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Supported MOO, on Al,O, catalysts containing up to 30 wt% MoOI have been 
studied by various chemical-physical techniques in a wide temperature range (IlO- 
700°C). Bulk and surface structure differ considerably depending upon calcination 
temperatures. For samples activated at 500°C evidence is presented for a monolayer 
deposition up to about 15-20 wt% MOOS: the chemisorbed molybdenum species, 
present in the uncalcined dried catalyst, interact, with the carrier to form stable 
alumina-molybdic acid complexes at the surface, having a tetrahedral oxomolybde- 
num configuration in the MoOa poorest catalyst and a polyanionic mixed tetrahedral- 
octahedral structure in the medium composition range. With increased Moo8 con- 
centration part of the molybdenum is incorporated in octahedral interstices of bulk 
y-A&O8 while Alz(MoO& is formed and unreacted MOO, is left behind as clusters. 
The octahedral [MoOJ species are considered to be a possible precunor of the 
A~,(MoO~)~ phase. The effect of increasing temperatures is that the species mentioned 
above are present at lower concentration threshold limits. 

INTRODUCTION 

Catalytic and solid state properties of 
MOO,-AI,O, systems have been the subject 
of numerous investigations in the past, thus 
making it difficult to give a comprehensive 
review of this broad field. Moreover, there 
are only few cases (f-3) among the variety 
of reactions studied wherein significant re- 
lationships between solid state properties 
and catalytic activity have been outlined. 
To contribute to the question and to clear 
up some aspects concerning the nature of 
active sites in relation to the catalytic ac- 
tivity we have investigated a series of sup- 
ported as well as coprecipitated MOO,* 
Al,O, catalysts ; proper choice of the sup- 
port has allowed studies of compositions up 
to 30 wt% MOO,, exceeding the limits (15- 
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20% at most) found in previous work (2, 
4-8). In this paper we limit ourselves to 
present results on fresh catalysts, i.e., on 
the oxidized state; properties of MOO,. 
Al,& following reduction or outgassing are 
discussed in a second paper (9). Search of 
suitable model reactions has indicated a 
variety of interesting cases which will con- 
stitute the basis of future papers: among 
them we have chosen the reactions of 
propylene as this enables us to differentiate 
sites active in the disproportionation reac- 
tion and formation of acetone (10, 11). 

EXPERIMENTAL METHODS 

Preparation of Samples 

Alumina-supported catalysts containing 
2 to 30 wt% MoOa were prepared by 
the impregnation technique. Calculated 
amounts of (NH4)6M~i0,4*4H~0 (Kuhl- 
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mann) were dissolved in a volume of HZ0 
and H,O, (pH 394.9 for 2-30 wt% MoOa) 
corresponding to the total pore volume of 
the BASF y-Al,O, (A.P.S. = 70 pm, boeh- 
mite structure) to be impregnated. After 
2 hr of standing, the impregnate was air- 
dried for 14 hr at llO”C, and finally cal- 
cined at 500°C for 8 hr in air, or otherwise 
under conditions explicitly stated. The final 
MO content of the samples was verified by 
at,omic absorption techniques. 

Samples of coprecipitated catalysts were 
prepared by bringing to dryness aque- 
ous solutions of Al (NO,) 3 * 9H,O and 
(NH,),Mo,0Z4*4Hz0 in calculated amounts 
followed by calcination in air to constant 
weight (8 hr) at 500, 700 or 900°C. 

Reference to the various samples will be 
made by giving their composition as wt% 
MoOa followed by the temperature of pre- 
treatment: hence Mo03-4-500 means a 
sample of MOO:, supported on Al,O,, having 
4% of the active element as MOO,, heat- 
treated at 500°C. Samples of Al,(MoO,).? 
are simply indicated by the symbol AlMo 
and the temperature of final treatment. 

Physicochemical Characterization 

1. X-Ray Powder Analysis 

A standard Philips X-ray diffractometer 
PW 1050/1051/4082 was used with Cu Ka! 
radiation, h = 1.5418 A. The diffraction 
angle indicator of the goniometer (28) was 
calibrated by the (1111, (311) and (620) 
reflections of a silicon standard. Spectra of 
finely ground samples were run in the 28 
range 5-80”. 

8. DTA and TG Analysis 
DTA measurements were carried out on 

a Du Pont 950 apparatus equipped with 
high and medium T cells, using calibrated 
Pt-10% Rh and Cr-Al thermocouples. AS 
reference sample, A1,03 calcined at 1000°C 
was used. All experiments were run in air, 
at atmospheric pressure at a heating ve- 
locity of 15°C min-1. In the TG experiments 
ca. 120 mg of the sample were heated in a 
dry air flux (60 ems min-I) at the same 
heating velocity as above, until constant 
weight was attained. 

3. Optical Microscopy 

Measurements were carried out with a 
polarizing Ortholux Leitz microscope, with 
up to 103X magnification. 

4. Infrared Spectroscopy 

Transmittance spectra for powdered 
samples (< 100 mesh) were recorded in the 
range 1000-400 cm-l on a Perkin-Elmer 225 
spectrophotometer using Nujol mulls. Re- 
flection spectra were recorded in the same 
range by the multireflection a.t.r. technique 
(attenuated total reflectance) for catalyst 
specimens with the original particle size 
distribution. 

5. Diffuse Reflectance Spectroscopy 

Diffuse reflectance spectra of the original 
and finely ground catalyst samples were 
recorded in the range 210-700 nm by use of 
a Perkin-Elmer Hitachi-EPS 3T spectro- 
photometer attachment against standards 
of Al,O,. 

6. Surface Area, Pore Volume, Pore Size 
Distribution and Chemical Density 

Surface areas were calculated from N, 
adsorption isotherms at 77°K (standard 
value 16.2 A2 for the N, molecule) using a 
flow apparatus. Pore volumes and pore size 
distribution were determined by means of a 
mercury porosimeter Carlo Erba Model AG 
60 and 70H for the 1000 and 2000 atm 
range, respectively. Chemical densities were 
measured by a Beckmann pycnometer 
Model 900 using a He stream. 

7. Solubility 

The amounts of free and chemically com- 
bined MOO, were obtained by treating a 
known quantity of the catalysts with di- 
luted ammonia (3 wt% ) in which MoOa 
dissolves, due to its acid character, while 
molybdates and other solid-solid interac- 
tion products are insoluble. The MO content 
of the filtrate was determined by atomic 
absorption spectrophotometry (Perkin-El- 
mer Model 303). Variation of the ammonia 
concentration was found not to influence the 
results. 
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RESULTS 2. DTA and TG Analysis 

DTA of an Moos-30-110 sample shows 
an endothermal transformation at 248”C, 
followed by an endothermal drift of the 
base line at about 410°C; no further trans- 
formation is observed till 800°C. The re- 
sults agree with those reported in Ref. (IS) 
where a reaction temperature between 300 
and 400°C has been indicated, depending 
upon the composition of the catalysts (en- 
dothermic peak close to 400°C for the 30 
wt% MoO,*Al,O:~ mixture). X-Ray diffrac- 
tion at room temperature (RT) of the same 
sample heated up to 470°C shows the ab- 
sence of diffraction bands of Moos and the 
onset of Al, (MOO,) :< formation. 

TG analysis was used to study the degree 
of hydration of various samples, following 
conditioning in air, at RT, for long periods 
of time. Weight losses per unit weight of 
A1,03, shown in Fig. 1 (heating rate: 15”C/ 
min, in dry air) for the samples calcined 
at 5OO”C, indicate higher hydration ca- 
pacities of MOOR-containing samples with 
respect to y-Al,O,; the extent of hydration 
is roughly proportional to the MOO, content 
and involves 2 moles of H,O per MOO,,. 

3. Optical Microscopy 

In accordance with the results of X-ray 
powder spectra, three distinct phases were 

1. X-Ray Powder Spectra 

a. Mechanical Mixtures of MOO, 
and y-Al,O, 

X-Ray powder spectra reveal the pres- 
ence of both components in all samples 
examined, from 2 to 30 wt% MOO,. 

b. Supported Catalysts 

Powder spectra of all catalyst samples 
dried at 110°C show the presence of micro- 
crystalline y-Al,O, (ASTM 10-425) and 
absence of the characteristic diffraction 
bands of MOO,; in the 20-30 wt% samples 
weak diffraction bands were found which 
were attributed to salt deposition. 

After additional calcination, evidence 
for the presence of crystalline MOO, 
was found in the MOO,-30-350, MOO,- 
25-450 and Moos-30-450 samples, to- 
gether with a microcrystalline phase, prob- 
ably Al,(MoO,),, in the latter two samples. 
Catalysts of the 500°C series have similar 
spectra, the main difference being net evi- 
dence for Bragg reflections of Al,(M00,)3 
in Moos-30-500. In the 700°C series MOO, 
is absent; Al, (MoO~)~ is observed at a 
lower MOO, limit (MoOa-15) ; its intensity 
was maximum at MoOa-30-700. 

c. Calcined Aluminum Molybdate 
25% 

The X-ray powder spectrum of the 
AlMo-500 series indicates the presence of 
unreacted MOO, together with the reaction 
product Al, (Moo,) .?. After additional cal- 
cination at 700 and 900°C the diffraction 
bands of MoOa fall below the detection 
level while the Al, (MOO,), reflections in- 
crease in intensity. The spectrum is in- 
terpretable on the basis of an orthorhombic 
cell (space group Pnca, a = 9.0, b = 12.5, 
c = 9.0 A). 

d. Activated Alumina Samples 

X-ray powder photographs of the cal- FIG. 1. Variation with temperature of percentage 
cined alumina samples (500°C) were Sim- weight loss (as H,O) referred to unit weight of 
ilar to Stumpf and co-workers’ (16) AlnO, in TG analysis of various MoO./AhOt 

y-alumina. samples of the 500°C series. 



84 GIORDANO ET AL. 

found in the AlMo-500 samples, indicating 
incomplete reaction; after calcination at 
700°C the sample is composed of homoge- 
neous crystalline aggregates with refractive 
index n in the 1.90-1.99 interval. 

Examination of the 500°C supported 
catalysts showed that the active compo- 
nent is distributed uniformly over the 
granules with the elemental particle sizes 
below the resolving power of the microscope 
(<0.2 pm). The mean refractive index of 
the granules increases gradually from 1.64 
in alumina to 1.66 in MOOS-rich cat- 
alysts. The Moos-30-500 sample presents 
superficial crystallization of Moos. 

4. Infrared Spectra 

Intensities of the various MO-O frequen- 
cies recorded by the a.t.r. and transmit- 
tance techniques are given for the Moos- 
500 series (Table 1) ; slight differences are 
apparent in case of model compounds, at 
variance with supported catalysts, which 
show distinct surface and bulk structures. 
Starting from transmittance spectra, we 
notice for supported catalysts up to 20 wt% 
of MOO, the intense absorption of Al,O, 
(plateau in the 940-520 cm-l region) cover- 

ing any diagnostic MO-O frequency of the 
bulk. In the same region a.t.r. spectra re- 
veal, on the contrary, the existence of 
molybdenum species at the surface of the 
catalysts already at the lowest Moos con- 
tent, as indicated by the absorption band 
near 800 cm-l which displays maximum 
intensity near the Moos-10 content. Fur- 
ther increase of MOO, leads to other ab- 
sorptions which concentrate in a broad band 
in the 900 cm-* region ; simultaneously the 
800 cm-l band becomes relatively less 
important. 

In the highest MoOa region (25-30 wt$ 
Moos) the following observations are r&- 
evant: (a) The 900 cm-l band resolves into 
a set of intense components at 800,830,880 
and 900 cm -I, the most important being the 
900 cm-l (a.t.r. spectra). (b) The trans- 
mittance spectrum of MOO,-30-500 is dif- 
ferent from the a.t.r., showing absorption 
above 900 cm-l, which is attributable to 
free MoOa present in the bulk. (c) Both 
transmittance and a.t.r. spectra of the cat- 
alysts show absorption at 630 cm-‘, absent 
in model compounds (Table 1). 

Following literature information (16) the 
800 cm-1 absorption is diagnostic of MO-Ot 

TABLE 1 
INFRARED FREQUENCIES (cm-l) OF MoO,/A1tOs CATALYSTS AND SOME MODEL COMPOUNDV 

Compound A.t.r. spectrum Transmittance spectrum 

Model compounds 
Ale(MoO& 900°C 

MoOa 

AltOa 

935(s),890(~),865(vs) 
830(s), 815(s) 
99O(s),855(vs), 815(s) 

Plateau 940-520 
ca. SOO(sh) 

92O(vs), 860(s), 830(s) 
815(s), 440(s) 
99O(s),86O(vs), 820(m) 
540(s) 
Plateau 940-520 

Catalysts 
MoO&-5OO 800(s) Plateau 940620 
Mo0&500 800(s) Plateau 940-520 
MoO.q-10-500 8Ws) Plateau 940-520 
MOO*-15500 ca. 900(b), 800(s) Plateau 940-520 
MoOr20-500 900(s), 885(s), 800(m) Plateau 940-520 
Moos-25500 9OO(vs),885(s), 830(s) ca.9OO(vs,b), 850(m) 

800(m), ca. 630(b) 630(w) 
Mo0&30500 SOO(vs), SSO(s),83O(s) 980(m), 920(sh), 860(s) 

800(w), ca. 630(b) 570(s) 

0 vs, very strong; s, strong; m, medium; w, weak; sh, shoulder; b, broad. 
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bonds in a tetrahedral [MOO,] oxomolyb- 
denum(V1) arrangement, as in CaMoOl, 
with four terminal oxygens (Ot) at the MO 
atom. As to the 900 cm-l region, various 
interpretations are possible (15)) as dis- 
cussed below; altogether the complexity of 
the spectra in this region suggests less 
terminal Ot and more bridged Oa bonds, 
both in tetrahedral and octahedral config- 
urations. Finally, the infrared spectrum of 
AL(MoO,), is rather simple, showing in- 
tense absorptions only in the 930-815 cm-l 
region and at 440 cm-l: on the basis of 
literature information (14, 15) it is in better 
agreement with a tetrahedral [MOO,] 
arrangement. 

6. Electronic Spectra 

Reflectance spectra recorded in the range 
210-360 nm using samples with the original 
granulometry are shown in Figs. 2-6; no 
absorption bands were found in the region 
360-700 nm. Interpretation of spectra fol- 
lowed diagnostic criteria indicated in the 
literature (5, 16, 1’7) and comparison with 

of model compounds (Fig. 2). On 

PI0 240 270 33Q 36U 

FIO. 2. Ultraviolet reflectance spectra of refer- 
ence compounds [(A) Na~Mo0,*2H~0, (B) Moos, 
(C) KIO-2Mo0, (5OO”C, 8 hr)l and of MoOS/AlnOl 
samples of the 500°C series (8 hr) after leaching 
with NH,OH (3%) (in brackets the wt% Moot). 

FIG. 3. Ultraviolet reflectance spectra of 
AL(MoO& samples: (A) AlMoS00, (B) AlMo- 
700, (C) AlMo-900. 

this basis, absorption in the 260-280 nm re- 
gion was attributed to tetrahedral Mo(V1) 
and the 300-320 nm band to octahedral 
Mo(V1). Comparison with model com- 
pounds (see A, B and C in Fig. 2) further 
suggests that the 225 nm band already 
claimed as indicative of tetrahedral molyb- 

FIG. 4. Ultraviolet reflectance spectra of MoOJ 
A&O. samples of the 500°C series (8 hr) (in 
brackets the wt% Moot). 
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FIG. 5. Ultraviolet reflectance spectra of MOO*/ 
Al,Os samples of the 110°C series (12 hr) (in 
brackets the wt% MoOJ. 

denum is also in common with octahedral 
configurations and therefore cannot be used 
for diagnostic purposes. Adoption of these 
criteria in the case of Al, (MOO,) 3 (Fig. 3) 
confirmed, at least for the samples calcined 
at 700 and 9OO”C, the tetrahedral coordi- 
nation already indicated by infrared; the 

FIG. 6. Ultraviolet reflectance spectra of MOO,/ 
ALO, samples of the 700°C series (8 hr at 500°C 
and 4 hr at 700°C) (in brackets the wt% MOOS). 

extra absorption component at about 300 
nm in the spectrum of the AlMo-500 sample 
reveals also some octahedral molybdenum 
in accordance with the incompleteness of 
the solid-solid interaction already evi- 
denced by X-ray analysis. 

With regard to the supported catalysts, 
the effect of composition is better illustrated 
with reference to the MOO,-500 supported 
series (Fig. 4) ; thus while the spectra of 
MOOY2-500 and MOO,-4-500 samples 
clearly delineate the contribution of three 
components at 225, 255 and 300 nm, in 
MOOS-richer samples the shoulder at 255 
nm develops in intensity with respect to the 
225 nm band and leads to a well-defined 
peak at 265 nm. At even higher MOO, con- 
tents a second shoulder at 300 nm develops, 
causing the 265 nm peak to broaden to give 
a composite band in the 265-300 nm in- 
terval, until in Moos-30-500 the 265 and 
310 nm components are again resolved. 
Although no quantitative assignment can be 
based on the relative peak intensities it is 
suggested that molybdenum(V1) on the 
surface of the catalysts calcined at 500°C is 
initially tetrahedrally coordinated, evolving 
towards a higher octahedral/tetrahedral 
ratio at increasing MO-contents in the 
system. 

A comparison of the reflectance spectra 
in terms of the temperature of activation 
(Figs. 4-6) using the MoOa- series as 
reference shows the minor presence of the 
oct,ahedral Mo(V1) species in all catalysts 
calcined at lower temperatures (MOOT 
110)) as the 300 nm component is quite low 
(Fig, 5). On the contrary, at higher tem- 
peratures ( MOO,-700) the octahedral com- 
ponent is pronounced already in the 10~ 

Moos region (up to about 8 wt%), dimin- 
ishing at compositions exceeding Moos-15- 
700 (Fig. 6) at the expense of a strong in- 
crease of tetrahedral Mo(V1) as in 
Al,(MoO,),, characterized by the 265 nm 
band. 

Variations produced upon treatment with 
diluted ammonia are shown in Fig. 2 ; com- 
parison with untreated samples (Fig. 4) 
shows a decrease of the 300 nm component 
in the 10-30 wt% range indicating prefer- 
ential removal of octahedral species. 
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FIG. 7. Ultraviolet reflectance spectra of MOO*/ 
Al,OJ samples of the 110°C series, after grinding 
(in bracketa the wt% MOO,). 

Differences between bulk and surface 
properties were demonstrated by a series of 
reflectance spectra using finely powdered 
samples: spectra of catalysts dried at 
110°C show a higher contribution of octa- 
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hedral species at the surface than in the 
bulk (Figs. 5, 7), while no appreciable dif- 
ference was noticed in the 500 and 7OO’C 
series. 

6. Surface Areas, Pore Volumes, Mean 
Pore Radii and Chemical Densities 

Surface areas (SA), pore volumes (V,) 
and chemical densities (pt) for samples of 
the Moo,-500 series are given in Table 2 
together with the calculated values of the 
mean pore radii (r = 2 V,/SA). Values of 
SA for the 500 and 700°C samples are 
plotted in Fig. 8 against values calculated 
on the basis of the contribution of y-A&O, 
only: comparison shows little variations for 
the Moo,-500 series with a reproducible dis- 
continuity at 8 wt% and an almost linear 
decrease in the range 10-30 wt% Moos. For 
samples of the MoOa-700 series deviations 
from linearity are much larger and are ac- 
companied by two characteristic points of 
discontinuity, at Moos-2 and Mo03-15, 
respectively. 

As for AlMo samples, they are charac- 
terized by a lower pore volume and very 
low surface area, which result in a much 
higher value of the mean pore radius. 

TABLE 2 
CHEMICAL-PHYSICAL CHAHACTERISTICS OF MoOs/A1903 CATALYSTS ACTIV.ITED 

AT 500°C FOR 8 HR IN AIR 

Surface area Pore vola Mean pore Pore vol* Mean pore Chemical den- 
Catalyst W/d (cm”/g) radius0 (A) (cm”/d radius* (8) sib (g/cW 

Al~Oa-500 216 0.94 a7 1.24 115 3.08 
MoOa-2-500 202 0.92 91 1.20 118 3.03 
MOO&-500 205 0.96 94 (115)c 
MoOa-6-500 211 0.93 88 (111) 3.22 
MoOa-8-500 185 0.87 94 (123) 
MoOa-10-500 196 0.91 93 (114) 3.33 
MoOa-15-500 183 0.82 89 1.03 113 3.44 
MoOa-20-500 169 0.85 101 (116) 3.52 
Moos-25-500 156 0.71 90 (119) 
MoOa-30-500 129 0.76 117 0.87 135 3.43 
AlMo-500 12.0 0.50 835 3.70 
AlMo-700 1.3 0.44 6750 

0 Referred to 1000 atm. 
* Referred to 2000 atm. 
c The values in parentheses were calculated from the experimentally determined surface areas (column 1) 

and from extrapolated values of the pore volumes (column 4). 
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Fm. 8. Surface areaa aa a function of the com- 
pktion: (0) MoO&OO, (A) MoOr700. 

7. Solubility 

Results of analyses of the solubility in 
ammonia are reported in Table 3 together 
with those of Ishii and Matsuura (18) for 
coprecipitated catalysts: in both cases the 
catalysts appear to contain very consider- 
able amounts of extractable Moos and 
relatively small amounts of Moos com- 
bined to the carrier. Table 3 suggests also 
that for any specific composition up to 
Moos-30 more MoOa is combined by 

impregnation than by coprecipitation ; 
moreover, variations of the mole fraction 
of combined Moos with the composition 
indicate also that in case of coprecipitated 
systems the combined Moos increases more 
than linearly with the MOO, content. 

DISCUSSION 

An important point of discussion is 
whether Moos is present on the surface of 
the support as a monolayer, as a distinct 
phase in the form of clusters, or as inter- 
action products with the carrier. Surface 
areas and pore volumes of Moos-500 
samples up to 15-20 wt% MoOa favor un- 
doubtedly the monolayer deposition as they 
fit closely values calculated on the basis of 
the contribution of the support only (Fig. 
8). In catalysts with more than 20 wt% 
MOO, and on all samples of the Moos-700 
series the increase of the mean pore radius 
and surface area below calculated values 
for the monolayer suggests other processes 
which X-ray diffraction helps to identify 
as formation of a well-defined compound, 
Al,(MoO,) 3. Clustering as free MoOa is 
excluded, except for the Moos-30-500 
sample, by X-ray diffraction and ir reflec- 
tance and transmittance spectra. 

TABLE 3 
RESULTS OF SOLUBILITY EXPERIMENTS IN 3 wtO/, hiMONIA 

Impregnation” 

Catalyst 

% Moos Coprecipitatiod 
Moles MoOI combined/ (moles MOOS 

Extracted Combined mole A&OS combined/mole A&08) 

MoO&-500 67 33 
MoO&-500 74 26 
MOO*-10-500 73 27 
MOOS-13. 6-500 - - 
MoOa-15-500 74 26 
MoOa-20-500 75 25 
MoOr25-500 79 21 
Mo0&0-500 87 13 
MoOr59-500 - - 
Moos-76-500 - - 
Mo0,-81-500 95 5 
MoO&35-500 - - 

a Samples activated 8 hr in air at, 500°C (present work). 
* Samples activated 24 hr in air at 500°C [Ref. (IS)]. 

0.010 - 
0.016 - 
0.021 - 

- 0.017 
0.032 - 
0.044 - 
0.049 0.036 
0.040 - 

- 0.066 
- 0.142 

0.170 - 
- 0.232 
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Thus, depending upon the composition, 
the system appears to obey closely the 
monophase model as in the cases discussed 
by Lipsch (7’) and Kabe et al. (19), or it 
is characterized by the occurrence of chem- 
ical interaction leading to Al, (MOO,), as 
observed by Asmolov and Krylov (5). 

With regard to the nature and the extent 
of the processes underlying the formation 
of a monolayer, consider the heptamolyb- 
date ion, [Mo~O~~]~-, in ammonium para- 
molybdate solutions, under the preparative 
conditions of pH (3.9-5.0) and concentra- 
tion (2 X lo-*--4 X 10-l M). During the 
process of impregnation this ion is subject 
to the following equilibrium 

Mo,O,” + 4 Hz0 e 7 MOO,*- + 8 H+, 

so already in this stage one can expect 
various degrees of (dis)aggregation of the 
ions adsorbed on the surface, depending 
upon starting concentration and pH of the 
solution. The effect is evident on samples 
activated at 110°C (Fig. 5) which show 
tetrahedral monomeric [MOO,] *- groups 
within a wide range of ammonium para- 
molybdate concentrations largely exceeding 
polyanionic species with complex groupings 
of [Mo06] -octahedra. Interaction with the 
support undoubtedly involves surface OH 
groups which are generally accepted as the 
reactive sites (go), also in agreement with 
recent results of Dufaux, Che and Naccache 
($1) based, on the reaction of TCNE with 
Mo03.Al,03 samples. Thus the first step 
in the sequence should be the creation of 
structures before calcination such as: 

The existence of these and other similar 
intermediate complexes exhibiting weak 
bonding only, is supported experimentally 
by TG data which indicate that the re- 
hydration capacities and dehydration rates 
of the catalysts are higher than those of 
Al,03 (Fig. 1). Subsequent activation is 
expected to lead, via condensation reactions 

of molybdate ions with surface OH groups 
of the support, to the formation of stable 
alumina-molybdic acid complexes, such as : 

where ( 1) and (2) are monomeric and 
dimeric surface structures, respectively. 
Possible variants arising from: (a) differ- 
ent degrees of hydration of the support and 
dispersed molybdic anhydride crystallites 
(e.g., in Moos-rich catalysts) ; (b) fully 
dehydrated molybdenum trioxide (at tem- 
peratures over about 509°C) reacting with 
randomly distributed surface hydroxyl 
groups, might lead to polymeric structures 
such as (3) and (4), respectively: 

:: HO 
-OzMo.zO- -&~~“o- 

4 .o,‘ko 
:, 

OR 

(3 (4) 

Interaction processes as indicated above 
can be rationalized in terms of two main 
factors: surface coverage by OH groups 
(cod and ratio [MoO,]/[surface OH 
groups]. With respect to the former, the 
influence of the temperature of activation 
seems obvious: simple calculations based 
on TG data show eoH of the order of 37% 
of a monolayer for the 500°C samples and 
14% for the 700°C samples, in good agree- 
ment with estimates for similar r-Al,O, 
structures (,%‘a). While these figures fix only 
the maximum ahowable degree of occupa- 
tion of the surface, the configuration of 
MO-0x0 species must be dictated by the 
availability of OH groups with respect to 
Moos. This aspect is illustrated by con- 
sidering complete coverage of all accessible 
OH groups: for samples calcined at 500°C 
it would involve an estimated 11.4 wt% 
Moos (per 1OOg of total catalyst) in case 
of MO bonded to the surface as in (1) and 
(3) (OH/MO = 2)) or about 20.4% for 
(2) and (4) (OH/MO = 1). For MoOa- 
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700, these values become 4.6 and 8.80/o, 
respectively. The formation of dimeric and 
polymeric surface structures (2) and (4) 
is then favored at more dehydrated alumina 
samples, thus at higher temperature as well 
as at higher Moos contents. 

X-Ray and spectral evidence agrees with 
expectations, indicating progressive changes 
in the structure of the surface species with 
temperature and Moos content. 

As to the influence of temperature, com- 
positions in the range up to 8-10 wt% 
MOO, are characterized by progressive con- 
densation of tetrahedral [MOO,] 2- group- 
ings as temperature is increased, leading to 
lower threshold limits of octahedral poly- 
meric forms (Figs. 4-6). At higher MoOB 
contents octahedrally coordinated oxo- 
molybdenum species, still present at low 
temperature (110°C) , further increase up 
to 599°C; a sharp reversal of the tendency 
sets in at 7CMYC, when bulk Al, (MOO,), 
is formed with tetrahedral Mo(V1). 

With regard to the influence of MOO, 
concentration, at otherwise identical con- 
ditions of preparation and activation, 
mainly tetrahedral Mo(V1) species are 
found at the lower contents and octahedral 
MO (VI) species at higher MOO, contents ; 
at the highest MoOa concentrations, tetra- 
hedral Mo(V1) due to Al,(MoO.Js is pres- 
ent. Taking the MoOa- series as refer- 
ence, we notice at the lowest compositions 
(up to 4 wt$) the strong 896 cm-l a.t.r band 
and 265 nm reflectance band characteristic 
of tetrahedral Mo(VI) with 4 MO-Ot bonds 
(16)) thus suggesting a highly dispersed 
state of MO in the form of [Mo04]*- 
species. At increasing molybdenum contents 
(up to 10-15 wt%) the development of the 
899 cm-1 (a.t.r.) band and the onset of the 
991) cm-1 band (Table 1) and of the 265-300 
nm reflectance band (Fig. 4) suggest pro- 
gressive increase of structures with bridged 
oxygens in mixed tetra- and octahedral 
Mo(VI) geometries, such as 1 Mo-Ob and 
3 Mo-Ot bonds in tetrahedra or fewer Mo- 
Ot and more Mo-Or, in octahedra. In the 
Moos-rich region (> 15% MoOa) the pre- 
vailing octahedral configuration cannot 
simply be attributed to free MOO, because 
of the absence of the strong 996 cm-l Mo- 

Ot stretching vibration in the a.t.r. spectra 
and of the diffraction bands of MOO, in 
the X-ray powder spectra. Other possibili- 
ties for octahedral Mo(V1) readily suggest 
themselves. One is polymeric structures 
such as (3) and (4), resulting from t.he 
interaction of molybdenum trioxide with 
fewer surface OH groups or from progres- 
sive condensation of tetrahedral groupings. 
A second possibility is that Mo(V1) oc- 
cupies octahedral cation sites in the defect 
spine1 lattice of y-Al,O, (W). The basic 
mechanism of incorporation of MO ions 
might be similar to that first discussed by 
Kordes (24) for y-Al,O, containing small 
amounts of lithium and by Tomlinson et ~2. 
($55) for cobaltous ions impregnated on 
Al,Oa: the process, which involves pri- 
marily the bulk, is expected to occur once 
the residual surface OH groups are ex- 
hausted (21) and lead to a modification of 
the unit-cell size and surface areas as dis- 
cussed by Levy (96’) and Levy and Bauer 
(27). 

On the basis of the results discussed 
above, both possibilities appear acceptable 
in our MoOj.A1,03 system. In the case of 
polymeric forms such as (3) and (4)) dis- 
tinguishing characteristics in the infrared 
spectra are the increased absorptions at 
885 and 830 cm-l known to be due to con- 
tinuous MO-O-MO bonds (15, 28, 29). As 
to the 900 cm-’ band, it can be ascribed 
either to the V, frequency of tetrahedra or 
to dioxomolybdenum species containing cis- 
MOO, groups as in MOODY (Z&9, 31). 
The latter assignment will be discussed 
further in connection with results on re- 
duced samples (9). 

With regard to molybdenum incorporated 
in alumina vacancies, the 630 cm-’ band, 
which is not attributable te Al, (MoO,)a, 
appears to be diagnostic, as recent litera- 
ture (28) ascribes it to vibrations in an 
octahedral MO (VI) oxygen structure like 
&MOO+ Proof in favor of incorporation 
of molybdenum into the AlO vacancies 
can be inferred also from trends in surface 
areas (Fig. 8). 

The two alternatives, polymeric [MOO,] 
on the surface and [MoOa] incorporated 
in the lattice, should be considered as dif- 
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fering only in topochemical respects, as they 
represent different locations, namely at or 
under the outermost layers of the catalyst. 
It is possible that they act, by ion diffusion 
processes, as precursors of the thermo-dy- 
namically most stable phase in the system, 
Al, (MOO,) s. This assumption is sup- 
ported by the observation that the thresh- 
old of octahedral species always occurs at 
lower composition levels than Al, (MOO,) 3, 
as indicated by X-ray diffraction, uv and 
ir spectra. Furthermore, formation of 
Al,(MoO,) 3 is favored by increasing tem- 
perature as it is detected at Moos-15-700 
as against MoOa-30-500; similar considera- 
tions apply to [MOO,] in the octahedral 
vacancies as diagnosed from the detection 
limits of the 630 cm-l a.t.r. band for the 766 
and 500°C series, respectively. 

With regard to the fraction of MOO, 
going to Al, (MOO,) 3, solubility data (Table 
3) prove undoubtedly that formation of 
Al,(MoO,), is slow: these results agree 
with the absence of well-defined peaks in 
the DTA analysis, indicating that the inter- 
action MoO,/A1,Oj leading to Al, (MOO,) 3 
requires a large temperature interval in 
order to go to completion. 

CONCLUSIONS 

This study has provided a comprehensive 
picture of the generation of molybdenum 
species on impregnated y-Al,O, samples 
both on the surface and in the bulk, as a 
function of the Moos concentration and 
calcination temperature. The main feature 
of uncalcined catalyst samples are chemi- 
sorbed molybdenum species at the surface. 
Evidence has been presented for the exis- 
tence, in calcined samples, of monomers 
(tetrahedra) on catalyst surfaces exhibiting 
a high percentage of OH groups; on 
partially, depleted samples dimeric and 
polyanionic oxomolybdenum (VI) species 
are present either as [MOOR] on the surface 
or incorporated in octahedral interstices of 
Y-A1,O, when surface OH groups are no 
longer available. The octahedral species 
and the chemically well-defined phase, 
Al, (MOO,) s, increase with higher molyb- 
denum concentration and calcination 
temperature. 
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