 
cooperat ion effects in the selective oxidation of  isobu- 
tene to methacrolein, that  could be rationalized within 
the above mentioned model.  

Five different lanthanide oxides were selected in the 
present work: La203, Sm203, Pr6Oll, Tb407 and CeO2. 
Non-s toichiometry  is a common  proper ty  of  the last 
three compounds.  To evaluate the acceptor or donor  role 
of  these oxides, a systematic approach,  based on the 
three following steps was adopted: (1) prepara t ion  of  
mechanical mixtures of  various composi t ions between 
the oxides LnxOy and either MoO3 (typical acceptor of  
spill-over oxygen) or Sb204 (typical donor),  prepared 
separately; (2) measurement  of  the catalytic perfor-  
mances in the partial  oxidation of  isobutene to metha-  
crolein at 673 K; (3) bulk and surface characterizat ion of 
fresh and used catalysts. 

2. E x p e r i m e n t a l  

Cerium(IV) oxide, CeO2, p raseodymium(I I I ,  IV) 
oxide, Pr6Oll, and samar ium(I I I )  oxide, Sm203 were 
purchased f rom Janssen Chimica (purity: 99.9%). 
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Lanthanum(III) oxide, La203 (99.99%) and 
terbium(III, IV) oxide, Tb407 (99.9%) were supplied by 
Aldrich. MoO3 was obtained by calcination of a citrate- 
type precursor [7] at 673 K for 20 h. ce-Sb204 was pre- 
pared by calcination of Sb203 in air at 773 K for 20 h. 

The mechanical mixtures were obtained by dispersing 
the adequate amount of the concerned oxides under 
ultrasonic stirring in 100 ml distilled n-heptane, during 
15 min, and removal of the hydrocarbon under vacuum 
at room temperature up to dryness. This procedure was 
selected in order to minimize, as far as possible, any 
damage to the crystallites during the mixing procedure, 
as would actually be expected to occur more easily upon 
dry grinding in a mortar, and was also shown to provide 
better homogeneity than the latter. In addition, the prep- 
aration was carried out under a dry nitrogen atmosphere 
to protect the oxides against hydrolysis and carbonata- 

tion. The catalysts were stored under inert atmosphere 
and used in the catalytic tests without any further treat- 
ment. 

Powder X-ray diffraction spectra were measured on 
a Siemens 500 diffractometer equipped with a copper 
anode. The BET specific surface areas of the powders 
were measured with a Micromeritics ASAP 2000 analy- 
ser, using krypton at 77 K. 

Selective oxidation of isobutene to methacrolein was 
carried out in a fixed-bed U-shaped reactor system 
working under atmospheric pressure. The experiments 
were conducted with 600 mg catatyst (particle size 500- 
800 mm) under the following reaction conditions: molar 
composition of the reactant mixture i - C 4 H 8  / 0 2 / N 2 :  

8.3/19.3/72.4; total flow rate: 30 ml/min., T = 673 K. 
Gaseous reactants and products were analyzed with a 
Di200 gas chromatograph from DELSI Instruments. 

Table 1 
Catalytic results 

1 2 3 4 5 

Catalyst  Xm a aBET b XIso/SBET Ymeth/aBET 
(m2g -1) ( % g i n  -2) ( % g m  -2) 

6 7 8 9 

ameth (Yco2/4 )/aBET (A YAB)meth c (A YAB)co2 c 
(%) (% g m -2) (%) (%) 

M o O  3 - 1.5 13.8 4.5 
Sb204 - 0.7 5.3 1.6 

Pr6 O11 
MoO3/Pr6011 
MoO3/Pr6011 
MoO3/Pr6011 
MoO3/Pr6011 
MoO3/Pr6ON 
Sb204/Pr6011 
Sb204/Pr6Oll 
SbEO4/Pr6Oll 

Sm203 
MoO3/Sm203 
Sb204/Sm203 

La203 
MoO3/La203  
Sb204/La203 

CeO2 
MoO3/CeO2 
MoO3/Ce02  
MoO3/CeO2 
Sb204/CeO2 
Sb204/CeO2 
Sb204/CeO2 

Tb407 
MoO3/Tb407 
Sb204/Tb407 

Pr202C03 
Pr2Mo3012 
Pr2Mo06 
Pr6Mo012 

- 6.2 3.7 0.1 
0.25 2.0 9.3 2.2 
0.50 3.6 5.1 1.4 
0.75 3.2 4.1 1.2 
0.83 3.0 3.9 1.2 
0.89 3.6 3.9 0.7 
0.25 0.7 3.6 1.3 
0.50 1.3 4.0 0.8 
0.75" 2.6 7.2 0.3 

- 1.6 4.3 0.3 
0.50 2.0 9.1 2.3 
0.50 1.1 5.9 0.9 

- 0.6 6.1 0.9 
0.50 0.9 12.3 4.3 
0.50 0.6 8.3 1.5 

- 2.4 9.0 0,3 
0.25 1.2 18.7 6.7 
0.50 1.4 14.3 3.8 
0.75 1.4 16.1 4.8 
0.25 0.5 10.6 2.8 
0.50 0.9 1.1 1.1 
0.75 1.2 6.2 1.4 

- 0.2 4.6 0.7 
0.50 0.7 19.4 6.6 
0.50 0.3 18.0 3.7 

- 5.6 5.0 0.2 
- 0 . 6  2 . 3  2 . 3  

- 6 . 2  1 . 2  0 . 3  

- 1 3 . 1  2 . 2  0 . 1  

33.3 3.7 
29.1 0 

3.5 1.8 - - 
23.9 2.8 11 10 
26.9 1.4 41 - 3 6  
30.1 1.3 166 - 3 0  
30.4 I. 1 256 - 4 0  
17.9 1.3 170 - 2 8  
36.4 0 160 - 1 0 0  
21.8 0 207 - 1 0 0  

4.9 3.2 91 88 

7.4 1.3 - - 
25.6 2.7 ca0  - 1 5  
15.0 0 ca0  - 1 0 0  

15.1 0 - - 
35.0 2.5 20 ca0  
18.6 0.5 ca0  ca0  

3.3 5.2 - - 
35.9 4.7 116 0 
27.2 4.3 95 - 1 9  
30.0 5.0 345 - 17 
26.1 0 200 - 100 

- 0 72 - 1 0 0  
23.3 0.7 195 - 8 7  

15.7 1.1 - - 
33.9 6.3 47 60 
19.8 0 74 - 1 0 0  

3.3 2.5 - - 
100 0 - - 
21.8 0.2 - - 

3.2 1.1 - - 

a Weight  ratio o f  the lanthanide oxide in the mixture.  
b Experimental  specific surface area of  the AB mixture.  
c Synergy on methacrolein  or CO2 yield as defined by eq. (3). 
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Successive measurements performed during 2 h at con- 
stant temperature indicated, that the catalytic perfor- 
mances remained unchanged over that period of time. 

3. Resu l t s  and  d i s cus s ion  

The catalytic performances of the various mixtures 
and the corresponding pure oxides are listed in table 1, 
together with their mass composition (expressed as Xm 
with respect to the lanthanide oxide) and experimental 
surface areas. These areas were measured after submit- 
ting all the samples to the standard ultrasonic stirring 
described above. The conversion and yield values 
reported in table 1 were normalized with respect to the 
corresponding surface areas. Synergetic effects were 
investigated for the four following parameters: isobu- 
tene conversion rates (Xi~o), methacrolein yield (Ymeth) 
and selectivity (Smeth), and CO2 yield (expressed as: 
Yc02/4 to allow a direct comparison with isobutene con- 
version). Apart from methacrolein and CO:, the main 
side products were found to be CO and formaldehyde. 
The extent of coke formation on the catalysts was deter- 
mined by elemental analysis and was shown to be negli- 
gible (yield in carbon less than 2%). 

Except in two cases (Pr, Tb), the differences between 
the specific surface areas of the pure lanthanide oxides 
involved in the mixture and those of Sb204 or MoO3 are 
not very important. Nevertheless, to check whether the 
increase of catalytic performances in the mechanical 
mixtures might be assigned to a real cooperation effect 
or merely reflects the enhancement of the global specific 
surface area of the mixture, we calculated the intrinsic 
yield, i.e. the yield normalized for a standard specific sur- 
face area of 1 m2/g. The synergy will then be evaluated 
from the difference between the real intrinsic yield of the 
mixture Y~B, and the theoretical intrinsic yield, ( Y~B)th, 
i.e. the one that would be obtained in the absence of any 
cooperation, assuming zero-order reactions as a first 
approximation. These parameters are defined in the fol- 
lowing way: 

(1) Theoretical intrinsic yield of AB mixture, 
( r i B ) , h :  

(ri )th = [tAX. + YBXB]/[(S ET)AXA + (S ET)sX ], 
(1) 

where (SBEw)i is the experimental specific surface area 
of compound i, xi is the weight ratio of component i in 
the mixture AB. 

(2) Real intrinsic yield of AB mixture, Y~,B: 

= (2)  

where (SsET)AS is the experimental specific surface area 
of the mixture AB, YAB is the experimental yield of the 
mixture AB. 

(3) Synergy on yield for the AB mixture, A YAS: 

 YAB = [YIB -- " (3)  

These values are given in the last two columns of table 1, 
for methacrolein and CO2, respectively. 

As shown in columns 4, 5 and 7 of table 1, CeO2 and 
Pr6Oll are the most active oxides and produce mainly 
CO2. All five lanthanides generate very little methacro- 
lein under the present reaction conditions. 

When mixed with MOO3, the oxides La203 and 
Sm203 exhibit no synergetic effect, whereas Tb407 gives 
rise to enhanced yields of both partial and total oxida- 
tion. Most mixtures with Sb204 result in a negative 
synergy on CO2 production. In particular, total oxida- 
tion is totally inhibited in the 1 / 1 mixtures with Sm203, 
Tb407, and in the Sb-rich mixtures with CeO2 or Pr6Oll. 
Because the cooperation effects were more pronounced 
when cerium or praseodymium oxides were involved, 
the behaviour of these mixtures was investigated in a 
deeper way. 

In the Pr6Oll-MoO3 mixtures, the addition of 
increasing amounts of Pr6Oll causes the conversion rate 
of isobutene to decrease with an apparent minimum 
close to the composition corresponding to Xm = 0.83. 
Along the same series, synergetic effects appear essen- 
tially on the methacrolein yield, which reaches a maxi- 
mum at the same composition as above. As shown in 
table 1, these conclusions remain valid when considering 
the intrinsic yields, confirming that the observed effects 
cannot be assigned to changes in the specific surface 
area. In most cases, when positive synergetic effects are 
noted on the yield in the partial oxidation product, a 
simultaneous decrease of total oxidation is observed. 

In the CeO2-MoO3 mixtures, positive synergetic 
effects on methacrolein production are observed and 
appear to increase when the CeO2/MoO3 ratio is high. 
They are accompanied by a significant decrease in CO2 
production. 

In SbEOa-rich mixtures with Pr6Oll, overall isobutene 
conversion is decreased and CO2 production is com- 
pletely inhibited, resulting in a pronounced positive 
synergy on the selectivity for methacrolein. Similar 
observations were made in the CeO2-Sb204 mixtures, 
the most important synergetic effects on methacrolein 
selectivity appearing on both sides of the composition 
range. In comparison with the effects noted in the mix- 
tures with MOO3, these variations were however found 
to be less pronounced. 

To understand the cause of the synergetic effects 
observed with Pr6Oll and CeO2, independent investiga- 
tions were carried out in parallel. The key question was 
whether these effects could be explained by the occur- 
rence of solid state reactions between the concerned oxi- 
des in the temperature range 673-773 K. Whereas XRD 
gave no indication of any new phase in the samples 
heated at 673 K, whatever the nature of the lanthanide 
be, ternary Pr-Mo-O compounds were found to appear 
at 773 K in the Pr6Oll-MoO3 mixtures. In a previous 
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work [8], we reported the formation of Pr2Mo3012 from 
the thermal degradation of praseodymium formate on 
MoO3 at 823 K. Because the reaction conditions could 
change the reactivity of these oxides and generate new 
phases during the catalytic tests, XRD measurements 
were performed also on the used catalysts for the two 
systems (MoO3/Pr6Oll and MoO3/CeO2) for which 
clear cooperation effects were observed. In the Pr case, 
various praseodymium molybdate and oxocarbonate 
phases (Pr2M03012, Pr6MoO12, Pr2MoO6, Pr202CO3) 
appear after catalytic tests. In the Ce case, the absence of 
any ternary phase in the catalysts is in line with the fact 
that, according to the literature, much higher tempera- 
tures are required to generate cerium molybdates [9]. 
Occasionally, partial reduction of MoO3 and Sb204 into 
MoO2 and Sb203 was observed. 

Account taken of the results obtained in the Pr case, 
additional experiments were necessary. The formation 
of oxocarbonates is obviously due to partial trapping 
of CO2 generated during the reaction in the Pr-based 
catalysts. Two different praseodymium oxocarbonates 
Pr202CO3 and Pr20(CO3)2 are mentioned in the litera- 
ture as produced by the thermal decomposition of Pr 
carbonates and hydroxocarbonates [10-13] or carboxy- 
lates [8,14,15]. These phases are also reported to form 
upon carbonatation of praseodymium oxides or hydro- 
xides [10,11]. In the course of a recent and well docu- 
mented investigation by Hussein [13], Pr202CO3, 
which is undoubtedly the major phase in this system, 
was shown to appear as intermediate product during 
the thermolysis of Pr oxalate at 718 K and to be con- 
verted into Pr6Oll when heated further under O2 at 
823 K. Formation of Pr202CO3 at still lower tempera- 
tures (673-723 K) was observed during the thermal 
degradation of Pr acetate [14]. Poisoning effects 
related to the generation of surface oxocarbonate spe- 
cies in lanthanum oxide catalysts were reported in the 
conversion of propanal to pentan-3-one and were 
found to be more extensive with La than with Pr [15]. 
In some particular cases, the presence of oxocarbonate 
in lanthanide-based catalysts was thought to exert a 
positive influence on the catalytic performances, like 
the improvement of C2+ selectivity in the La203-cata- 
lyzed oxidative coupling of methane [16]. Because the 
stability of lanthanum oxocarbonate under the reac- 
tion conditions was questionable, its generation by sur- 
face processes has been investigated carefully with 
spectroscopic techniques [17]. More recent in situ 
XRD investigations of working catalysts concluded, 
however, to the absence of a simple relationship 
between the amount of bulk lanthanum oxocarbonates 
and the selectivity to C2 products during the oxidative 
coupling of methane [18]. To explore the possible influ- 
ence of the similar praseodymium oxocarbonate phase 
on the catalytic properties of our samples, we prepared 
Pr202C03 in a pure form by carbonatation of Pr6Oll 
under CO2 at 873 K during 16 days. After checking its 

purity by X-ray diffractometry, this sample was 
engaged into our standard catalytic tests. When used 
alone, this phase was shown to produce mainly CO2, 
but without substantial decarbonatation, and very lit- 
tle methacrolein formation. Although more experi- 
ments would be necessary to draw a definitive 
conclusion, it seems that the occurrence of this phase 
in our catalysts plays no significant role in the 
observed enhancement of partial oxidation. However, 
its presence has to be taken into account when calcu- 
lating the mass balance during the reaction. 

The same is not true for the various Pr molybdate 
phases. Independent investigations were therefore 
undertaken with the pure PrxMoyOz phases and their 
catalytic performances are reported in table 1. If the per- 
formances are normalized with respect to the respective 
surface areas of these phases, it appears that Pr2MoO6 
exhibits no significant activity, while the Pr2Mo3012 and 
the Pr6MoO12 phases are fairly active for partial or total 
oxidation, respectively. 

Finally, a last comment should be made on the obser- 
vation of synergetic effects in the mixtures between 
Pr6Oal or CeO2 and Sb204, which is a typical oxygen 
donor. These results suggest that the behaviour of these 
lanthanide oxides could be similar to that of tin(IV) 
oxide or some bismuth molybdates, which exhibit a dual 
role in the sense that they behave as oxygen donor or 
acceptor. These oxides were actually found to play the 
role of either oxygen donor, when put in presence of an 
acceptor, or oxygen acceptor, when mixed with a donor, 
according to a donor-acceptor scale of spill-over oxygen 
described by Weng et al. [5]. 

4. C o n c l u s i o n s  

Amongst the five lanthanide oxides studied (La203, 
Sm203, CeO2, Pr6Olb Tb407) in mixtures with Sb204 or 
MoO3 oxides, CeO2 and Pr6Oll are found to give rise to 
the more pronounced cooperation effects. At the present 
stage, care should be exercised in attempting to rationa- 
lize these results within the framework of the remote 
control theory. The behaviour of cerium oxide may be 
interpreted rather easily because cooperation effects 
occur without apparent formation of new phases during 
catalytic tests. CeO2 is therefore a potential donor phase 
of spin-over oxygen. In the case of praseodymium oxide, 
the situation is more complex owing to the appearance 
of praseodymium molybdate phases under the reaction 
conditions. Work is presently under progress to evaluate 
the stability and investigate more thoroughly the cat- 
alytic properties of the various PrxMoyOz phases for the 
selected reaction within the frame of the remote control 
theory. In addition, the results obtained in the combina- 
tions with Sb204 suggest that some cerium or praseody- 
mium oxides might possess simultaneously some 
acceptor properties, which need to be examined further. 
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