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Molybdenum oxide catalysts doped or mixed with (1—50) mol% Fe3* ions were prepared. The structure of
the original samples and calcined at 400 °C were characterized using DTA, X-ray diffraction, and IR spectra. The
measurements of the electrical conductivity of calcined samples with and without isopropyl alcohol revealed that the

conductance increases on increasing the content of Fe3* ions up to 50 mol%.
carriers were determined in presence and absence of alcohol.

The activation energies of charge
The catalytic dehydration of isopropyl alcohol was

carried out at 250 °C using flow system. The results obtained showed that the doped or mixed catalysts are active

and selective towards propene formation.

However, the catalyst containing 40 mol% Fe3* ions exhibited the

highest activity and selectivity. Correlations were attempted between the catalyst composition and their electronic

and catalytic properties.
sites.

Molybdenum oxide catalysts as a pure or mixed with
foreign cations play an important role in the oxidation
reactions.’=” It was observed that almost all good
oxidation catalysts have sites associated with single
valency changes of cation. Such redox sites are often
considered highly active both as adsorption sites and in
electron exchange.®® Fe203-MoOs catalysts are most
widely used for the oxidation of methanol to formalde-
hyde. Extensive studies were concerned to the forma-
tion of iron molybdate spinel structure which shows a
good activity and selectivity towards methanol oxida-
tion to formaldehyde.l®~12) Bhattacharya et al®
reported that, iron molybdate decomposes into a-Fe2Os
and MoOs on heating above 330 °C while Alessandrini
et al.14) suggested that, the spinel is stable on heating up
to 800°C. However, the surface sites responsible for
the reactions on the catalyst surfaces must be influenced
by the change in the catalyst structure. Therefore, this
work was devoted to characterize the structure and the
active sites of the solid products of Fes03-MoOs system
in the range of doping and mixing. The structure was
characterized by DTA, IR, and X-ray diffraction. The
active sites involved in the reaction, the catalytic decom-
position of isopropyl alcohol was carried together with
the electrical conductivity in situ has been used.

Experimental

Materials. Reagent grade chemicals were used in this
work. A known weight of ammonium molybdate, (NHy)e-
Mo07044 - 4H20 was impregnated with the appropriate amount
of Fe(NO)s:-9H20 solutions with vigorous stirring at room
temperature. The impregnated solids were dried at 100°C in
an oven to constant weight then calcined in air at 400 °C for
4h. The content of Fe3* ions added was varied between 1 to
50 mol%.

Apparatus and Techniques. Differential thermal analysis
(DTA) of pure ammonium molybdate (AM) and mixed with
Fe3* ions was carried out using a Shimadzu Computerized

Probable mechanism for the dehydration process is proposed in terms of surface active

Thermal Analysis System DT-40. The system includes pro-
grammes which process data from the thermal analyzer with
the chromatopac C-R3A. The rate of heating was kept
at 10°C min—! in presence of air flow (40 ml min~!). o-
Alumina powder for DTA standard material was applied as
a reference.

Infrared spectra (IR) of the solid products were recorded
using Perkin-Elmer Model SP3-300 infrared spectrophotome-
ter in the range 1200—200 cm—! and KBr disc technique.

X-Ray diffraction patterns were recorded using a Philips
diffractometer (model PW 1010). The patterns were
obtained with Ni filter and Cu radiation. The diffraction
lines were matched with ASTM cards.!®

The electrical conductivity measurements were carried out
using a conductivity cell described previously.1®)

The catalytic activity was tested using the vapor-phase
decomposition of isopropyl alcohol (IPA) in a conventional
gas flow system at atmospheric pressure. The system com-
prised of two reactors, one of them was used without any
catalyst (control reactor), which enabled a measurement of the
blank conversion which was substracted from that measured
with flow reactor. A reaction gas mixture of I[PA with air
was introduced into the fixed bed flow reactor. The exist
feed was analyzed by direct sampling of the gaseous products
into a PYE Unicam gas chromatograph which included a
column of 3 m length and 0.5 cm diameter filled with 20%
PEG and maintained at 100°C.

Results and Discussion

Differential Thermal Analysis. Figure 1 represents
the DTA curves of pure AM and mixed with 30, 40, and
50 mol% Fe2t ions. Curve (a) of pure AM exhibits
four endothermic peaks. The first peak maximized at
124 °C, indicating removal of four molecules of water of
crystallization bound to AM molecules.!” The second
one located at 204 °C corresponds to the formation of
the intermediate, (NH4)204Mo00Os3 whereas the third peak
maximized at 300 °C due to the decomposition of this
intermediate into Mo0Qs.18 The fourth peak maxi-
mized at 780 °C attributed to the sublimation of MoOs



December, 1992]

d

C
} J
5 b
| ”W\[\/

a

30 230 430 630 830
Temperature/°C

Fig. 1. DTA curves of pure AM (a) and mixed with
Fe3* ions, 30 mol% (b), 40 mol% (c), and 50 mol%

().

solid.’® The addition of 30 mol% Fe3* ions (curve b)
shows that, the decomposition proceeds in three decom-
position stages. The first endothermic peak located at
235°C is probably due to the loss of water of crystalliza-
tion of iron molybdate formed at this stage together
with the formation of the intermediate, (NH4)204Mo0O:s.
The second endothermic peak maximized at 294°C
corresponds to the decomposition of the intermediate
formed in the first stage into MoQOs. The third endo-
thermic peak with the maximum at 776 °C is attributed
to the sublimation of MoQOs. In fact, the decrease in
the peak area corresponding to the decomposition of the
intermediate indicates the participation of AM in the
formation of iron molybdate. On increasing the ratios
of Fe3* ions, (curves ¢ and d), the thermal decomposi-
tion proceeds in one stage on heating up to 800°C.
The endothermic peak maximized at 235°C corre-
sponds to the loss of water molecules, indicating that
iron molybdate catalyst gets completely dehydrated
above this temperature.!® Moreover, the absence of
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Fig. 2. X-Ray diffraction of pure MoOj3 (a) and mixed
with Fe3* ions, 20 mol% (b), 30 mol% (c), 40 mol%
(d), and 50 mol% (e) [The samples calcined at 400 °C
for 4 h].

any peaks observed on heating up to 800 °C indicates
the higher stability of the solid product and no excess
MoOs included. Bhattacharya et al.!¥ concluded that
iron molybdate starts decomposing to amorphous iron-
(I11) oxide and molybdenum oxide above 330°C. Itis
clear from the above results that iron molybdate spinel
is stable on heating up to 800°C which is in a good
agreement with the results obtained by Alessandrini et
al.1¥  Finally the two endothermic peaks maximized at
126 and 166 °C respectively, may be attributed to the
decomposition of ammonium nitrate formed in the reac-
tion mixture.20

X-Ray Diffraction. Figure 2 shows the XRD pat-
terns of pure MoOs and mixed with 20, 30, 40, and 50
mol% Fe3* ions preheated in air at 400°C for 4 h.
Curves (b and c) show the characteristic lines of MoOs
and iron molybdate, Fes(MoO4)s. The presence of
Mo0Os can be deduced from the occurrence of the lines
at d=3.81, 3.49, 3.25 A whereas the characteristic lines
corresponding to the Fea(Mo0Q4)s phase!4) are located at
d=4.07, 3.86, 3.46, and 2.96 A. Curves (d and ¢) corre-
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spond to the MoOs mixed with 40 or 50 mol% Fe3* ions
indicating that the characteristic lines of MoOs could
not be detected. However, the detected lines confirm
the formation of iron molybdate. These results sup-
port that the iron molybdate spinel can be formed
without excess MoOs in the presence of 40 mol% Fe3*
ions.

IR Spectra. IR spectra of Fe:03-MoOs catalysts
calcined at 400 °C are shown in Fig 3. Curve (a) shows
the absorption bands at 990 and 870 cm—! correspond-
ing to the double bonded oxygen Mo=0 and Mo-O-Mo
lattice vibration modes.2122  Curve (b) shows that the
addition of 30 mol9% Fe3* ions leads to a little lattice
distortion of MoQs. On addition of 40 or 50 mol%
Fe3* ions, curves (c and d) indicate the absence of the
absorption bands corresponding to MoOs and new
bands appeared at 930, 420, and 340 cm™!. These
bands are attributed to the formation of iron molyb-
date.2d The interest results are given in Fig. 4 for the
IR spectra of the original samples of MoO3s mixed with
30, 40, or 50 mol% Fe3* ions. It appears that, the
bands corresponding to iron molybdate are located at
the same position as that of the samples calcined at
400 °C.

Electrical Conductivity.
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Fig. 3. IR Spectra of pure MoOs (a) and mixed with

Fe3* ions, 30 mo% (b), 40 mol% (c), and 50 mol% (d)
[The samples calcined at 400 °C for 4 h].
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measurements with and without IPA vapor atmosphere
have been carried out at 250 °C on all catalysts calcined
at 400°C. The experimental conditions used were, 0.5
g catalyst and 1.7% reactant of IPA vapor in the gas
feed. The flow rate of the carrier gas was 300 ml min-!
(STP). The equilibrium conditions were obtained
within 20—60 min depending on the catalyst composi-
tion and the reaction temperature. Figure 5 shows the
variation of log ¢ with the catalyst composition. Curve
(a) appears that, without IPA (air only), the conduct-
ance increases on increasing the content of Fe3* ions up
to 50 mol%. This behavior indicates that, the presence
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Fig. 4. IR Spectra of the original samples, of AM
mixed with Fe3t ions, 30 mol% (a), 40 mol% (b), and
50 mol% (c).

-5.0}

1 —_— ! 1 1 1 1 1

MO; 1 5 10 2 30 40 50

% Fea‘ concentration (mol/mol)

Fig. 5. The variation of log ¢ with the % concentra-
tion of Fe3* ions, without IPA (a) and with IPA (b).
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of FezOs increases the charge carriers within MoOs
lattice. This can be attributed to the creation of holes
via Mo®* substituted Fe3* as the following equation:

02+ Fe;03 — 2Fe|Mo|” 4+ MoOs +6|e| )

where Fe|Mo|” is a Fe3* cation substituting a lattice
Mo¢t and |e|is a hole. The creation of holes should
enhance the electron mobility within MoOs lattice and
consequently, increases its conductance. The effects of
(IPA-air) mixture on the conductance values are shown
in Fig. 5, curve (b). It appears that the conductance is
higher than that of the conductance obtained in pres-
ence of air only. This indicates the increase of the
charge carriers on the catalyst surface via the electron
injected by IPA to the available accepting sites. The
electronic theory of chemisorption on semiconducting
materials postulates24 a close relation between the elec-
tronic properties of a catalyst and its catalytic activity.
The width of the energy gap is important in controlling
the number of molecules which can be chemisorbed in
the course of a catalytic reaction and the nature of the
chemical bond between the molecule and the surface.
These factors control at the same time the activity and
the mechanism of the catalytic reaction. Accordingly,
the influence of the catalytic reaction temperature on the
conductance with and without IPA was studied in the
range (150—300°C). The results indicated that the
electronic exchange i.e. the conductance value increases
on the increasing the reaction temperature. Plots of
log o against 1/ T of pure MoOs and mixed with Fe3*
ions can be fitted to an Arrhenius relationship,25)

0=0,exp (—E./kT) 2)

where E, is the activation energy for conduction.

Table 1. The Electronic Exchange FE; in eV for Pure MoOs
and Mixed with Fe3* Ions
Catalyst E, (air) FE; (air+1PA)
Pure MoOs 0.92 0.81
20 mol% Fe3t 0.84 0.71
30 mol% Fe3* 0.65 0.53
40 mol% Fe3* 0.41 0.38
50 mol% Fe3t 0.66 0.56

Table 2. Variation of % Conversion, Yield and Selectivity
of Pure MoOs and Mixed with Fe3* Ions at
the Reaction Temperature of 250 °C

Dehydration of Isopropyl Alcohol on FeaO3-MoOs

Fest/ Conversion Yield/ % Selectivity/ %
(mol/mol) % Propene Acetone Propene Acetone
MoOs 80.6 73.5 5.0 91.2 6.2
1 85.5 78.5 3.8 91.8 4.4
5 89.5 82.3 2.5 92.0 2.8
10 91.2 85.1 1.5 93.3 1.6
20 92.5 87.5 1.4 94.6 1.5
30 94.1 89.5 1.4 95.1 L5
40 98.5 97.0 1.4 98.5 1.4
50 88.5 82.0 2.6 92.6 2.9
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Values of E, obtained by the least squares fitting of the
data are given in Table 1. From Table 1, it can be
easily seen in absence of IPA that, the activation ener-
gies decrease on increasing Mo+ substituted Fe®* ions.
The decrease in E, values may be ascribed to the start of
the formation of iron molybdate spinel structure and is
consistent with the pairing probability for charge
transfer proposed for hopping model. It was suggested
that25-27 the charge carrier moves through the hopping
polarons, which consists of a d-electron and its polar-
ized region in the lattice. The observed minimum for
composition of 40 mol% Fe3* ions, the optimum Fermi
potential may be established.2®) A further decrease in
the activation energies in the presence of (IPA+air) is
obtained. This behavior is probably due to the pinning
of the Fermi energy to stabilize the density of electrons
in the conduction band.28)

Catalytic Activity Measurements. The catalytic
activity of various solids was determined using the same
conditions used for the electrical conductivity. The
reaction products were mainly propene with a minor
yield of acetone. No products rather than propene and
acetone were detected. The experimental results are
tabulated in Table 2. Such results appear that the
doped and mixed catalysts are active and selective
towards propene formation compared with pure MoOs
catalyst. Moreover, the catalyst which has the concen-
tration of 40 mol9% Fe3* ions possesses the highest
activity and selectivity for the dehydration process.
Furthermore, it is observed that, the dehydrogenation
activity is little affected with the variation of the catalyst
compositions. This means that the addition of Fe203
only improves the sites responsible for the dehydration
reaction. Therefore, we will consider only the dehydra-
tion reaction in the following discussion.

Based on the electron donating nature of the dehydra-
tion reaction of IPA,2 one can explain the higher
activity and selectivity of Fe203-MoOs catalysts in
terms of the coordination and electronic state of the
active sites exposed in the surface planes which in turn is
influenced by the electron availability at the surface.
Although each plane is electrically neutral overall, many
surface sites may not be all neutral but may have local
positive or negative charges, and lowered coordinations.
These sites, well seek to be neutralized by electron
movement either by adsorption of an electron donor
molecule, or by electron movement from the bulk of the
solid.2®  Accordingly, and based on the available data,
one can suggest that, the increase in the dehydration
reaction on addition of Fe2Os up to 10% mol may be
explained on the basis of the doping effect of Fe3* ions,
according to Eq. I. The creation of holes together with
Most should enhance the chemisorption of IPA and
consequently should increase the dehydration reac-
tion.31820 This suggestion is in accordance with the
increase in log o values in Fig. 5. The highest activity
and selectivity of Fea(MoQs)s spinel can be explained on
the basis of its structure towards adsorption and activa-
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tion of IPA. It was reported that3® the formation of
iron molybdate is accompanied with the generation of
molybdenum vacancies Véty, and oxygen vacancies
Vo2~ as the following equation,

3MoOs + Fe03 — Fea(MoO4g)s + Vety, + 3Ve2=  (3)

Moreover, it was suggested2? that the large density of
oxygen vacancies in the active catalyst could be partially
occupied with donors and provide as an impurity band
that acts as a source and sink of electrons. From the
results of activation energies, it can be suggested that,
the decrease in its values should be facilitated by the
electron exchange between IPA and the accepting sites
on the catalyst surface during the reaction. In addi-
tion, Trifiro et al.34 concluded that, the whole catalyst
(iron molybdate) participates in the reaction of methyl
alcohol. This supports that iron cations can take place
in the reaction pathways. Accordingly, based on the
model proposed by earlier workers,3536) the dehydration
of IPA can occur on a pair of adjacent sites, viz. Mot
and O2- as acidic and basic sites respectively. How-
ever, the dehydration reaction of IPA probably can be
proceeded as follows,

IPA+ Mos* + 02~ — Mos* + CHsCH=CH,+ H:0  (4)
Mos* + Fed* — Fe2* + Mos* )
2Fe2* + Oy(g) — 2Fed* + O~ 6)

It was reported that3” the role of iron is to transfer
water and oxygen between the catalyst surface and the
gas phase. According to the above mechanism and
based on the obtained results, it is clear that, Fe3* ions
hinder the reduction of Mof* cation which is consistent
with the results reported.?839 Thus, the presence of
Mof*/Mo5* and Fe3t/Fe?t as a redox cycles together
with O2- provides the active and selective surface sites.
On the other hand the decrease in the activation energies
during the reaction of IPA may be substantiated by the
hopping mechanism of these cycles.
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