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Multicomponent molybdate catalysts consisting of Fe,(M0Q,); with different amounts of Bi or Te
were used for the oxidation of propylene to acrolein and characterized by means of DT, TG, and
DSC analyses, surface area measurements, X-ray diffraction, and ir, Raman, diffuse reflectance,
and X-ray photoelectron spectroscopies. The effects of Bi and Te levels were investigated over a
wide concentration range from 0.000064 to 0.256 g atoms of Bi or Te per mole of Fe,(M0oOy)s.
Experimental evidence showed that: (i) Bi, Te, and Mo can enter the Fe,(MoQO,); structure in the
interstitial sites; (ii) at low concentrations Bi and Te tend to concentrate at the catalyst surface; (iii)
dopants on the catalyst surface show oxidation states above III for Bi and above IV for Te; (iv) the
localization of Bi, Te, and Mo in the interstitial sites, together with the stabilization of the higher
oxidation states of Bi and Te, prevents catalyst deactivation; (v) Big(FeO,)(MoO,), and MoO, are
formed in the catalysts with high amounts of Bi and Te, respectively. The catalytic and analytical
data lead to the following conclusions: (1) selectivity is related to surface properties such as the
presence of surface Bi-O-M-0O-Bi (or Bi-O-Bi) and Te-O-M-0O-Te (or Te-O-Te) chain bonds
and controlled valence conductivity involving two-electron transfer processes; (2) activity is related
to bulk properties such as oxygen mobility and bulk conductivity that can change with the presence
of Bi, Te, or Mo in the Fey,(MoQ,); interstitial sites; (3) the formation of Biy(FeO,)(MoO,), and
MoOQ; is not directly responsible for the catalytic properties observed.

INTRODUCTION The catalysts are supported on silica

when the reaction is performed in a fluid-

In recent years multicomponent molyb-
date (MCM) catalysts have come into use
for the industrial oxidation and ammoxida-
tion of propylene. Typical catalyst formula-
tions are (/-3):

Mo ,,Fe bB icMe d2+ KePfO T
Me2* = Ni, Co,
or alternatively (4):

Mo,CepTe.Mes*+0,, Me?* = Ni.
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ized bed. The patent information implies
that there is always a molybdate system
consisting of Fey,(M0O,); or Cey(MoOy);
combined with Me?*MoQ, and ill-defined
bismuth or tellurium compounds.

Most of the studies reported in the litera-
ture focus on simple unsupported binary or
ternary oxides, which should be similar in
their catalytic character to more complex
and supported oxides. Sleight and co-work-
ers (5-7) studied defect molybdates and
tungstates with scheelite structures having
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the ideal formulas Mef*;,Bi;;>*¢,.MO, and
Medt 5. Lid%, 4, MO, and came to the con-
clusion that the presence of both point de-
fects and bismuth is essential for optimum
catalytic performance. Villaet al. (8) inves-
tigated the bismuth-impregnated Fe,
(MoOQy); system and proposed that the ac-
tive and selective phase of the resulting Bi
FeMo catalyst is Fe(III) molybdate with
bismuth as dopant in interstitial or substitu-
tional sites, probably as Bi®**. An explana-
tion along similar lines was given by An-
drushkevich et al. (9) and by Forzatti et al.
(10, 11) in order to account for the effect of
the addition of tellurium to MoQ; and to a
large series of divalent and trivalent metal
molybdates. These authors relate good cat-
alytic performances in olefin oxidation to
the occurrence of solid solutions with tellu-
rium entering the lattice interstitially or
substituting Mo®*.

Other authors preferred a correlation be-
tween catalytic properties and the presence
of a well-defined active and selective phase,
given the fact that many compounds such
as bismuth molybdates (12), Te,MoO, (13),
Biz(FeO,)(M00,), (I14), and MeTeMoO,,
where Me is Cd, Co, Mg, Mn, and Zn (/5-
17), are active and selective catalysts for
propylene oxidation and ammoxidation.
However, all these compounds contain ei-
ther Bi or Te and could, therefore, be self-
doped by these elements, in a way similar
to that outlined above.

More complex MCM catalysts of compo-
sition Meg2*Meg®* BiMo,,, where Me2*is Ni,
Co, Mn, and Mg and Me?** is Fe, Cr, and
Al, were investigated by Wolf and Batist
(18) and Matsuura and Wolf (/9). The
results were interpreted in terms of an inner
core of divalent metal molybdates with two
surface shells: one directly at the surface,
consisting of bismuth molybdates, and one
below that, consisting of iron molybdate,
the amount of iron increasing on going to-
ward the core of the catalysts. This model
was recently refined by Matsuura (20).
However, an investigation by Prasada Rao
and Menon (27) on a 50% NiyCosFe;Bi
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Mo,,K4PO,~50% SiO, catalyst tends to
cast doubt on the BiMo skin concept. XPS
measurements revealed the presence of Co,
Fe, Mo, Ni, Bi, Si, and O on the surface of
both fresh and used catalysts while the rela-
tive composition differed markedly depend-
ing on whether the catalyst had been ex-
posed or not to ammoxidation conditions.
Bertolini et al. (22), during a structural in-
vestigation of MCM catalysts containing
Mo, Fe, Co, Ni, Bi, P, Si, K, and O, pre-
pared a reproducible catalyst having high
activity and selectivity and containing only
two phases: Fey(MoQOy); and B-CoMoO, in
an appropriate ratio. Their catalyst was ob-
tained by an accurate selection of prepara-
tion parameters and did not contain any bis-
muth molybdate phase.

In conclusion the scientific literature of-
fers conflicting explanations of the perfor-
mance of MCM catalysts. The catalytic be-
havior is related either to the presence of
well-defined active and selective phases or
to the doping action of bismuth and tellu-
rium. However, this promoting—moderat-
ing effect has not yet been clarified. On the
other hand, conclusive evidence has been
provided to show that the presence of bis-
muth and tellurium is essential for good cat-
alytic performance.

With this in mind our present investiga-
tion was performed along the following
lines:

(i) Considering that Fe,(MoO,), is a com-
mon constituent of commercial MCM cata-
lysts and cannot be self-doped by Bi and Te,
catalysts consisting of Fe,(MoO,), and of Bi
or Te added in small quantities were consid-
ered.

(ii) Such a comparative study was ex-
pected to clarify analogies as well as differ-
ences in the action of Bi and Te.

(iti) To assure catalyst homogeneity the
catalysts were prepared by spray drying.

(iv) The catalysts were characterized by
DT, TG, and DSC analyses, X-ray diffrac-
tion, and ir, Raman, diffuse reflectance, and
X-ray photoelectron spectroscopies, giving
a wide range of information on the Fe,
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(MoO,); phase, other spurious phases, Bi
and Te dopants, and the nature of the cata-
lyst surface.

(v) The effect of Bi and Te additions was
investigated over a large concentration
range, from very low levels up to those
used in commercial MCM catalysts. This
was done with the aim of clarifying in which
concentration range the changes in activity
and selectivity take place and whether
these changes can be related to surface
composition, bulk composition, or to any
other properties of the catalyst.

METHODS
Preparation of Catalysts

Fex(MoQ,); was obtained by dissolving
52.97 g of (NHy)gMo0,0,, - 4H,0 in 350 ml of
water at 80°C. Melted Fe(NOs); - 9H,0,
80.8 g, was added to the solution and the
resulting slurry diluted to 600 ml over 30
min. The pH was raised to 5 by repeated
NH,OH additions during aging at 80°C for 4
hr. The slurry was finally spray dried and
gradually heated to 510°C over 6 hr and
then kept at this temperature for 5 hr more.
There were two different preparations of
Fe,(Mo00,), cited as FeMo-O(I) and FeMo-
o(ID).

Fe,(Mo0O,); catalysts doped with Bi were
prepared in the same way with the desired
amount of Bi(NOQ;,); - 5H,0 being melted to-
gether with the Fe(NO;);- 9H,O. Fe,
(MoQy); catalysts doped with Te were pre-
pared by adding HgTeOgz to the (NHys
Mo,0,, - 4H,0 solution. In both cases mo-
lybdenum was completely salified with
iron. The catalysts were labeled according
to their Bi or Te loading: e.g., FeMoBi-
0.064 indicates a sample in which 1 mole of
Fe,(M00O,); is doped with 0.064 g atoms of
Bi.

Biy(FeO,)(Mo0Q,), was prepared accord-
ing to Ref. (23).

Characterization of Catalysts

X-Ray powder patterns were recorded
using a Philips PW 1140/90 counter diffrac-
tometer with Fe Ka—Mn filtered radiation.

FORZATTI ET AL.

Infrared spectra were obtained using
KBr disks on a Perkin—-Elmer 457 infrared
spectrometer.

Raman spectra were measured on a Cary
83 laser Raman spectrophotometer (4880-A
excitation).

Diffuse reflectance spectra were re-
corded with a Cary 15 instrument provided
with a diffuse reflectance attachment
against a bulk of BaSO,.

DTA and TG experiments were per-
formed with a Mettler Analyser T2-WR
with a 5°C/min heating rate.

DSC measurements were recorded on a
DSC 2 Perkin—-Elmer instrument with a
20°C/min heating rate.

Surface areas were determined with a
BET dynamic system.

The X-ray photoelectron spectra were
obtained with an AEI ES200B photoelec-
tron spectrometer using an Al Ke source.
The samples were mounted on double-sided
adhesive tape in powder or pellet form and
cooled during analysis to prevent charring
of the adhesive backing. Peak positions
were measured (+0.2 eV) relative to each
other and to the C,, contamination peak.
Relative signal intensities of the elements
present were obtained by cutting out and
weighing the area under each of the corre-
sponding peaks (Fey,, Moz, Biy, Tesq,
Fes,, Moy,). This method gave relative sig-
nal intensity values with a reproducibility of
+5%.

Activity Measurements

The oxidation of C;Hg was performed in
an AISI 316 stainless-steel fixed-bed reac-
tor (i.d. 5.4 mm) provided with an axial
thermocouple sliding inside a tube of 1.2
mm external diameter. The catalyst particle
size was 35-52 mesh obtained by grinding
the granules prepared by pressing the
calcined powder at 1300 kg/cm? for 5 min.
The catalyst charge ranged between 4 and 5
g. The feed consisted of 6.5% C;Hg, 13% O,
(the balance being N,) at 200-300 ml min™*
(at STP) total gas flow. A manometer was
placed at the reactor inlet for measuring the
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actual pressure. The reactants and products
were analyzed by GC on different columns;
a molecular sieve column 1.2 m long at
room temperature for Q,, N,, and CO and a
Porapak QS 2-m column at 150°C for air,
CO,, H,0, propylene, and acrolein. After
reaction, the catalyst was quenched down
to room temperature under nitrogen.

RESULTS AND DISCUSSION
DT, TG, and DSC Analyses

Figure 1 gives the DTA thermograms in
air of FeMo-O(I), FeMoBi-0.064, and Fe
MoTe-0.064 samples dried at 120°C.

FeMo-O(I) showed two exothermic
peaks with maxima at T = 256°C and T =
300°C, both with shoulders, due to different
nitrate decompositions and an endothermic
peak at T = 344°C and a broad exothermic
peak at 350—400°C due, respectively, to the
evolution and combustion of ammonia.

& 200 300 400 S00 600 700 T(Cf

FiG. 1. DTA thermograms in air of FeMo-X1) (a),
FeMoBi-0.064 (b), and FeMoTe-0.064 (c).
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FiG. 2. DSC thermograms of FeMo-(I) (a,, on heat-
ing; a,, on cooling), FeMoBi-0.256 (b,, b,), and Fe
MoTe-0.256 (c,, c5).

FeMoBi-0.064 and FeMoTe-0.064 ther-
mograms were similar to that of FeMo-0(1);
slight differences concerned the nitrate de-
composition and the exothermic peak asso-
ciated with the oxidation of ammonia.

TG analyses of FeMo-0, FeMoBi, and
FeMoTe samples calcined at 510°C did not
show any weight loss up to 700°C.

DSC thermograms of FeMo-XI), Fe
MoBi-0.256, and FeMoTe-0.256 calcined at
380°C are given in Fig. 2.

All the samples showed an endothermic
peak on heating at T = 513-515°C and an
exothermic peak on cooling at 475-481°C,
that can be attributed to the ferroelastic
transition (monoclinic 2 orthorhombic) of
Fe,(MoOy); (24, 25). The intensity and the
shape of the peaks became reproducible af-
ter the first temperature cycle, which indi-
cates that the catalyst samples calcined at
510°C are stable. The shape of the exother-
mic and endothermic peaks and the en-
thalpy change associated with the peaks de-
pended on the presence of Bi and Te. These
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data indicate that the Fe,(MoQ,); structure
is modified by doping of Bi and Te.

X-Ray Data

Table 1 shows the X-ray patterns of
FeMo-((I), FeMoBi-0.256, and FeMoTe-
0.256 calcined at 510°C.

The pattern of FeMo-((I), as well as that
of FeMo-O(II), is in good agreement with
literature data for Fe,(MoQO,); (26-30). No
appreciable amount of MoQ; was detected
in the two samples. FeMoBi-0.256 showed
the presence of Biy(FeQ,) (MoO,), in addi-
tion to Fes(M0QO,); [peaks at d = 4.89, 4.79,
3.179 and 2.69 A and reinforcement of
peus at d = 3.14 and 2.63 A (23, 31)]. No
MoO; peaks were observed nor bismuth
molybdate phases detected. FeMoTe-0.256

TABLE 1

X-ray Powder Diffraction Patterns

FeMo-I) FeMoTe-0.256 FeMoBi-0.256
d /1, d /1 d /1,
(A) A) (A)

6.93 35

6.39 14 6.39 16 6.39 13

5.77 28 5.765 29 5.77 30

4.89 9

4.79 12

4.55 14 4.55 8 4.55 13

4.33 40 4.33 37 4.33 46

4.08 58 4.08 58 4.08 60

3.90 52 3.90 46 391 51

3.87 100 3.87 100 3.87 100
3.81 32

3.74 13 3.735 17 3.74 17

3.56 25 3.56 29 3.56 28

3.464 62 3.464 111 3.464 63

3.347 10 3.347 17 335 12
3.26 64

3.24 45 3.24 61 3,245 48

3.20 15 3.195 27 3.20 21

3.179 48

3.135 8 3.135 12 3.14 58
3.01 4

2.955 25 2.95 27 2.955 27

2.89 10 2.89 8 2.89 13

2.84 18 2.84 15 2.85 22

2.69 9

2.65 11 2.65 26 2.65 13

2.63 22 2.63 29 2.63 30
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showed the presence of MoQj in addition to
Fey(MoO,); [peaks at d = 6.93, 3.81, 3.26,
and 3.01 A and reinforcement of peaks at d
= 3.46 and 2.65 A (32)]. Neither the ternary
compound Fe(Ill)-Mo-Fe-0 (/7) nor
Te,MoO; (33) was observed.

The presence of Big(FeO,) (MoO,), was
detected in samples with Bi content above
0.064 and increased with Bi content while
the amount of crystallized Fey(MoO,);
phase decreased (see Fig. 3). The Biz(FeO,)
(MoQy), X-ray peaks increased with higher
calcination temperatures (600, 700, and
800°C) while those of Fey(MoO,); showed
only slight increases. The greater the Bi
loading, the smaller was the amount of
crystallized Fey(MoQ,); at 600-700°C
which, however, was far below the levels in
FeMo-0 at the same temperature. These
results confirm that the smaller amount of
crystallized Fe,(MoQ,); in FeMoBi cata-
lysts at 700-800°C is due to the formation of
Big(FeO,) (Mo0O,), and indicate a more mi-
crocrystalline or amorphous nature of the
samples at 510°C.

In FeMoTe catalyst with Te content
above 0.00064, MoO,; was detected but the
quantity present did not properly follow the
Te content. The amount of crystallized Fe,
(Mo00O,); decreased with Te although not in
a regular way, but it was always inversely
related to the amount of MoQ; (see Fig. 4).
By increasing the calcination temperature
to 600°C the amounts of both crystallized
Fey(MoQ,); and MoQ; increased. At 700°C
MoO; was completely lost from the catalyst
and the amount of crystallized Fe,(MoQ,);
further increased but never reached the
level of FeMo-0 at the same temperature.
No crystalline Te-containing compounds
were observed at calcination temperatures
of 510, 600, and 700°C. X-Ray fluorescence
analyses of FeMoTe-0.256 revealed a sub-
stantial loss of tellurium (approximately
35% of total Te) on going from 600 to 700°C.
These data confirm that the catalysts rich in
Te and calcined at 510°C consist of crystal-
lized Feo(Mo0Oys; and microcrystalline or
amorphous compounds. These compounds
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F1G. 3. Amount of crystallized phases vs Bi content in FeMoBi catalyst samples: Fey(MoQO,); (O);
Biy(FeO)(MoO,), (O). The sums of the heights of the most intense X-ray peaks of Fe,(MoQ,); (d =
3.24,3.464, 3.87, 3.90, 4.08, 4.33 A) and of Big(FeO,)(MoO,), (d = 4.89, 4.79, 3.179, 3.14, 2.69, 2.63 A)
were taken as a measure of the amounts of the two crystallized phases. Appropriate corrections were
considered for the X-ray peaks at d = 3.14 and 2.63 A, which are common to both Fey,(M0QO,); and

Biy(FeO)(MoO,),.

transform with temperature into Fe,
(MoOy; and MoQyg, which is lost from the
catalyst together with substantial amounts
of Te at higher temperature. The X-ray in-
vestigation further confirmed the absence
of appreciable amounts of either crystalline
phases other than Fe,(MoO,); or micro-
crystalline and amorphous phases in cata-
lyst samples with low content of Bi or Te.

w
=3
P

8

g

Amount of crystallized phase (a.u.)

Infrared Spectra

Figure 5 shows the infrared spectra of
FeMo-XI), FeMoBi-0.256, and FeMoTe-
0.256 samples calcined at 510°C together
with that of Big(FeO,) (M0Q,), as reference.
The spectrum of FeMo-((I) is in agreement
with literature data for Fe,(MoQ,);. The
very weak shoulder at 990 cm™! can be as-

N

[s] N R
10-5 10-% 10-

102 107 1

Te content [gatoms/mote Fe,(Mo0,);]

F1G. 4. Amount of crystallized phases vs Te content in FeMoTe catalyst samples: Fe,(MoO,), (O);
MoO; (D). The quantity of crystallized MoO; was measured from the sum of the heights of the X-ray
peaks at d = 6.93, 3.81, 3.464, 3.26, and 2.65 A. Appropriate corrections were made for the X-ray
peaks at d = 3.464 and 2.65 A which are common to both Fe;(MoO,); and MoQ,.
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F1G. 5. Infrared spectra of: FeMo-((I) (a); FeMoBi-
0.256 (b), FeMoTe-0.256 (¢), and Biy(FeO)(MoO,),

(d).

signed to a Mo==0 stretching mode, with
Mo in octahedral coordination. This shoul-
der is slightly more intense in FeMo-0(II).

The spectrum of FeMoBi-0.256 showed
additional absorption bands at 410, 530, and
750 cm™! together with an enlargement of
the main absorption band at 850 cm™. All
these modifications are consistent with the
presence of Bizy(FeO, (MoQy), (31), in
agreement with X-ray data.

The spectrum of FeMoTe-0.256 showed
absorption bands at 990, 580, and 370 cm™
attributed to the MoO; phase and an en-
largement of the band at 850 cm™ which
can be explained by the superposition of the
main complex band of FeMo-0 at 850 cm™?
and the absorption band typical of MoO; at
860 cm~!. The data are again in agreement
with the X-ray results.

The typical absorptions of Bis(FeO,)
(Mo0Q,); in FeMoBi samples and of MoO; in
FeMoTe samples were also observed, al-
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though with lower intensity, in FeMoBi-
0.128 and FeMoTe-0.128, respectively.

Raman Spectra

Figure 6 shows the Raman spectra of
FeMo-0(I), FeMoBi-0.256, and FeMoTe-
0.256 samples calcined at 510°C together
with that of Big(FeO,) (MoO,), as reference.

J\JUJ'
Mo
i
L)

i 1

L [
800 400 4]
Raman shift (8cm™)

FiG. 6. Raman spectra of: FeMo-XI) (a), FeMoBi-
0.256 (b), FeMoTe-0.256 (c), and Biz(FeO,)(MoO,).
(d).
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The Raman spectrum of FeMo-0(I) is in
agreement with the literature data for Fe,
(MoQy)s; (8). The shoulders at 820 and 990
cm™! are consistent with trace amounts of
Mo octahedrally coordinated with oxygen.
These shoulders were slightly more intense
in FeMo-((II).

FeMoBi-0.256 showed additional bands
at 640 and 875 cm~! which can be attributed
to Bi3(FeO4) (M004)2.

FeMoTe-0.256 showed new bands at 280
and 660 cm™! and a strong reinforcement of
the bands at 820 and 990 cm™! that can be
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attributed to the presence of the MoO,
phase.

The presence of the bands typical of Bis
(FeOy (M0Oy), and MoQO; was also de-
tected in FeMoBi-0.128 and in FeMoTe-
0.128, respectively.

Diffuse Reflectance Spectra

Figure 7 shows the electronic spectra of
samples calcined at 510°C. Spectra of
Bi,O3, NaBiQ,;, orthorhombic TeQ,, tetra-
gonal TeO,, and HyTeO; calcined at differ-

e =N

O(ab,.c)—

0(d,e)

O(fgh,i)—

L 1 1
800 700 600

1 1 1
500 400 300 Anm)

Fic. 7. Diffuse reflectance spectra of: FeMo-0(I) (a), FeMoBi-0.256 (b), FeMoTe-0.256 (c), Bi,0; (d),
NaBiO; (e), orthorhombic TeO, (f), tetragonal TeO, (g), HgTeO, without any thermal pretreatment (h),

and HgTeOg calcined at 350°C for 1 hr (i).
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ent temperatures are also shown for com-
parison.

The FeMo-(I) spectrum exhibited an ab-
sorption edge at 400 nm due to the charge
transfer process 0>~ — Mo® (34) and a
characteristic absorption band at about 460
nm already observed by other authors
(18, 35). The broad absorption in the uv re-
gion indicates the presence of both tetrahe-
dral and octahedral oxomolybdenum (VI)
groups with characteristic peak maxima at
270, and at 270 and 360 nm, respectively
(36). Mo atoms in an ideal Fey(MoQ,);
structure are surrounded by oxygen tetra-
hedrally (29). The absorption at 360 nm
could be due to Mo(VI) accommodated in
the octahedral voids available in the Fe,
(MoO,); structure (30), and/or to trace
amounts of MoQOj; too small to be observed
by X-ray diffraction. The absorption at 360
nm was present in both FeMo-O(I) and
FeMo-(II) catalyst samples.

1383
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FeMoBi and FeMoTe spectra showed the
absorptions already present in the spectrum
of FeMo-0 and an additional absorption in
the visible region. This absorption was
broad and increased with Bi and Te con-
tents up to 0.032, as shown in Fig. 8 in
which the absorption was measured at 500
nm. Over the 0.032 level the behavior of
FeMoBi and FeMoTe catalysts differed: the
absorption markedly increased with Te
while it was almost constant with Bi. Ap-
preciable departures from the general trend
did occur for FeMoTe catalysts. The results
clearly indicate that the absorption is asso-
ciated with Bi and Te ions. Inspection of
reference spectra indicates that an absorp-
tion in the visible region was also present in
the case of NaBiQ; and HgTeOg, as opposed
to Bi;O; and either orthorhombic or tetrag-
onal TeO,. The absorption in the visible
region was much stronger in HgTeOq
calcined at 350°C, where pairs of Te*t and

(A/R)
10
8 b—
6 -
4 -
2+
QTﬁ,;i 1 L 1 L 1
0 10-5 104 107 10°¢ 107"

Bi of Te content (g atorns/mole Fez(MoO‘ )JJ

FiG. 8. Intensity of absorption at 500 nm vs Bi and Te content; (A/R)'** where R = percentage

reflectance and A = 100-R.
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Teb* are expected to be formed in larger
amounts (37). Also, NaBiO; should be
properly considered a mixed-valence com-
pound containing small quantities of Bi%*
since it is difficult to prepare stoichiometric
NaBiQj;, because of the very high oxidizing
power of Bi%*t.

On the basis of reference spectra, the ab-
sorption of the FeMoBi and FeMoTe sys-
tems in the visible region can be assigned to
electron transfer processes between nearest
neighbor pairs of Bi** and Bi**, or Te®* and
Te**, respectively, that form oxo-bridged
units. This has already been proposed for a
large series of mixed-oxide systems (38).
Selective examples in this respect are min-
eral crocidolite (39), nickel oxide (40), iron-
doped LiNbO; (41), and Sb,0, (42). All of
these compounds absorb in the visible re-
gion. As already proposed in the case of
mineral crocidolite, not only nearest neigh-
bor but also longer electron jumps may be
involved in the transfer process (43).
Therefore in addition to Bi or Te, Mo and/or
Fe might also be involved in the process. In
any case the transfer process results in con-
trolled valence conductivity (38).

The assignment of the absorption in the
visible region to electron transfer processes
between pairs of oxidizing and reducing
ions is consistent with the constancy of the
intensity of the absorption for Bi greater
than 0.032 where Biy(FeO)(MoQOy), is
formed. As a matter of fact bismuth is
present only as Bi®* in this compound. The
slight random departures from the general
trend for FeMoTe samples in Fig. 8 can be
explained with random amounts of oxomo-
lybdenum (VI) groups which change the
reference background absorption in the
spectra.

The possibility that the absorption in the
visible region is due to a new charge trans-
fer process between Mo and/or Fe in mixed
valence states such as MoO;_, or Fe;0,,
induced by the presence of Bi or Te, is un-
likely for the following reasons. First, the
XPS results (see Table 2) show no evidence
of reduced Fe,, or Mo, binding energies
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with Bi or Te loading, the only exception
being the 0.256 Te sample. Second, the
presence of Fe;O, would result in a very
low selectivity which was not observed.
Also, the presence of MoOj_, presupposes
the presence of MoO; which was found
only in the FeMoTe samples. Here, how-
ever, there was no clear correlation be-
tween the amount of MoQj; and the visible
absorption intensity (see Figs. 4 and 8).

XPS Measurements

The binding energies of the main ele-
ments present in the catalyst samples are
given in Table 2 referenced to the C,, con-
tamination peak (285 eV). Data for Bi,O;,
NaBiQ;, orthorhombic TeO,, and HgTeOq
with no thermal pretreatment are also
shown for comparison.

Although the Biy, signal would be ex-
pected to shift to higher binding energy on
going from Bi,O3 to NaBiOj this was not the
case. Apart from the problems associated
with *‘C,, referencing’’ for Bi compounds
(44), the NaBiO; sample darkened during
analyses, Bi probably being reduced from
Bi®*, giving a Bi,sbinding energy below that
of Bi;O;. However, a slight increase in the
Biy binding energies was observed in Fe
MoBi catalyst samples on increasing the Bi
loading.

A difference of only 0.8 eV in the Tes,
binding energy exists between orthorhom-
bic TeO, and HsTeO, (Table 2 and Refs.
(45, 46)) which makes it difficult, also in
this case, to clearly identify oxidation states
of Te in the different catalyst samples.
However, there was a net increase in the
binding energy of tellurium with increasing
Te/Mo ratio at the surface (see Table 2 and
Fig. 10). The Tes, signals did not show any
marked asymmetry differences with in-
creases of Te loading which excludes the
possibility of separate Te** and Te®* species
at the catalyst surface. This is consistent
with the hypothesis (see diffuse reflectance
spectra) of the formation of chain bonds of
the type Te®*-O-M-0O-Tett or Tett-0O-
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TABLE 2

Binding Energies from XPS Results (C,, = 285 eV)

Catalyst Fresh (f) or Feq, Teszq Oy, Mozq Bi,, Fes, Tesq Moy,
sample used (u)

Bi;O; f — — 530.1 — 160.0 — — —
NaBiO, f — — 530.3 — 159.5 —_ — —
Orthorhombic

TeO, f — 577.1 531.1 — — _ 45.7 —
H,TeOyq f — 577.9 532.0 — — — 46.7 —
FeMo-XI) f 7115 — 530.1 233.0 — 57.9 — 42.3
FeMoBi-0.00064 f 712.5 — 531.1 233.7 — 58.7 — 43.1
FeMoBi-0.0064 f 711.9- — 530.2 232.7 160.0 57.9 — 423
FeMoBi-0.032 f 711.5 _ 530.3 232.9 160.5 57.9 — 423
FeMoBi-0.032 u 711.3 —_ 530.2 232.8 160.1 57.5 — 41.7
FeMoBi-0.128 f 712.2 — 531.2 233.0 160.2 58.0 — 43.2
FeMoBi-0.128 u 711.7 — 530.4 233.1 160.2 57.9 — —
FeMoBi-0.256 f 712.0 — 530.5 233.0 160.5 58.0 — 42.4
FeMoTe-0.00064 f 712.4 576.8 530.5 233.1 — 57.9 — 42.1
FeMoTe-0.0064 f 712.5 577.0 531.1 2333 — 58.1 — 42.6
FeMoTe-0.0064 u 712.3 576.8 530.7 233.3 — 57.7 — 42.1
FeMoTe-0.032 f 713.6 578.2 532.1 234.6 — 59.1 — 43.7
FeMoTe-0.064 f 712.1 576.9 530.4 233.0 — 57.1 — 41.9
FeMoTe-0.128 f 712.4 577.3 530.7 233.2 — 57.6 — 42.0
FeMoTe-0.256 f 711.0 578.2 531.7 232.0 — 56.8 — 40.8
FeMoTe-0.256 u 712.9 577.4 531.2 233.6 — 58.0 — 42.2

Te4t allowing delocalization between differ-
ent tellurium oxidation states.

The formation of these Te$*-Te** pairs
helps to stabilize at 510°C high oxidation
states of Te in the catalyst samples with
high surface concentration of Te. This stabi-
lization would not be possible without a
contribution from the matrix since the oxi-
dation state in tellurium oxides changes
with temperature as follows (37):

Te 6+ 200- 300°C

(Te** + Tes) 2505 Tes+,

Quantitative data from XPS measure-
ments are shown in Table 3 (FeMo-((I) and
FeMo-((II)), Fig. 9 (FeMoBi catalysts), and
Fig. 10 (FeMoTe catalysts) and are given as
signal intensities obtained directly from the
spectrometer relative to that of the corre-
sponding Moy, signal.

FeMo-O(ID showed a significantly higher

concentration of molybdenum at the sur-

face, as compared to FeMo-((I).

The catalyst samples containing bismuth
showed a steady increase in the Biy, signal
on increasing the bismuth content from
0.00064, that can be described by the equa-
tion: Big = & In (Biy,) (see Fig. 9). The con-
tinuing increase in the Biy signal above
0.032 Bi as opposed to the constancy of the
absorption at 500 nm in Fig. 8 can be ex-
plained by the fact that the XPS signal com-
prises both Bi** and Bi*" whereas the ab-
sorption at 500 nm is due solely to

TABLE 3
Quantitative XPS Data for FeMo-0 Samples

Catalyst  Fegp/Mog, relative intensity
FeMo-I(I) 0.348
FeMo-0(11) 0.284
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FiG. 9. Intensity ratio of XPS signals, relative to Mos,, in fresh FeMoBi catalyst samples.

Bi’*-Bi®** pairs, the ternary phase, Bi;
(FeOQy (MoQ,),, formed at higher Bi load-
ing containing only Bi%*.

The Tey, signal was detected in 0.00064
Te, whereas the Biy, signal was detected
only with 0.0064. The Tes, signal intensities
from the tellurium-containing catalyst sam-
ples also increased with Te content, but in a
more discontinuous manner. Up to 0.032
there was a steady increase in the Tey, sig-
nal intensity (Te, = k In (Te,,), see Fig. 10),
followed by a decrease at 0.064 and 0.128
Te. The most remarkable decrease from
0.064 to 0.128 Te was caused by an increase
in surface molybdenum at the cost of both
iron and the dopant. At the 0.256 Te level
there was a sharp increase in both the Te;,
signal and the Fe signals to values well
above their levels in 0.032 Te. Equations of
the type Me, = £ In (Me,,) indicate a ten-
dency of the dopant to accumulate at the
surface, the tendency being more pro-
nounced for Te than for Bi.

The FeMoBi catalysts after use showed
an oxidation state of Bi = III (see Table 2),

which may be attributed 10 a stabilizing ef-
fect of the structure. The use of the catalyst
did not bring about a greater enrichment of
Bi at the surface even in samples with high
Bi content.

The FeMoTe catalysts after use showed
an oxidation state of Te = IV with both low
and high Te contents (see Table 2). The sur-
face composition was unchanged at low Te
content (FeMoTe-0.0064), while at hight Te
content (FeMoTe-0.256) a surface enrich-
ment of Te, in comparison with the same
sample before use, was observed, together
with a partial reoxidation of Fe and Mo.

It is concluded that: (i) both catalysts
with low Te and Bi content are stable with
use; (i) Te, when present in great quantity,
becomes mobile and can easily be lost (see
X-ray finorescence results for FeMoTe-
0.236 in the X-ray data section); (iii) cata-
lysts with high Bi content are also stable
with use.

Surface Area Measurements
In Table 4 we report the surface area of
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Fi1G. 10. Intensity ratio of XPS signals, relative to Moy, in fresh FeMoTe catalyst samples.

the investigated catalysts before and after
reaction. The surface area after reaction is
generally smaller.

TABLE 4
Surface Areas of Fresh and Used Catalysts

Catalyst Surface area Surface area
before reaction  after reaction
(m%g) (m?g)
FeMo-0(1I) 5.5 39
FeMoBi-0.000064 5.4 4.0
FeMoBi-0.00064 5.4 3.9
FeMoBi-0.0064 4.1 3.5
FeMoBi-0.032 2.1 2
FeMoBi-0.064 2 1.5
FeMoBi-0.128 1.1 2.2
FeMoBi-0.252 2.2 2.5
FeMoTe-0.000064 5.4 4.1
FeMoTe-0.00064 5.4 4
FeMoTe-0.0064 5.4 3.8
FeMoTe-0.032 0.8 0.8
FeMoTe-0.064 2.2 0.8
FeMoTe-0.128 1.5 2
FeMoTe-0.256 1 0.8

Catalysts with low Bi or Te contents (be-
low 0.032) showed surface areas compara-
ble to those of FeMo-0, both before and
after reaction. At higher Bi contents the
surface areas of fresh and used catalysts
were always around 2 m%g. Catalysts with
Te contents greater than or equal to 0.032
had surface areas ranging from 2.2 to 0.8
m?g.

Activity Measurements

The data were analyzed by adopting a
pseudohomogeneous isothermal plug flow
reactor model. First-order kinetics, which
is common to most MCM catalysts, for pro-
pylene consumption rate was considered:

(1

The assumptions of negligible radial profiles
and negligible axial dispersion were based
on the small reactor diameter and on L/d,, =
570—a value much larger than the critical
one calculated as 30 for Pe, = 2 and 95%
conversion (47)—respectively. The as-

r = kPCaHG'
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sumption of negligible temperature and
concentration gradients across the film, of
isothermal catalyst pellets, and of almost
complete intraphase effectiveness were ver-
ified for the most severe conditions encoun-
tered in this study by computations per-
formed along classical lines (48). Axial
temperature profiles smaller than 5°C were
measured during reaction and neglected in
the analysis of the data. Computed energies
of activation confirmed the negligible effect
of temperature axial profiles on rate con-
stant estimation in the present study where
sizable changes in rate constant values
were considered.

FeMo-0 Samples

Table 5 gives the rate constants per unit
surface area (kg,) and the selectivities to
acrolein at 350°C for FeMo-O(I) and
FeMo-0(II). Both samples show very poor
selectivity while FeMo-((II) is much more
active than FeMo-0(I). Infrared, Raman,
diffuse refiectance, and XPS measurements
indicated that both FeMo-0 samples con-
tained Mo octahedrally coordinated and
further indicated larger amounts of octahe-
dral Mo and a surface more enriched in Mo
in FeMo-0(II). This octahedral Mo could
be (i) localized in the interstitial sites of the
Fe,(Mo0O,); structure and/or (ii) present as a
trace amount of MoO;. However, MoO;
shows very poor activity in the propylene
oxidation so that it seems reasonable to re-
late catalyst activity for FeMo-0 samples
to interstitial molybdenum, Mo;. Actually,
Mo; can influence collective properties such
as electrical conductivity and oxygen mo-
bility that are known to affect catalyst activ-

TABLE 5
Catalytic Behavior of FeMo-0 Samples

Catalyst ksp at 350°C  Selectivity E

a
sample (mole/m? to acrolein  (kcal/mole)
atm - min) (%)
FeMo-(I) 4.03 x 10~¢ S 25
FeMo-0(II) 2.35 x 1075 10 25
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ity. An investigation of the electrical prop-
erties and defect structure of the catalyst
samples is in progress to clarify the actual
mechanism of electrical conductivity and
its relevance to activity. Regarding the ac-
commodation of Mo ions within the Fe,
(MoO,); structure this is made possible by
the openness and apparent flexibility of the
matrix with cages with a diameter of about
5 A and an open window 2.5 A wide and
with all the polyhedra that share corners
only (30). Besides, it is worth noting that
the Feo(Mo0O,); structure is related to a dis-
torted A;By(Si0,); garnet structure with the
A sites unoccupied (30). These unoccupied
sites are ordered and can form channels for
the transport of Mo toward, or away from,
the catalyst surface. Thus different levels of
Mo; migrating along these channels could
explain the different surface Mo content in
FeMo-0 samples. The transport of Mo ions
could be induced either by thermal treat-
ment and/or by the ferroelastic transition

——
-—

(monoclinic orthorhombic) of Fe,
(MoQ,);. In any case, for thermodynamic
reasons (49) one should expect a surface
more enriched in Mo in the catalyst samples
with high interstitial Mo, as indeed seems

to be the case.

FeMoTe Samples

In Fig. 11 we report kg, values and selec-
tivity to acrolein at T = 360°C against Te
content. The selectivity to acrolein in-
creases from around 50% in the catalyst
samples with low Te contents (0.000064-
0.00064) to 96% in FeMoTe-0.256. The
change in selectivity does not follow the Te
content, FeMoTe-0.064 having a selectiv-
ity value definitely below the value re-
corded for 0.032, 0.128, and 0.256 Te. Se-
lectivity presents a regular trend with Te
concentration at the surface, as shown in
Fig. 12. The departure of the FeMoTe-
0.128 sample from such a trend is caused by
the greater amount of surface molybdenum
with respect to other samples. Because of
this point 5 should properly be shifted more
to the right of the diagram. Selectivity is



202

FORZATTI ET AL.

104
$%
- —-100
£
E —
“jE : 30
£ 0 4s0
Fy ° .
g o 40
2 .
3
—20
108 1 1 1 1 0
1073 1074 10-3 1072 10! 1

Te content [gatoms/mole Fe2(Mo0,);]
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samples.

also related, especially at high values, to
the Tes,y binding energy, as shown in Fig.
13. High values of Tey,; binding energy im-
ply: (i) an oxidation state of Te higher than
1V; (ii) high Te/Fe or Te/Mo atomic ratio at
the surface; (iii) the occurrence of chain
bonds of the type Te®*-O-M-O-Te** or
Te®*-0O-Te**; (iv) controlled valence sur-
face conductivity, characterized by two-
electron transfer processes. Therefore se-
lectivity appears to be associated with
surface properties such as surface geome-
try and controlled surface conductivity. It
is worth noting that the transfer of two elec-
trons is also involved in the allylic mecha-

Selectivity (%)

010 o5 0207085 07

0 %5 :
Te content at the surface {au.)

Fi1G. 12. Selectivity to acrolein vs Te content at the

nism of the selective oxidation of propyl-
ene.

Concerning activity, Fig. 11 showed an
increase in kg, from 0.000064 to 0.0064 Te,
followed by a sharp decrease at 0.064. Ac-
tivity is partially regained at 0.128 Te and at
0.256 Te the increase in kg, is well above the
level in 0.0064 Te. The anomalous behavior
of kg, vs Te content can be rationalized by
correlating k¢, to the amount of MoO; phase

518.0

T

»n
<5
~
wn
T

57101

Tey, binding energy [t']

l SN
5765 3 ) 7 00
Selectivity to acrolein (%)

Fi1G. 13. Te,, binding energy in fresh FeMoTe cata-
lyst samples vs selectivity to acrolein—Numbers as in
Fig. 12.

surface: (1) FeMoTe-0.00064:; (2) FeMoTe-0.0064; (3)
FeMoTe-0.032; (4) FeMoTe-0.064; (5) FeMoTe-0.128:
(6) FeMoTe-0.256.
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that was detected by X-ray diffraction in the
catalyst samples (see Fig. 14).

The presence of sizable amounts of MoO;
in the FeMoTe catalyst samples can be ex-
plained considering that during preparation
Mo is sequestrated because of the presence
in the starting solution of heteropolyanions
(TeV"M04044)% - nH,O (50-52). The pres-
ence of heteropolyanions further explains
the relation observed between the amount
of crystallized Fey,(MoQO,); and MoOj; and
the formation of amorphous TeMo com-
pounds at high Te contents. MoQOj is likely
formed, together with the insertion of Mo in
interstitial sites of the Fe,(MoO,); struc-
ture, from a precursor amorphous com-
pound. Therefore kg, values should prop-
erly be related to interstitial Mo, Mo;, and
not to the amount of MoQ; phase for rea-
sons already discussed in the case of
FeMo-0 samples.

As for the accommodation of Te it seems
likely that Te ions are localized in the inter-
stitial sites of the Fe,(Mo00Q,); structure as
already proposed for Mo. Actually, this
type of interstitial Te, Te;, should reduce Fe
and Mo in Fe,(M0O,); assuming that the
electrons are localized at metal ions on reg-
ular lattice sites. This indeed was observed
from XPS binding energies in FeMoTe-
0.256.

An alternative explanation involving sub-
stitution of Mo%" by Te** in the lattice
would lead to significant lattice deformation
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that was not observed. Besides, substitu-
tion of Mo®* by Te®* implies Te®" ions tetra-
hedrally coordinated to oxygen which is not
in line with the preference of Te®* in molyb-
dates for octahedral coordination (53-55).

The presence of Te; in the lattice may also
increase activity through a synergic action
with Mo;. Finally, Te; can also migrate with
the same mechanism as Mo; in the FeMo-0
samples (see above), and even more easily
than Mo, leading to a surface enrichment of
tellurium.

In Fig. 15 we report the activation ener-
gies at temperatures lower and higher than
350°C as a function of the Te content. The
two values that are almost identical in
FeMo-0 (E = 25 kcal/mole) tend to differ-
entiate even at the lowest Te level: the en-
ergy of activation at T < 350°C is almost
constant with Te, while the energy of acti-
vation at T > 350°C drops down to ~10
kcal/mole. It is worth noting that global iso-
thermal inter-intraphase effectiveness is al-
ways very close to | either below or above
350°C so that the change with temperature
of the energy of activation of FeMoTe sys-
tems indicates a change in the chemical na-
ture of the rate-determining step of the re-
action. This change is clearly brought about
by the presence of Te and it is also in line
with the high selectivity of the entire Fe
MoTe series of catalysts (50-96%) as op-
posed to FeMo-0 samples. This correspon-
dence further supports the hypothesis of
associating both the changes in selectivity
and energy of activation with temperature
to a specific action of the dopant Te.

FeMoBi Samples

The catalytic behavior of the FeMoBi
system is summarized in Figs. 16 and 17.
Figure 16 gives kg, and selectivity to acro-
lein at 360°C vs Bi content. Figure 17 gives
the activation energies at 7 lower and
higher than 350°C as a function of Bi con-
tent. Selectivity to acrolein increases from
0 to 90% with Bi content. The change in
selectivity compares well with the concen-
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samples.

tration of Bi at the surface up to 0.032 Bi,
before the formation of Big(FeOg)(MoO,),.

A slight increase in Biy binding energy
was observed on increasing the Bi content
due to the stabilizing effect of the Fe,
(MoO,); matrix on higher Bi oxidation
states. The presence of Bi**—Bi?* pairs was
confirmed by the increase in the interva-
lence-band absorption in the visible region.
These pairs of ions should accumulate at
the catalyst surface because of the ten-

dency of Bi to be concentrated at the sur-
face. As already discussed in the case of the
FeMoTe system, this type of situation
would result in a well-defined surface ge-
ometry characterized by chain bonds Bi%*-
O-M-0-Bi** or Bi**-0-Bi** and further-
more in a controlled valence surface
conductivity, characterized by two-elec-
tron transfer processes. These properties
are expected to be primarily responsible for
selectivity to acrolein. The possibility that a
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F1G. 16. Specific activity (k) and selectivity to acrolein at 360°C vs Bi content in FeMoTe catalyst

samples.
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surface layer of the ternary phase could be
responsible for the catalyst selectivity can
be excluded on the basis of XPS relative
intensities which show from appropriate
calculations the ternary phase to be less
than 5% when the selectivity has already
reached 85% (FeMoTe-0.032).

ks as a function of Bi content shows a
slight increase up to 0.032. The kg, values in
this region are practically in between the
values measured for FeMo-&I) and
FeMo-)(II). A sharp increase occurs in the
range 0.032-0.128 and at the 0.256 Bi level
ksp seems to decrease slightly. Infrared and
Raman spectra of the catalyst samples with
the lower Bi contents (below 0.032) showed
the presence of trace amounts of octahedral
Mo, while ir and X-ray data of the catalysts
rich in Bi confirmed that Biy(FeO)(MoO,),
is formed above 0.032. The amount of Bis
(FeOg)(Mo0Oy), increased with Bi. In anal-
ogy with FeMo-0 and FeMoTe catalyst
samples, the activity of FeMoBi samples up
to 0.032 Bi can be associated with the pres-
ence of octahedral interstitial Mo. The
sharp increase in activity over 0.032 Bi may
be associated with changes in bulk proper-
ties due to the formation of the ternary-
phase Biy(FeO,)(Mo00O,),.

The energies of activation at tempera-
tures above and below 350°C as a function
of Bi (Fig. 17) show that below 350°C it is
about 20-25 kcal/mole for all catalyst sam-

ples, whereas above 350°C it decreases to
~10-15 kcal/mole on increasing the Bi con-
tent.

Also in this case the change with temper-
ature of the energy of activation was con-
firmed to be associated with the change in
the chemical nature of the rate-determining
step. The behavior of this change against Bi
content compares well with the selectivity
behavior, which further supports the hy-
pothesis of associating the two changes
with a specific action of the dopant Bi.

It is worth noting that the energy maxima
of the two-electron optical charge transfer
transition (Bi®* — Bi%* and Te*" — Te®") in
the Bi and Te reference compounds lie be-
tween 400 and 500 nm (equivalent to 18 and
14 kcal/mole for the thermal transition cal-
culated from the Hush equation (56, 57) for
a symmetrical system). The diffuse reflec-
tance spectra of the doped catalyst samples
show the extension of the absorption fur-
ther into the visible region, corresponding
to even lower thermal transition energies.

These values are very close to the activa-
tion energy of the oxidation of propylene to
acrolein above 350°C for both Bi- and Te-
containing selective catalysts (10-15 kcal/
mole) and this correspondence further sup-
ports the general picture put forward in this
paper to explain selectivity.

Finally, the nature of the interstitial sites
which can equally accommodate ions hav-
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ing different coordination numbers and the
flexibility of the matrix with the polyhedra
sharing only corners allow interstitially lo-
cated Te, Bi, or Mo to change coordination
or to become coordinatively unsaturated at
the surface of the catalyst thus providing
sites for reactive chemisorption.
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