JOURNAL OF CATALYSIS 132, 157-182 (1991)

Catalytic Cooperation between MoO; and Sb,0O, in N-Ethyl
Formamide Dehydration

I. Preparation, Characterization, and Catalytic Results

BING ZHOU,! EDGARDO SHAM, TADEUSZ MACHEJ,?> PATRICK BERTRAND,’
PaTrICIO RUIZ, AND BERNARD DELMON

Catalyse et Chimie des Matériaux Divisés, Université Catholique de Louvain, Place Croix du Sud 1,
1348 Louvain-la-Neuve, Belgium

Received January 19, 1990; revised March 27, 1991

Catalysts containing MoOj; and a-Sb,0, with different ‘‘architectures’” were prepared by different
methods: mixing of separately prepared pure oxides, impregnation of MoQO; by Sb,0O, or vice versa.
We report results obtained in the oxygen-aided dehydration of N-ethyl formamide catalyzed by
these solids. A strong synergy between Mo and Sb is always observed. Extensive characterization
of the catalysts before and after catalytic test, by X-ray diffraction, Electron Microscopy, Analytical
Electron Microscope, XPS, and Ion Scattering Spectroscopy excludes the formation of mixed
oxides or solid solutions as well as mutual contamination. Rather, the artificial contamination
created by impregnation with a precursor of the other oxide exhibits a strong tendency to disappear.
The catalytic synergy persists after the contamination has disappeared. The origin of the observed
synergy is attributed to a remote control mechanism, namely spillover oxygen produced by a-Sb,0,

creates and/or regenerates active and selective sites on MoO;.

{. INTRODUCTION

Research previously carried out in this
laboratory (/—4) has shown that N-ethyl for-
mamide dehydration can be used as a test
reaction for the understanding of the reac-
tion mechanism of selective oxidation. The
presence of several elements (and several
phases) is necessary in good selective oxida-
tion catalysts (multicomponent catalysts)
(5-15). Because of the similitude of compo-
sition of catalysts active in formamide dehy-
dration and in selective oxidation and of the
surprising intervention of oxygen in the first
reaction, we have conducted a program
aimed at the study of the synergetic effects
between catalyst components in the first re-
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action. We thus hoped to contribute to the
understanding of the cooperation effects of
the various elements in the second reaction.

The catalysts for selective oxidation of
hydrocarbons have been reviewed by many
authors (5—14). Among the elements present
in these catalysts, molybdenum and anti-
mony oxides play a very important role. In
particular, it has been proposed that there
exist correlations between catalytic and sur-
face properties of catalysts containing pure
MoO, (1, 9, 11-13, 15, 16) or Sb,0, (3, 10,
12, 17-21). However, very few reports in
the literature have been devoted to the study
of mixed MoO; and Sb,0, oxides. This is
the first reason for the choice of these oxides
for the present study.

In addition, MoO; and «-Sb,0, constitute
an ideal catalytic system for studying syn-
ergy: isolated «-Sb,0, gives a negligible
conversion of N-ethyl formamide, but,
when in contact with MoO;, a conspicuous
increase of activity, compared to the simple
addition of the activities of isolated oxides,
is observed.
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An observed synergistic effectin a system
composed of two (or several phases) may
be due to one or several of the following
possibilities:

1. bi-functional catalysis,

2. remote control mechanism (/—4),

3. the formation of a solid solution or a
mixed phase (compound oxide),

4. contamination of one phase by ele-
ments coming from the other,

5. formation of a monolayer (or epitaxial
layers) of one phase on the surface of an-
other.

For dehydration of N-ethyl formamide to
propionitrile catalysed by a mixture of dif-
ferent phases, classical bifunctional cataly-
sis can be ruled out on the basis of the very
low stability of the only possible intermedi-
ary product, namely an isonitrile, the de-
sorption of which from one phase, for ab-
sorption and further reaction on the other
phase, seems extremely unlikely (/).

Inthe MoO; + a-Sb,0, system, the forma-
tion of any Mo-Sb-0 mixed phase or a solid
solution seems to be very difficult. Literature
dealing with the formation of compounds
such as Sb, (MoO,);, Sb,MoOy, etc. show
that these compounds get easily decomposed
into MoO, and a-Sb,0, (22-25).

If we suppose that MoO,; and «-Sb,0, do
not react with each other and do not suffer
mutual contamination, the catalytic synergy
between them could be well explained by a
remote control mechanism (/). According
to this mechanism, the active sites situated
on the controlled phase (here MoQ,) would
be created or regenerated by a spillover oxy-
gen species emitted by the controlling phase
(in this case a-Sb,0,).

The main alternative explanation of the
catalytic synergy by remote control might be
contamination of one phase by elements
from the other (namely possibilities 4 and 5).

The aim of our work was to study the
reason for the synergistic effects observed
with the molybdenum-antimony system.
The results will be reported in a series of
three papers.

The first one presents the detailed prepa-

ZHOU ET AL.

ration, characterization, and catalytic re-
sults obtained with different types of cata-
lysts. The following methods were used for
preparation: (i) mechanical mixture of sepa-
rately prepared oxides. In this case the con-
tamination between the oxides is minimized
and the oxides are in simple physical con-
tact; (ii) impregnation of one oxide by small
quantities of the metal of the other in order
to facilitate the contamination between the
oxides or even, if possible, form monolayers
of the contaminating element on the other
oxide; and (iii) co-precipitation of both ox-
ides and/or calcination at high temperatures
in order to maximize the conditions neces-
sary to form a mixed oxide or a solid so-
lution.

In order to study the modification in the
solid state during the catalytic reaction, the
samples were characterized before and after
N-ethyl formamide dehydration by using a
combination of different physico-chemical
characterization techniques.

The principal conclusion of this work, as
presented in this paper, was that a remote
control mechanism could explain the syner-
gism observed between MoO, and Sb,0,.

To give further support to this mecha-
nism, it was essential to investigate also the
nature of the active sites and the role played
by spillover oxygen. The corresponding re-
sults will be reported in the second paper of
this series.

In the third paper, the control effect of a-
Sb,0; on the activity and selectivity of
MoO,; will be described qualitatively by us-
ing a mathematical model which takes into
account all the parameters related to the
remote control mechanism.

2. EXPERIMENTAL METHODS
2.1. CATALYST PREPARATION
2.1.1. Preparation of Pure Oxides

Used reagents were (NHy)Mo,0,,
4H,0, Merck (pure grade with Fe <
0.0005%, Pb < 0.001%, and Cu < 0.001%),
and Sb,0,, Merck (pure grade, with As <
0.005%, Ca < 0.002%, Cu < 0.002%, Fe <
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0.003%, Pb < 0.002%, K < 0.002%, and Na
< 0.002%).

MoO, (2.0 m? g~ ') was obtained by ther-
mal decomposition of (NH,)¢Mo-0,, - 4H,0O
in air at 500°C for 20 h.

Several a-Sb,0, of different surface areas
were prepared. Samples with surface areas
of 0.4 and 2.0 m’g~! were obtained from
calcination of Sb,0; (Merck, p.a.) in air at
800°C for 100 h and 500°C for 20 h, respec-
tively. Another sample of 5.2 m? g~! was
obtained by using the oxidation method (26).
Sb,0, was oxidized by HNO; (UCB, 65%,
p.a.) during 1 h at 50°C in a rotary evapora-
tor under continuous stirring. After evapo-
ration of the acid under a pressure lower
than 1 atm, the solid was washed, filtered
with distilled water until pH = 6, and then
dried in air at 80°C for 20 h. The calcination
was performed at 450°C in air during 20 h.

2.1.2 Preparation of Mechanical Mixtures
of the Oxides in Physical Contact (Ms)

The pure MoO; and «-Sb,0, were dis-
persed in the n-pentane (Merck, p.a.). The
suspension of solids was stirred in an ultra-
sonic vibrator Bransonic 32 during 10 min.
The evaporation of n-pentane was per-
formed under continued agitation at 25°C
under a pressure lower than 1 atm until the
suspension became solid. The remaining »-
pentane was removed by drying in air at
80°C during 20 h.

The composition of the powder mixtures
was expressed by the weight ratio r =
W0,/ (Watoos + Wa.sh,0,)- Samples of com-
positions varying from r = 0.0 to r = 1.0
were prepared.

The pure oxides (r = 0 and r = 1) were
subjected to the same treatment with n-pen-
tane as the mixtures.

2.1.3. a-Sbh,0, Impregnated by Mo
(MoiSbh)

The impregnation with molybdenum oxa-
late was chosen in an attempt to form a
monolayer catalyst. According to literature
(27, 28), the use of molybdenum oxalate is
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very efficient for deposition of a monolayer
of MoO, on supports.

The precursor, molybdenum oxalate, was
prepared by the following method: 35 g of
(NH,)sMo,0,, - 4H,0 were added to a solu-
tion of 28 g oxalic acid in 130 ml distilled
water maintained at 40°C. The water was
removed by evaporation under continuous
stirring and reduced pressure at 70°C. The
resulting solid was dried overnight at 90°C.

The amount of MoO; corresponding to a
monolayer coverage on the surface of a-
Sb,O, (2.0 m? g~') was calculated on the
assumption that one molecule of MoQ; cov-
ered about 0.17 nm? (29). The result was
0.3 wt%. The quantities of the precursor
required to form respectively 0, 4, 3, 1, 2,
and 4 layers of MoO, on the surface of 10 g
of a-Sb,0, were dissolved in 100 ml distilled
water. The a-Sb,0, powder was immersed
in this solution. After 6 h of impregnation at
60°C in a rotary evaporator, the water was
evaporated under a pressure lower than 1
atm. The sample obtained was dried at
120°C for 24 h and calcined at 430°C for 1 h.
The reference sample with no Mo (a«-Sb,0,)
was subjected to the same succession of
treatments as the impregnated samples.

2.1.4. MoO, Impregnated by Sb (ShiMo)

The reaction of the antimony chlorides
with the hydroxylated MoO; was used to
prepare these catalysts (28, 30).

The precursor was prepared by dissolu-
tion of 4.016 g SbCl; (Aldrich chemie, 99%)
and 3.069 g SbCl, (Aldrich chemie, 99.5%)
in 250 ml CHCI, (UCB, p.a.).

Ten grams of MoQO, was first hydroxyl-
ated with 200 ml distilled water and then
dried at 80°C for 8 h. It was considered that
one molecule of a-Sb,0, covered about 0.16
nm?; this value was calculated from the
structure of a-Sb,0, (37). The calculated
amount of «-Sb,0, corresponding to a
monolayer coverage on the MoO; (2.0 m?
g~ ') was 0.64 wt%. The quantity of the pre-
cursor required to form respectively %, %, 1,
2, and 4 layers (as well as 0 : reference pure
MoO, sample) of a-Sb,0, on the surface of
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10 g of MoO; was diluted in 100 ml of CHCI;.
MoO,; was immersed in the solution in a
rotary evaporator under stirring at 25°C for
6 h. The sample was dried at 120°C for 15 h
and calcined at 450°C for 1 h. The reference
sample with no Sb(i.e., M0oO;) was sub-
jected to the same succession of treatments
as the impregnated catalysts.

2.1.5. Shorthand Designation of the
Impregnated Samples

Mo and Sb contents are expressed as per-
centages of the MoO; or Sb,0, weight to
the support weight, respectively, and are
designated as MoiSb wt% and SbiMo wt%.

2.1.6. Attempts to Prepare Solid Solutions
or Mixed Phases

(a) Solid state synthesis (S,). The sample
was prepared by calcination in air at 600°C
for 20 h of what we had referred to as stan-
dard mixture (Ms) of the oxides (Paragraph
2.1.2).

(b) Coprecipitation by evaporation of
aqueous solutions (Cs). First, 4.45 g of
(NH,)¢ Mo,0,, - 4H,0 (Merck, p.a.) and
3.68 g of SbCl; (Aldrich Chemie 99.9%) were
added toa 2.5 M HCI (UCB, 37% p.a.) solu-
tion. The volume of the solution was 250
mi. After the two solids were dissolved, the
solution was evaporated under a pressure
lower than 1 atm in a rotary evaporator. The
temperature was kept constant at 60°C using
a thermostat. After 2 h of precipitation, the
solid residue was then washed, filtered with
distilled water, and dried at 100°C in air for
24 h. The calcination was performed in air
at 600°C for 20 h.

2.2. CATALYTIC ACTIVITY
MEASUREMENTS

Catalytic activities were measured in a
conventional flow apparatus. The reactor

C,H-N-C
2415 \

O +3/20,

N-ethyl formamide
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was a glass tube (int. diameter: 4 mm). All
connections were heated to avoid condensa-
tion of formamide or nitrile. The catalytic
bed was maintained between two layers of
quartz wool.

N-ethyl formamide was fed by saturation
of a carrier gas passing through a saturator
and a condenser held at 90 and 85°C, respec-
tively. The carrier gas was the desired mix-
ture of He (99.995%, I’ Air Liquide belge)
and O, (99.995%, I’ Air liquide belge). No
other reagent was fed.

Reaction products were analysed by “‘on-
line”’ gas chromatography (Intersmat IGC
120 ML) with a Porapak Q column (2 m,
200°C).

130 mg of sample were used as catalyst.
N-ethyl formamide pressure P; was main-
tained at 6 Torr and oxygen pressure Po,
varied from 0.3 to 45 Torr. Total pressure
was 760 Torr (100 kPa). We used fresh cata-
lysts for each experiment. Reproducibility
of activity measurements were 7% (relative
to the overall value).

Total gas hourly space velocity was
40,000 h~', liquid hourly space velocity was
estimated to be 1.7 h™!, Reaction tempera-
tures Ty were selected in the range from 350
to 390°C. The standard reaction conditions
were the following: P; = 6 Torr, P, = 15
Torr, and Ty = 370°C.

Products were propionitrile, acetonitrile,
water, and CO,. Propionitrile formation was
the main reaction. In the presence of oxy-
gen, more than 96% of the introduced car-
bon was in the products on a Mo1.0 sample.
The reaction is presented in Eq. (1).

In the absence of oxygen, the reaction
products were the same but the propionitrile
yield decreased and CO, increased mark-
edly. After 8 h, CO, became the main prod-
uct and carbon balance was ca. 89% on a
Mo1.0 sample.

C,Hs-C=N + H,0
Propionitrile

M
CH,-C=N

Acetonitrile +2H,0 + CO,.
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We have checked that propionitrile, fed
in the same conditions (with or without oxy-
gen), does not react measurably.

Catalytic activities were expressed as
yields (Y, %), namely propionitrile moles
reported to the initial formamide moles fed
into the catalytic bed; selectivities (S, %)
were calculated from the equation § =
Y/C, where conversion (C, %) was the total
percentage of formamide transformed.

2.3. CHARACTERIZATION TECHNIQUES

BET surface areas were measured by N,
adsorption at 77 K.

X-ray diffraction (XRD) was carried out
with a Ni-filtered Cu Ko radiation.

Electron Spin Resonance (ESR) spectra
were recorded by an X-band Varian-E12
spectrometer using 100 kHz modulation fre-
quency and 20 mW incident microwave
power. A detailed description of the mea-
surements has been published elsewhere
(Ic).

The electron microscope used for analysis
was a Jeol Temscan 100 Cx which enables
the examination of the samples in the modes
of scanning transmission (STEM), second-
ary electron scanning (SEM), and conven-
tional transmission (CTEM). The instru-
ment is also equipped with a Kevex 5100
C energy dispersive X-ray microanalyzer,
which permits analytical electron micros-
copy measurements (AEM).

X-ray photoelectron spectroscopy (XPS)
spectra were taken in a Vacuum Generator
ESCA-3 MK II Spectrometer. The exciting
radiation was Mg Ka (1253.6 eV). The C,;
line of carbon was used as the reference of
binding energy (285 eV). A silica sample was
used as an external reference for calculating
the relative concentration I, (M) = I/,
(M is Sb3d,, or Mo3d) which was used in
order to compare the composition of the
XPS-analyzed portion (a near surface layer
of a few nanometers in thickness) of the
different samples. We shall call [ ,(M) the
relative analyzed concentration.

Ion Scattering Spectroscopy (ISS) mea-
surements were carried out with a Kratos
Spectrometer (Wg 541-515) which has been
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described elsewhere (Ib, 2). In order to
compare the different measurements, the
peak areas were divided by the initial cur-
rent density (I); the times of bombardment
(2) were converted into ion dose (or fluence)
(F)by: F =1, x t/1.6 x 107", F in ions/
cm?, I, in A/cm?, ¢ in seconds. In order to
quantify the surface composition of the sam-
ples, the calibration experiments were per-
formed in the following manner: The spectra
of the samples were compared with those
containing only MoO, (sample r = 1.0) or
a-Sb,0, (sample r = 0.0) which has been
treated under the same conditions as the
samples, taken as standards. The surface
composition can be deduced from the ratios
of the Mo (or Sb) intensities in the sample
and in the standard r = 1.0 (or r = 0.0).

From the literature, the sputtering yield
(Y) for a metal with Ne™ (2 keV) is about 1
(sputtered particle/incident ion) (32). It can
be supposed (33) that the sputtering yields
for an oxide are similar to those of the corre-
sponding metal. The number of sputtered
monolayers, N, with an ion dose F (ions/
cm?) can be calculated by N, = F Yin,
(where n;is the surface density of the oxide).
Taking ng, 0, = 1.67 x 10" (atom/cm?) and
Nwoo, = 1.83 x 10 (atom/cm?), respec-
tively, it can be estimated that an ion dose
of approximately 2 x 10" ions/cm? is re-
quired to remove one monolayer under our
conditions of bombardment.

Analysis of carbon deposited on the cata-
lysts was performed with a method pro-
posed by Jones et al. (34).

3. RESULTS

3.1. CATALYTIC ACTIVITY OF
MECHANICAL MIXTURES (Ms SAMPLES)

Figure 1 presents the yields of Ms samples
containing «-Sb,0, of different surface
areas (see caption) as a function of their
mass ratio. Each activity curve passes
through a maximum. The value of maximum
yield does not change much. However, a
displacement in the position of the maxi-
mum is observed. This displacement is al-
ways such that the overall surface area de-
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F16. 1. Propionitrile yield as a function of mass ratio
of Ms mixture containing MoO; (2.0 m* g~!) and a-
Sb,0, (m? g~1): (1) 0.4, (2) 2.0, and (3) 5.2, under stan-
dard conditions. Data taken at 5 min of time-on-stream.

veloped by the quantity of a-Sb,0, in the
mixture is comparable to that developed by
MoO,.

The Ms samples with MoO, 2m? g~ ') and
a-Sb,0, (2m? g~ !) were chosen for more de-
tailed studies.

Figure 2 presents the propionitrile yield
as a function of reaction time. Ms0.0 is not
active. Ms1.0 has a marked activity in propi-
onitrile yield, but this decreases during the
reaction. The Ms0.5 sample, in which the
MoO; and «-Sb,0O, are present together,
gives a much higher propionitrile yield than
Ms1.0. This yield does not change with time.

The selectivities of Ms0.5 and Ms1.0 sam-
ples correspond to about 95% propionitrile.
They remain identical in the course of the
reaction.

The yields as a function of the oxygen
pressure at 8 h of reaction time are presented
in Fig. 3.

The Ms0.0 sample is inactive in the whole
range of oxygen pressure.
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For the Ms1.0 sample, the yield increases
with oxygen pressure from 0.3 to 45 Torr.
We noted that the deactivation at low oxy-
gen pressure was more pronounced than
that at high oxygen pressure.

For the Ms0.5 sample, the yield increases
with the oxygen pressure from 0.3 to 6 Torr.
It reaches a plateau when the oxygen pres-
sure is higher than 6 Torr. The yield of propi-
onitrile for Ms0.5 is higher than for Ms1.0.

In all cases, propionitrile selectivities for
the r = 0.5 and 1.0 samples did not change
with the oxygen pressure and remained at
about 95%. A small quantity of oxygen can
maintain the selectivity.

In order to follow the deactivation of pure
MoO; and a two-phase catalyst, reactions at
360°C with 6 Torr of N-ethyl formamide in
the absence of oxygen during 8 h were car-
ried out. The reaction results for Ms0.5 and
Ms1.0 are presented in Table 1 (the Ms0.0
sample was not active).

40

301

Propionitrile yietd (%)

Time (h)

F1G. 2. Propionitrile yield as a function of reaction
time under the standard reaction conditions for (1)
Ms0.0 (pure a-Sb,0y), (2) Ms0.5, and (3) Ms1.0 (pure
MoO;).
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Propionitrile yield (%)

Po, (torn)

Fi16. 3. Propionitrile yield as a function of oxygen
partial pressure at 370°C with P; = 6 Torr, after 8 h of
reaction, for Ms samples: (1) r = 0.0 (pure a-Sb,Oy),
(2) r = 0.5, and (3) r = 1.0 (pure MoO,).

For the Ms0.5 sample, the conversion de-
creased rapidly but selectivity remained
fairly good after 0.5 h. For the Ms1.0 sam-
ple, the conversion increased after the first
0.5 h and then decreased, but selectivity
decreased rapidly. After 8 h, the conversion
and selectivity of both Ms0.5 and Msl1.0
samples decreased to a low value.

3.2. CATALYTIC ACTIVITY OF
IMPREGNATED CATALYSTS

3.2.1. Activity of MoiSbh Samples (a-Sb,0,
Impregnated by Mo)

The evolution of the propionitrile yield as
a function of the reaction time is presented
in Fig. 4. MoiSb0.0% is not active, but im-
pregnation with a small amount of Mo gives
samples producing a high yield of propioni-
trile. A conspicuous increase of yield with
the increase of the MoO, contents is ob-
served. For the samples containing 0.075,
0.15, and 0.3 wt% of MoO;, the yields de-

163

TABLE 1

N-Ethyl Formamide Conversion (C, %) and Propio-
nitrile Selectivity (§%) at 360°C with P; = 6 Torr and
Py, = 0 Torr during 8 h of Reaction

Samples Reaction time (h)
0.0 0.5 8.0
C %7283 11.9 11.2
Ms0.5 S % 76.9 61.6 10.3
C %202 30.1 15.2
Ms1.0 S %737 21.9 1.5

crease during the first 1.5 h of reaction time.
For those containing 0.6 and 1.2 wt% of
MoOQ,, the yields remain stable. The propio-
nitrile yield of all samples stabilizes after
1.5 h of reaction.

The propionitrile selectivity does not
change with the reaction time. Increasing
the MoO, contents from 0.075 to 0.6 wt%
decreases the selectivity from about 100 to

40

30

Propionitrile yield (%)

Time (h)

Fi1G. 4. Propionitrile yield as a function of reaction
time under the standard reaction conditions for MoiSb
samples. MoO; content (wt%): (1) 0.0 (pure a-Sb,0,),
(2) 0.075, (3) 0.15, (4) 0.3, (5) 0.6, and (6) 1.2.
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FiG. 5. Propionitrile yield as a function of reaction
time under the standard reaction conditions for SbiMo
samples. a-Sb,0, content (wt%): (1) 0.0 (pure MoO;),
(2) 0.16, (3) 0.32, (4) 0.64, (5) 1.28, (6) 2.56.

90%; the selectivity does not change with a
further increase of MoQ, from 0.6 to 1.2
wt%.

3.2.2. Activity of SbiMo samples (MoO,
Impregnated by Sb)

The evolution of the propionitrile yield as
a function of time is presented in Fig. 5. All
the samples impregnated with Sb show a
yield higher than that of SbiM00.0% (pure
Mo0O,). The samples containing 0.16, 0.32,
and 0.64 wt% of a-Sb,0, are not stable; their
yields decrease progressively during the re-
action. The yields of the samples containing
1.28 and 2.56 wt% of a-Sb,0, do not change
with reaction time.

The propionitrile yield of the different
samples stabilizes after 3 h of reaction. A
marked increase of yield is observed when
the a-Sb,0, contents in the samples are in-
creased.

The propionitrile selectivity remains
practically the same during the reaction. It
is always near 95%.
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3.3. CHARACTERIZATION RESULTS

3.3.1. Mechanical Mixtures (Ms) Samples
before Reaction

The ultrasound mixing of the oxides in
n-pentane does not bring about any notice-
able modification of the BET surface area.
It remains 2m? g~! for Ms0.0, Ms0.5, and
Ms1.0.

The surface areas of the mechanical mix-
ture obtained by ultrasound mixing corre-
spond exactly to those of the individual
constituents (namely 2 m? - g !). No frag-
mentation or roughening of the surface takes
place.

The XRD spectra of the pure MoO, and
a-Sb,0, obtained from the various prepara-
tions always show the lines characteristic of
the orthorhombic phases. The patterns of
the Ms mixtures are exactly the superposi-
tion of those corresponding to the pure ox-
ides. Neither new peaks nor any shift of
the position are observed. Dispersion of the
oxides in n-pentane does not modify the
phases. The 020, 040, and 060 lines of MoO,
have higher intensities than the others.

The Ms mixtures were analyzed by ESR.
No signal was observed at 25 or —196°C
from 1000 to 5000 Gauss.

Figure 6 shows the micrograph of the
Ms0.5 sample taken with SEM. The dimen-
sion of particles for both oxides is between
0.5 and 2 um. No smaller microcrystallites
were detected. The MoO, particles are in
the form of a large plate. The particles
(marked 1) of «-Sb,0, are closely sur-
rounded by several particles of MoO,
(marked 2). Conversely, the MoO, platelets
are always surrounded by several «-Sb,0,
particles.

Analytical electron microscopy of a great
number of the a-Sb,0, and MoQ; particles
shows no traces of mutual contamination,
in spite of the close contact between phases.

XPS results for the Ms0.5 sample indicate
that the oxidation states of Sb and Mo in Ms
samples before reaction are always identical
to those characteristic of @-Sb,0, and MoO;

2).
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FiG. 6. SEM micrograph of Ms0.5 sample: (1) a-
Sb,0, particles, and (2) MoO; particles.

The relative analyzed concentration as a
function of the atom ratio for Ms samples,
is presented in Fig. 7. The intensity of Mo3d
and that of Sb3d;,, measured by XPS, is
proportional to the content of each element
in the mixture. There is no measurable en-
richment in either Mo or Sb in the outmost
layers for the Ms samples.

The ISS intensities of Mo and Sb in the
Ms0.5 sample as a function of the ion dose
are presented in Fig. 8. After a modest initial
rise, the Mo and Sbintensities do not change
with the ions fluence. Table 2 gives the ISS
surface composition results. For the Ms
sample, the surface composition detected
by ISS is practically the same as that of the
bulk composition.

3.3.2. Mechanical Mixtures (Ms) Samples
after Reaction

For the Ms samples used under the stan-
dard conditions, the post-reaction charac-
terization by BET, XRD, SEM, AEM, XPS,
ISS, and ESR gives exactly the same results
as those obtained before the reaction (Figs.
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6-8). On the other hand, no carbon deposit
was detected for the Ms samples used in the
presence of oxygen.

For the Ms samples used for 8 h in the
absence of oxygen, the post-reaction char-
acterization indicates some differences
compared with the results for the fresh Ms
samples:

e No carbon deposit was detected on
Ms0.0. On the contrary, a large quan-
tity of carbon deposit (2.81%) was
detected on Msl1.0. The quantity de-
tected on the Ms0.5 sample (1.24%) is
less than that on Msl1.0, even (slightly
but significantly) when calculated with
respect to MoO,; (C%/1) in the sample.

e The XPS spectra of the Ms0.5 used in
the absence of oxygen indicate that
both the Sb and Mo signals were
slightly reduced, and changes in the
binding energies indicated some reduc-
tion especially of Mo (2). The relative
analyzed concentration of Sb3d,, re-
mained practically the same, whereas
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FiG. 7. XPS analysed concentrations of Mo and Sb
in Ms samples as a function of composition r: Mo (OI)
and Sb (O) before reaction and after reaction under
standard conditions; Mo (@) and Sb (B) after reaction
in absence of oxygen.
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F1:. 8. ISS intensities of Mo and Sb in Ms0.5 sample
as function of ion dose Symbols indicate reproducibility
of measurements; O and [ before reaction (same val-
ues after standard reaction conditions); @ and B after
reaction in the absence of oxygen.

that of Mo3d decreased when com-
pared with the fresh samples (Fig. 7).
Another observation with XPS is a
marked increase of the carbon signal.

The ISS results concerning the Ms0.5
sample are presented in Fig. 8. Under
standard conditions, the intensities of Mo
and Sb are the same as those obtained in
the fresh samples (white symbols). After

TABLE 2
Mo and Sb Surface Composition Detected by ISS

Samples Surface composition
M003 (Wt%) Sb204 (Wt%)
Ms0.3 31 69
Ms0.5 49 51
Ms0.7 71 29

Note. For each sample, the data are the average value
of several measurements. Maximum relative experi-
mental error is about 10%.
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the Ms0.5 sample has worked for 8 h in
the absence of oxygen, the Mo intensity is
much lower and the Sb intensity is slightly
higher than those corresponding, respec-
tively, to Mo and Sb in the fresh sample.

From the SEM micrographs it can be
observed that the MoO; and a-Sb,0, parti-
cles after working in the absence of oxygen
were still composed of the pure oxide
(AEM) and remained in good contact with
each other.

3.3.3. Impregnated Samples (MoiSh and
SbiMo) before Reaction

The surface areas of MoiSb and SbiMo
have the value characteristic of the oxide
playing the role of support (a-Sb,0,, 2.0 m?
g7 ! MoO;, 2.0 m? g 1).

The XRD spectra give only the lines char-
acteristic of the supports (a-Sb,0, for
MoiSb and MoO; for SbiMo).

Figure 9 presents the CTEM micrograph
of the MoiSb1.2% sample. Microanalysis
shows that the a-Sb,0, particles, with di-
mensions of 0.5-2 um, are pure: no Mo sig-
nal can be detected on those particles. The
particles of MoO; are small, in the form of
thin slices with a diameter of about
0.03-0.05 um; they are well dispersed on
the surface of the a-Sb,0, particles and are
also pure.

Figure 10 presents the CTEM micrograph
of the SbiMo02.56% sample. Microanalysis
shows that the a-Sb,0, forms small uncon-
taminated particles in the shape of thin slices
with a diameter of about 0.05-0.1 um; the
MoOQ, particles, with a diameter of 0.5-2 pm
are pure (no Sb signal can be detected on
them).

The XPS results are presented in Tables
3 and 4. The binding energy (BE) at 540.8
eV is that of Sb3d,, electrons in a-Sb,0,
(26, 35) and those at 236.0 and 233.0 eV
correspond to Mo3d;, and Mo3d,, elec-
trons, respectively, in MoO, (36-38). The
oxidation state of Sb and Mo in our samples
is always identical to those characteristic of
a-Sb,0, and MoO,.

The relative analyzed concentrations, de-
duced from XPS, are also given in Tables 3
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F1G. 9. CTEM micrograph of MoiSb1.2% sample: (1) «-Sb,0, particles, and (2) MoQ; particles.

and 4. The concentrations are compared with
the values obtained from mechanical mix-
tures (Ms) containing the corresponding
amounts of MoO; and «-Sb,O,. For the
MoiSb samples, there is a strong increase in
Mo3d intensity accompanied by a slight de-
crease in Sb3d,, compared to the values of
the mechanical mixtures. For SbiMo sam-
ples, the intensity of the Mo3d line is close to
the values of the Ms samples while for the Sb
phase, the Sb3d,, intensities are higher than
those in the mechanical mixtures.

The ISS intensities as a function of ion
dose for the MoiSb1.2% sample are pre-
sented in Fig. 11. The Mo intensity de-
creases with the ion dose increasing from
0.9 x 10" to 2.8 x 10" ions cm~2. On the
contrary, the Sb intensity increases. When
the ion dose reaches a value higher than
2.8 x 10" ions cm 2, both Mo and Sb inten-
sities reach a plateau. The present results
show that a partial contaminating layer of
approximately one molecular thickness ex-
ists on fresh MoiSb 1.2% catalysts.

For the SbiMo02.56% sample (no figure
presented here), the intensities of Mo and
Sb remain practically unchanged with the
ions fluences. No indication of partial con-
tamining layer was detected.

Table 5 gives the ISS results. The surface
composition of the MoiSb1.2% sample de-
tected by ISS at the ion dose of 0.9 x 10
ions em™? is 12% of MoO, (and 88% of a-
Sb,0,). This MoO; content decreases to 7%
for an ion dose of 4 x 10" ions cm 2. (The
a-Sb,0, increases to 93%).

The surface composition of the
SbiMo02.56% sample does not change with
the ions fluence. It always remains about
93% of MoO; with 7% of a-Sb,0,.

3.3.4. Impregnated Samples (MoiSb and
SbiMo) after Reaction

(a) MoiSb samples. No carbon deposit
was detected on these samples.

The BET surface area remains 2 m”> g~*,
the same as that obtained for the fresh
MoiSb samples. Even after catalytic work,
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O01um

F1G. 10. CTEM micrograph of SbiM02.56% sample (1) a-Sb,0, particles, and (2) MoQ; particles.

no fragmentation or formation of microcrys-
tallites of the supporting oxide correspond-
ing to a measurable increase of the surface
area can be detected.

CTEM micrographs of the MoiSb1.2%
sample show that, after reaction, the a-

TABLE 3

XPS Binding Energies and Relative Analysed Con-
centration of MoiSb Samples before and after Reaction.
Ms are Mechanical Mixtures Containing the Corre-
sponding Amount of MoQO; and a-Sb,0,

Sb,0, particles do not change, but the small
MoO; crystals (0.03-0.05 wm) become
larger (0.1 um). The X-ray microanalysis
shows that the particles of MoO, and those
of «-Sb,0, are always pure.

XPS results are presented in Table 3.

TABLE 4

XPS Binding Energies and Relative Analysed Con-
centration of SbiMo Samples before and after Reaction.
Ms are Mechanical Mixtures Containing the Corre-
sponding Amounts of MoO; and a-Sb,0,

Before reaction After reaction

Before reaction After reaction

0.15%Mo0;  1.20%Mo0O;  0.15%Mo0;  1.20%Mo0; 0.32%a-5b,0, 2.56%a-S5,04 0.32%a-Sbs0, 2.56%a-Sby0,
Modds,  233.0eV  2330eV  233.1eV 23296V Modds, 2332eV  2334eV 2330V 2332 eV
Modds, 23606V 2362eV  2360eV  2359eV Moddy, 2363e¢V  2364eV  261eV 2361V
Sb3dy, 540.4 eV 540.6 eV 540.3 eV 540.3 eV Sbid;,, 540.8 eV 540.9 eV 540.5 eV 540.6 eV
LMoy LreiMona)
MoiSb 0.037 0.092 0.022 0.084 SbiMo 0.30 0.28 0.31 0.29
Ms 0.0017 0.013 Ms 0.31 0.29
Lreisbaasiy Treisbiasi)
MoiSb 0.27 0.27 0.29 0.28 SbiMo 0.027 0.0 0.011 0.079
Ms 0.29 0.29 Ms 0.0037 0.032
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FiG. 11. ISS intensity of Sb and Mo in MoiSb1.2%
as a function of ion dose. Symbols indicate reproduc-
ibility of measurements.

After reaction, the oxidation states of Sb
and Mo remain the same as those character-
istic of @-Sb,0, (26, 35) and MoO; (36-38).
The intensity corresponding to Mo3d after
reaction, compared with that before reac-
tion shows a decrease for MoiSb1.2% and
a remarkable decrease for MoiSb0.15% is
observed. The intensity corrsponding to
Sb3d,, for both samples increases slightly
after reaction.

The ISS intensities of Mo and Sb as a
function of ion dose for the MoiSb1.2% sam-
ple are presented in Fig. 11. After reaction,
the Mo intensity does not change with the
ion dose. Its value is very close to that for
the fresh sample at an ion dose higher than
2.8 x 10Y jons cm 2. The maximum of Mo
intensity for the fresh sample at 0.9 x 107
ions cm~?2 has thus disappeared after reac-
tion. A very slight increase of Sb intensity
(if any) in the range of ion dose higher than
0.9 x 10" ions cm~*is observed when com-
paring the sample after the reaction with the
fresh one.

(b) ShiMo samples. No carbon deposit
was detected on these samples.

The BET surface area remains about
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about 2 m? g~ !, similar to that obtained for
fresh SbiMo samples. No fragmentation or
formation of microcrystallites of the sup-
porting oxide can be detected.

CTEM micrographs of the SbiMo02.56%
sample show that, after reaction, the MoO,
particles remain the same as those in the
fresh sample, but the small a-Sb,0, crys-
tals become slightly larger. Before reac-
tion, the thin slices of «-Sb,0, have a
diameter of about 0.05-0.10 wm. After
reaction, this diameter increases to about
0.1-0.15 um.

The X-ray microanalysis shows that the
particles of MoO; and those of a-Sb,0O, are
always pure.

XPS resuits are presented in Table 4.
After reaction, the binding energies of
Sb3ds,, Mo3ds, and Mo3d,, correspond to
those characteristic of «-Sb,O, (26, 35)
and MoO; (36-38). A comparison of the
intensity corresponding to Mo3d after reac-
tion with that before reaction shows only
a very modest increase. For the intensity
corresponding to Sb3d,,, a marked de-
crease for SbiMo00.32% and a very slight
decrease for SbiMo02.56% are detected.

ISS intensities of Mo and Sb as a func-
tion of ion dose for the SbiMo02.56% sam-
ple show that, in the whole range of the
ion dose, a decrease of Sb intensity accom-
panied by a very slight increase of Mo
intensity (if any) is observed when compar-
ing the sample after reaction with the fresh
one.

TABLE 5
Mo and Sb ISS Surface Composition®

Samples Mo at maximum® In deep layers®
MoOy(wt%)  SbyO4(wt%) MoO3(wt%) SbyOs(wt%)

MoiSb1.2% 12 88 7 93

SbiM02.56% 93 7

¢ For each sample, the data are the average value of several measure-
ments. Maximum relative experimental error is about 10%.

& For MoiSb, at the ion dose 0.9 x 10'% ions cm ~2 (Fig. 5). For SbiMo,
no maximum was observed.

¢ Surface composition detected at the jon dose 4 x 10! jons cm ™2
where the Mo and Sb intensities are constant.
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3.3.5 Solid State Synthesis (Ss) and
Coprecipitation by Evaporation of
Agqueous Solution (Cs)

All preparations give the same crystallo-
graphic characteristics of «-Sb,0, and
MoQ, phases. No new peak nor shift of posi-
tion is observed by X-ray diffraction analy-
sis. No signal was observed by ESR at 25
or —196°C from 1000 to 5000 Gauss.

4. DISCUSSION

For a catalyst constituted of two or
several phases, several possible modifica-
tions in composition or structure during
preparation may be considered, e.g., for-
mation of a solid solution or a new com-
pound, contamination of one phase by an-
other, or partial or complete formation of
a monolayer of one phase on the surface
of the other (or other types of structure in
epitaxial contact with that surface). To
arrive at a correct understanding of the
nature and structure of the catalyst, an
analysis with a combination of character-
ization techniques is necessary. As the
relative average composition of the surface
detected by the physico-chemical charac-
terization methods might be influenced by
the morphology of particles and the pres-
ence of aggregates, we must necessarily
discuss these last effects before concluding
of the formation of a contamination or a
monolayer. We shall examine all these
possibilities bearing in mind other results
to be found in the literature as well as the
results of our characterization experi-
ments.

4.1. PoSSIBILITY OF FORMATION OF
SoLID SOLUTION OR MIXED PHASE

The data found in the literature dealing
with the formation of ternary Mo-Sb-O
compounds are listed in Table 6.

For the MoQO; + «-Sb,0, system, the for-
mation of ternary Mo-Sb-0O compounds
only takes place in very severe (and, appar-
ently, relatively reducing) conditions and,
when formed, these compounds decompose
spontaneously into MoO, and Sb,0, in the
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range of temperatures investigated in this
paper.

The methods usually used to detect the
Mo-Sb-0 compounds are XRD and espe-
cially ESR spectroscopy because of its high
sensitivity, taking into account the nature of
Mo, one of the elements involved in the
mixture. In fact, the data in the literature
indicate that when Mo-Sb-O compounds
are formed, an ESR signal situated around
a g value of 1.92 can always be observed
“1).

The Ss and Cs samples were prepared in
experimental conditions designed to max-
imize the formation of a mixed oxide or a
solid solution. Nevertheless, the X-ray dif-
fraction spectra of these samples present
only the lines characteristic of pure MoO;
and/or a-Sb,0, oxides. The examination by
ESR in high sensitivity conditions did not
permit to detect any signal. This rules out
the formation of Mo-Sb—O compounds or
solid solution. Indeed, our samples were al-
ways calcined in air at a temperature equal
or lower than 600°C. These conditions do
not correspond to those where the formation
of a Mo-Sb-0 compound or a solid solution
is possible (Table 6). In addition all the other
samples (mechanical mixtures or impregna-
tion) present only the XRD lines character-
istics of pure MoQO; and «-Sb,0,. No new
lines are observed. No signal could be de-
tected by ESR.

4.2. SAMPLE MORPHOLOGY AND
AGGREGATION

(a) Mechanical mixtures (Ms). The SEM
micrographs show that the majority of MoO,
particles in Ms samples have the form of
large plates which expose predominantly
the 010 face (Fig. 6). This is confirmed by
XRD results: the reflections of the planes
parallel to plate faces (020, 040, 060) is more
intense that that of other faces. The Ms sam-
ples are composed of MoO; and «a-Sb,0,
particles of similar size. The two phases are
well interdispersed during the preparation
of catalysts and the particles of different
oxides are in good mutual contact. No auto-
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TABLE 6
Mo-Sb-0O Compounds and Solid Solution
Attempt to produce the Preparation conditions Results, additional remarks References
following or solid solution
Mo-Sb-0 compounds
[Sby(M00Oy);] MoO; + Sb,0; in air 700-1100°C, No mixed compound obtained (22, 23)
264 h
Sb,MoOq MoO; + Sb,0; 600 Torr Ar, 500°C, Decomposition: 24)
48 h air
szMoO6W MoO; + a-Sb,0,
[Sby(MoO,);] Same as Sb,MoQ; above Same as Sb;MoO above 24)
Sby,M00s5 Reduction of Sb,MoO¢ + MoO; Sby; MoOs 351;£C MoO; + Sb,0, (25)
Sby sMoOs; ; Same as Sby,;MoO;; above SbyMoO; alg MoO; + Sb,0, (25)
300°C
1.5% Mo in #-Sb,0, MoO; + a-Sb,0, in evacuated Dissolution of Mo accompanied (39, 40)

tube, 850°C, 80 h

always by transition of «-Sb,0,
to 8-Sb,0,

aggregation of either MoO; or a-Sb,0, is
observed.

(b) Impregnated samples. The morphol-
ogy of the impregnated samples is character-
ized by the presence of very small crystal-
lites of the impregnated phase deposited on
the much larger crystals of the other oxide
acting as support. No aggregation is ob-
served for either the MoiSb samples or the
SbiMo samples. The small crystallites of the
supported phase, which are about two or-
ders of magnitude smaller than those of the
support, are well dispersed on the surface
of the latter (Figs. 9 and 10).

4.3, PoSSIBILITY OF CONTAMINATION OR
MONOLAYER FORMATION DURING
PREPARATION

In principle, accidental contamination by
elements different from Mo or Sb could take
place during preparation, if trace impurities
were present in the reagents. We checked
carefully that this possibility should be ex-
cluded. All the initial materials used for cat-
alyst preparation were analytically pure-
grade. The use of a saturated hydrocarbon
(n-pentane) for mechanically mixing the

powders minimized the possibilities of dis-
solving salts which could get deposited on
MoO; or Sb,0,. Careful examination of the
XPS spectra (and AEM peaks) did not indi-
cate the presence of any element other than
Mo, Sb, O, and C in detectable quantities.
We must consider that, with the precision
of the various analytical methods used, our
samples contain only pure molybdenum and
antimony oxides.

Another problem corresponds to the pos-
sibility of mutual contamination of molyb-
denum oxide and antimony oxide. This
problem will be examined in what follows.

For a sample containing two phases in
simple physical contact, if the particles of
A and B have a similar size and are well
dispersed, the surface composition mea-
sured by XPS and ISS should be directly
proportional to the bulk composition of the
samples. If there exists an aggregation or
even an agglomeration of the particles of
one phase, its intensity should be lower.

In the case of a sample composed of
two phases of different sizes, for example,
with small A particles and large B particles,
if the B particles are surrounded by A, the
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intensity of A detected by XPS and ISS
should be greater than that of B and,
consequently, an apparent surface enrich-
ment of A should be observed.

For a sample where B is contaminated by
A or a partial or total monolayer of A (or any
other surface species containing A) forms on
the surface of B, AEM and XPS could detect
a surface enrichment of phase A (but it
would be difficult to distinguish cases where
either contamination by A or A monolayer
formation would occur, from cases where
very small crystallites of A would be depos-
ited on the surface of B, because of the low
resolution of AEM and the relatively deep
sampling depth of XPS). To investigate sur-
face composition, ISS is more sensitive than
AEM and XPS. If a surface contamination
or monolayer of element A exists, the ISS
intensity of A should diminish during the
sputtering, due to erosion of the surface by
the Ne ions of 2 keV, to a constant value
which reflects the average composition in
bulk.

With this information in mind, we shall
discuss the results obtained by AEM, XPS,
and ISS.

(a) Mechanical mixtures (Ms). AEM
shows that the Ms samples are composed of
pure MoO; and pure «-Sb,0, particles. No
surface enrichment of either MoO; or a-
Sb,0, can be detected by XPS and ISS.
More specifically, the ISS intensity of Mo
and Sb in Ms samples (except for the initial
very modest rise) does not change with the
ions fluence during the sputtering; the com-
position at the surface is the same as that in
the bulk. The initial rise is common in ISS
measurements. It is due to the desorption
under the impact of ions of lower mass im-
purities, such as oxygen or water adsorbed
on the surface (42). As a conclusion, no indi-
cation of a partial contaminating layer was
observed in our samples.

We thus have to conclude that the Ms
samples are composed of pure, uncontami-
nated MoO, and a-Sb,0, oxides, in physical
contact when mixed together.

(b) Impregnated samples. CTEM, AEM,
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XPS, and ISS indicate that a relatively im-
portant masking of the surface of Sb,0, is
brought about by MoQ; during the prepara-
tion of MoiSb samples. MoQO; probably
forms ‘‘patches’’, monolayers or multilay-
ers and microcrystallites of MoQO,. The situ-
ation for SbiMo samples is completely dif-
ferent: no monolayer or contamination of
a-Sb,0, is detected by ISS or any other
technique.

4.4. EVOLUTION OF THE ARCHITECTURE
OF CATALYSTS DURING THE REAcCTION

(a) Mechanical Mixtures

An important fact is that the uncontami-
nated oxides forming the mechanical mix-
tures are not modified during the catalytic
reaction, except in the case where the oxy-
gen concentration is low. No modification
of the samples can be detected by either
ISS, XPS, or AEM. We note the results
of the very sensitive surface techniques on
ISS. The ISS intensities for fresh and used
samples are exactly the same (Fig. 8).

(b) Impregnated Samples

(b1) MoiSb samples. 1SS indicates that
the partial coverage of Sb,0, by MoO, is
destroyed during reaction (disappearance of
the maximum of Mo intensity and the in-
crease of Sb intensity). This implies that
there is a detachment of the contaminating
layer and a transformation of the microcrys-
tallites of MoQ, into crystals of larger size,
as shown by CTEM. XPS confirms this ob-
servation. The decrease of the XPS Mo in-
tensity for a sample containing a low MoO;
content (MoiSb0.15%) is more pronounced
than that with higher MoO; contents
(MoiSb1.2%).

The results show that contamination
(possibly patches of monolayer or multi-
layer) and microcrystallites of MoO, are
not stable under the reaction conditions.
They tend to form MoO; crystals of a
larger size.

(b2) SbiMo samples. No monolayer or
contamination of @-Sb,0, is detected by ISS
for any SbiMo sample after reaction. CTEM
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F1G. 12. MoiSb samples before reaction: (A) a-Sb,0,
particles, (B) MoO; particles, (C) Monolayer of MoO;,
and (D) Microcrystallites of MoO;.

shows that the small a-Sb,0, crystals be-
come larger after reaction. Indeed, XPS and
ISS also detect a decrease of Sb intensity
after reaction. This shows that the small
crystals or microcrystallites of a-Sb,0, are
not stable and that they grow to crystals
of a larger size during the reaction. This
decreases the coverage of a-Sb,O, on the
surface.

These characterization results demon-
strate in a conclusive way that there does
not exist any tendency to spontaneous con-
tamination or monolayer formation under
the reaction conditions. On the contrary,
if one creates a partial contamination or
monolayer during the catalyst preparation,
it disappears during the reaction. There is
thus a conspicuous tendency of the associ-
ated oxides to segregate to two phases.
This corresponds to a strong contrast com-
pared to other two-phase systems con-
taining MoO; in which there is a tendency
of spontaneous contamination of the sup-
port of MoO, (43) (Examples of these sys-
tems are MoO; + AlLO;, MoO; + TiO,,
MoO; + SnO,, and MoO; + MgO, but
not MoO; + SiO,, in which some tendency
of MoQ, to detach from SiO, is observed).

The evolution of the architecture of the
impregnated catalysts is presented sche-
matically in Figs. 12, 13, 14 and 15.

4.5 CARBON DEPOSITION

A carbon deposit was detected on Ms1.0
(MoO,) but not on Ms0.0 (a-Sb,0,), after the
samples had worked for 8 h in the absence of
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F1G. 13. MoiSb sample after reaction: (A) «-Sb,0,
particles, (B) MoO; particles, and (C) Microcrystallites
of MoO;.

oxygen. The Sb intensity increased slightly
(XPS and ISS). The marked decrease of the
intensity corresponded only to the signal of
Mo (XPS and ISS). This is due to coke for-
mation brought about by some side reaction.
In the mixture, carbon is preferentially de-
posited on the surface of MoO,. No carbon
deposit was detected in MoiSb or SbiMo
samples.

4.6. CORRELATION OF CATALYTIC
ACTIVITY WITH ARCHITECTURE AND
PHYSICO-CHEMICAL PROPERTIES OF

CATALYSTS

It should be emphasized that the pure
a-Sb,0, and pure MoO; samples in each se-
ries of samples (Ms, SbiMo, MoiSb) were
subjected to the same series of treatments
as the other samples. Accurate comparisons
may thus be done.

There is a synergy between uncontami-
nated «-Sb,0, and uncontaminated MoO,
in the Ms mixtures. The magnitude of the
synergy depends on the surface area devel-
oped by each phase, or more precisely, on
a proper balance between the extends of
both surface areas (Fig. 1). Presumably, it
also should depend on the intimacy of the
contacts of the two phases.

The physico-chemical characterization of
the catalysts excludes the following possible
explanations for the synergy: (i) the forma-
tion of a mixed oxide or solid solution, (ii)
the contamination of one oxide by the ele-
ments of the other, and (iii) any change in
surface area of MoO; (the specific surface
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FiG. 14. SbiMo sample before reaction: (A) a-Sb,0,
particles, (B) MoO; particles, and (C) Microcrystallites
of a-Sb204 .

area of the mixed samples remains equal to
2m? g~ ! whichever the composition, and no
MoO; microcrystallites, as could have been
formed by hypothetical mechanical damage
to the initial MoO; crystals, could be de-
tected by CTEM).

We note that the preparation methods
used in order to maximize the mixed oxide
or a solid solution formation (S, and C, sam-
ples) show in an unquestionable way that
no new oxide phase, different from «-Sb,0,
and MoO;, was formed.

Although the data concerning the noncon-
tamination are convincing and the tendency
of the Mo and Sb oxide species to detach
from each other is obviously very strong, it
may be useful to develop another argument
for proving that a contamination, if it existed
(at an undetectable level), would not be
compatible with our results.

If we accepted the assumption that the
synergy were due to partial contamination,
the active phase would be «-Sb,0, contam-
inated by MoO,;. The synergistic effect
would become important as soon as a
sufficient quantity of MoO; would be pres-
ent to cover a substantial fraction of the
a-Sb,0, surface. Due to the high mobility
of MoO; (volatility, surface migration) of-
ten mentioned in literature, the contamina-
tion would not depend critically on the
perfect intermixing of the MoQ, particles
with those of the other oxide. It would be
sufficient that an amount of MoO; com-
parable to that necessary to cover the
surface of a-Sb,0, be present in the me-
chanical mixture for observing the maxi-
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FiG. 15. SbiMo sample after reaction: (A) a-Sb,0,
particles, (B) MoO, particles, and (C) Microcrystallites
of a-SbZO4.

mum synergetic effect. This can be calcu-
lated. Considering that one MoO; molecule
in a monolayer structure covers 0.17 nm?
(29), the MoO; contents required to form
a monolayer on the «-Sb,0O, samples of
different surface areas were calculated.
They are given in Table 7. If the assump-
tion mentioned above were correct, we
should observe the maxima of synergy
around the calculated values of mass ratio
r indicated in the table. The actual position
of the maxima are situated at mass ratios
r very different from those values. This
shows that the hypothesis of contamination
is totally inconsistent with our results.
Even assuming that MoQ, is very mobile,
it does not adhere to a-Sb,0, (let us remark
that in order to remain undetected, this
contamination should actually be much
lower than that corresponding to a mono-
layer, with the implication that the maxi-
mum of activity should occur at still lower
r values).

Under the standard reaction conditions,
the activity of the following samples de-
creases as a function of the reaction time:

1. MoiSb samples containing less than 0.6
wt% MoO; (Fig. 4);

2. SbiMo samples containing less than
1.28 wt% «-Sb,0, (Fig. 5).

In general, the decrease in activity may
be due either to a decrease of a beneficial
contamination, or, if no such beneficial con-
tamination exists, to a change of the opti-
mum balance between the two surface areas
of the two oxides, account taken of their
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TABLE 7

Calculated Quantities of MoO; to Form a Monolayer on the a-Sb,0, of Different Surface Areas and Actual
Position of Maximum Synergy Obtained by Experiments for the Corresponding Two-phase Catalysts

Samples Surface area MoO; content for Calculated value of Actual position of the
m? gl a monolayer r for complete maximum of synergy
(W1t%) monolayer (r) from Fig. 1
formation
Ms 0.4 0.056 0.0006 0.25
Ms 2.0 0.280 0.0028 0.5
Ms 5.2 0.728 0.0072 0.75

contacts (number, quality), in the context of
aremote control type of cooperation (which
will be discussed in Section 4.7).

The results of the MoiSb samples give
other important information. As calculated
theoretically, 0.28 wt% of MoO; is sufficient
to form a complete monolayer on the surface
of a-Sb,0, (2 m? g~ !). The activity increases
with the MoQ; content even when the con-
tent is higher than 0.3 wt% (Fig. 4). More-
over, as shown by ISS, the initial contami-
nation of the fresh MoiSb1.2% sample
disappears during the catalytic reaction, but
the activity does not change with this disap-
pearance of contamination and the syner-
getic effect still exists. This indicates that
there exist important effects for the synergy
other than contamination.

In a previous work (4) we had used a
method different from impregnation by mo-
lybdenum oxalate for producing a partial
contamination of a-Sb,0, by Mo. The cata-
lyst was prepared by impregnation of o-
Sb,0, with a solution containing the re-
quired quantity of (NH,)¢Mo,0, - 4H,0. The
slurry was evaporated. The resulting solid
was dried at 393 K for 15 h and then calcined
at 703 K for 8 h in air.

We also found that this contaminating de-
posit of MoO; got detached from «-Sb,0,.
The synergistic cooperation between o-
Sb,0, and MoO; still manifested itself. It
became more important after the detach-
ment of MoO; had proceeded.

Thus, we have no indication that a mono-

layer or a contaminating surface species,
if it exists, is active and selective for the
reaction. Rather, data show that separate
MoO; particles are essential for activity.

In conclusion, we do not exclude the pos-
sibility that there still remains a minute con-
tamination or a very small fraction of mono-
layer which cannot be detected by the
physico-chemical characterization tech-
niques, but there certainly exists another
effect that is much more important for the
catalytic synergy.

4.7. REMOTE CONTROL EFFECT IN THE
MoO; + a-Sb,0, SYSTEM

The above results lead us to conclude that
there exists a cooperation between the
Mo0O; and a-Sb,0,. Our explanation is that
a remote control effect (/-4, 44-46), as
mentioned in the introduction, does play an
important role for the catalytic synergy.

In the case of the MoO; + «-Sb,0, sys-
tem, our results show that MoO; possesses a
moderate activity in propionitrile formation
and a-Sb,0, alone is inert. MoO; carries the
sites that are active in selective dehydration.
When MoO, and «a-Sb,O, particles are
mixed together, a conspicuous increase in
the yield of propionitrile occurs: a-Sb,0,
increases the activity of MoO;, presumably
by increasing the number of sites active dur-
ing the catalytic work. In the context of the
remote control mechanism, the role of the
controlling phase (a-Sb,0,, producing spill-
over oxygen) and that of the controlled
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phase (MoO;, giving catalytic sites for dehy-
dration) can be clearly distinguished.

If there exists a control effect between
two phases, the following aspects must be
contemplated:

—The first concerns the role of oxygen.
The basic aspect of the remote control
mechanism is the existence of mobile
oxygen species. The magnitude of the
synergetic effect must be influenced by
oxygen in the gas phase because the
amount of spillover species produced
must be dependent on oxygen pressure.
Significant effects would be observed
when the oxygen pressure is changed
or when oxygen is absent.

—The second aspect concerns the con-
tact between the two phases. If a con-
trol effect of one phase on the surface
of the other solid occurs, it would be
influenced by the following parameters:
1. The ratio of the surface areas devel-
oped by the two phases;

2. The number and quality of the con-
tacts between the two phases.

Indeed, these parameters determine the
average amount of spillover oxygen flowing
on MoO, per unit surface area of MoO;.

We shall examine the two aspects men-
tioned above in the following sections.

4.7.1. The Role of Oxygen

Figure 3 shows the influence of the oxy-
gen pressure. The yield of propionitrile of
the Ms0.5 samples increases more rapidly
with oxygen pressure than that of the Ms1.0
(MoO,) sample in the low value range (P,,
= 6 Torr). This implies that «-Sb,O, can
produce the surface oxygen necessary for
MoO; to be active in propionitrile forma-
tion, more efficiently than MoO; alone can.
It is very interesting to note that the yield of
the Ms0.5 sample does not change with a
further increase of oxygen pressure beyond
6 Torr (from 6 to 45 Torr). This can be ex-
plained by the existence of a saturation phe-
nomenon, i.e., 6 Torr of oxygen pressure
suffices to produce enough spillover oxygen
to maintain catalytic activity. But for Ms1.0,
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a much higher P, is necessary to attain the
activity plateau.

These results show more quantitatively
the effect mentioned in our earlier publica-
tion, namely that MoO,, in transient experi-
ments, behaves differently from a MoO; +
Sb,0, mixture: we had shown in particular
that the MoO; + Sb,0, mixture very rapidly
regains activity and selectivity when, after
interruption of the O, supply, the latter is
reestablished (2).

Another important remark is that, in the
catalytic test, the amount of each sample
used as catalyst was always 130 mg. An
Ms0.5 sample thus contains 65 mg of MoO,
and 65 mg of a-Sb,0, (which is not active
on its own). These 65 mg of MoO; bring
about the transformation of more for-
mamide molecules than 130 mg of pure
MoO, (Fig. 2). This indicates that not only
can spillover oxygen maintain catalytic ac-
tivity, but it also can create new active sites
for the reaction.

The originality of the two-phase catalysts
containing MoO, is that they work effi-
ciently in the dehydration of N-ethyl for-
mamide only in the presence of dioxygen,
in spite of the fact that O, does not partici-
pate in the stoichiometric reaction.

If the O, is suppressed from the feed, the
propionitrile selectivity and the reaction
conversion both decrease (Table 1). This
implies that (i) the active sites are partly
altered (decrease of selectivity), i.e., there
is a change in the nature of the sites and (ii)
they are partly inhibited (decrease of con-
version), i.e., there is a disappearance of
the sites. In that context, the deactivation
observed in the absence of oxygen would be
explained by the impossibility of spontane-
ous regeneration of active sites after an acci-
dental destruction, alteration, or fouling.
The decrease of the propionitrile selectivity
(Table 1) is probably due to the superficial
reduction of molybdenum, as indicated by
the XPS measurements (2). The presence
of carbon on the surface, resulting in the
decrease of the number of accessible molyb-
denum atoms (Figs. 7 and 8) and conse-
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quently the decrease in conversion (Table
1) after 8 h of time-on-stream in the absence
of oxygen for Ms0.5 and Msl1.0 samples,
strongly suggests that carbon (coke) is re-
sponsible for inhibition (fouling).

Results that we have presented pre-
viously support this view and explain them
in some detail (4). We showed that MoO,
was slightly reduced during reaction. The
propionitrile selectivity decreased when the
reduction degree increased. Coke got de-
posited in these conditions. It deposited se-
lectively on the surface of MoQO, (not on a-
Sb,0,), and the activity decreased when the
amount of carbon deposited increased.

Another important observation was that
the reduction degree of MoO; and the
amount of carbon deposited on MoO; de-
creased with the increase of a-Sb,0, content
in the mixture. The conclusion was that
spillover oxygen produced by a-Sb,0, acted
by reoxidizing the reduced sites and clean-
ing the MoO, surface from coke during the
catalytic reaction.

In normal operation in the presence of
oxygen, molybdenum retains the correct ox-
idation state, maintaining the selectivity at
about 95%. If we admit that, under the same
conditions, small amounts of coke are con-
tinuously formed on the surface, although
at a slower rate than when oxygen is absent,
one could imagine that oxygen also continu-
ously cleans that coke off the surface and
the spillover oxygen can do this in a more
efficient way. Indeed, a slight deactivation
for Ms1.0 has been observed in the course
of the reaction, but not for Ms0.5 (Fig. 2).

Although it does not correspond to any
data in literature, a special hypothesis
should be examined, namely that the small
crystallites of a-Sb,O, present on the sur-
face of MoO; would prevent, by mere steric
hindrance, the formation of large carbona-
ceous polymeric deposits. This hypothesis
can be excluded by the experimental evi-
dence presented in the second paper of this
series. There, the carbon deposits were first
deposited on the pure MoO; and then this
carbon contaminated MoO; was mechani-
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cally mixed with &-Sb,0,. In that case, al-
though the «-Sb,0, was mixed after the
deposition of carbon on the MoO; surface,
the same phenomenon as reported here
were observed. The removal of the deposit
coke was also accelerated by the presence
of a-Sb,0, in the mixture.

In conclusion, our results show that spill-
over oxygen acts in two ways. It certainly
acts against the formation of nonselective
catalytic sites. Our results also strongly sug-
gest that, in addition, it cleans the coke off
the surface.

The decrease of selectivity with the in-
crease of MoO; contents in MoiSb samples
can be easily explained by considering the
conclusion mentioned above. In fact, with
the increase of MoO; content, the MoO,
crystallites become larger. Thus, the spill-
over oxygen, emitted by «a-Sb,0,, less effi-
ciently reaches all the catalytic centers lo-
cated on the MoO; particles and, conse-
quently, less effectively controls their
selectivity. For the MoiSb0.075% sample,
the very small crystallites of MoO, are well
dispersed on the surface of «-Sb,0,. The
spillover oxygen can easily attain the whole
surface of MoO; and protect it from reduc-
tion. This results in a practically 100% selec-
tivity. For a MoiSb1.2% sample, the spill-
over oxygen must migrate a longer distance
to attain the whole surface of the larger crys-
tallites of MoO;. This gives rise to a slightly
lower selectivity (90%).

4.7.2. Surface Areas and Contact between
the Two Phases

The remote control implies the formation
of a spillover species, its transfer to another
phase, and reaction on (with) that second
phase. In a general way, the effect of spill-
over oxygen will be influenced by the rela-
tive surface areas of the phases, which de-
termines the amount of spillover species po-
tentially available per unit surface area of
MoO;. But these spillover species may actu-
ally reach the surface of MoO; more or less
easily according to the number and intimacy
of contacts between «-Sb,0, and MoO;.
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The contacts thus determine the amount of
spillover oxygen which can react with the
surface of MoO; and/or the carbon depos-
ited on it.

The displacement of the maxima of syn-
ergy for Ms samples (Fig. 1) constitutes an
evidence that the ratio of surface areas de-
veloped by the two phases, rather than the
bulk composition, is at stake in the synergy.
When this ratio is near one, in other words
when the total surface area developed by
one phase is the same as that developed by
the other phase in the mixture, the catalytic
synergy attains the maximum. It should be
emphasised that, in principle, this value of
approximately one could be different for
two-phase catalysts different from those
used in the present study, as it depends on
the respective rates of formation of O, on
the oxide dissociating O, to spillover species
and the reaction of the latter on the poten-
tially active phase.

For MoiSb (or SbiMo) samples, the im-
pregnation of «-Sb,0, (or Mo0O,) with a
small amount of Mo (or Sb) ions improves
considerably the catalytic properties of the
two-phase catalyst. It is remarkable, in this
respect, that the yield of MoiSb1.2% or
SbiMo02.56% is comparable to that of me-
chanical mixtures Ms0.5. For MoO; impreg-
nated by Sb (SbiMo), the main favorable
factor is certainly the fact that MoO, bene-
fits from many more contacts with a-Sb,0,,
present in the form of many small crystal-
lites ‘‘decorating” MoO;. For MoiSb,
where small MoO; crystallites ‘“‘decorate”’
«-Sb,0,, the comparison with the Ms series
is difficult. MoO, is much more dispersed
(but the low surface area values and the
corresponding low relative accuracy of the
measurements do not allow to evaluate the
corresponding surface area). All crystallites
are in contact with «-Sb,0, and their small
size makes that all points of their surface
can be reached by spillover species. These
two very favorable factors overcompensate
the lower overall surface area developed by
the MoO; crystallites, and give the MoiSb a
high activity. For both types of impregnated
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samples, this illustrates the advantages of
the impregnation method (27, 28, 30).

The activity of the MoiSb (SbiMo) sam-
ples increases when the Mo (or Sb) content
increases (Figs. 4 and 5). This agrees with
our hypothesis. In fact, the increase of the
Mo (or Sb) content results in that the system
approaches the adequate balance of the sur-
face areas developed by both phases, and
there is an increase of the number of con-
tacts between them, consequently bringing
about an increase of the yield.

Another observation is the decrease of
yield during the first 2 to 4 h of work. This
can be easily explained. For the MoiSb (or
SbiMo) samples, a minimum content of Mo
(or Sb) is necessary to form the stable
particles of the oxide of the added element.
If the content is lower than that minimum,
the particles are too small, unstable, and
they tend to aggregate in order to form
stable particles, resulting in the decrease
of contact number and of surface area
developed by Mo (or Sb). This minimum
is about 0.6 wt% MoO, for MoiSb and 1.28
wt% «-Sb,0, for SbiMo samples respec-
tively. Above that minimum, the yield is
stable (Figs. 4 and 5).

With the intervention of a remote control
effect, as shown schematically in Fig. 16,
a sufficiently high content of a-Sb,0, can
produce enough spillover oxygen and, if
there are sufficient points of contact with
MoO,, this oxygen can regenerate the de-
activated sites by reoxidizing the reduced
sites and cleaning the MoQO, surface by
continuously removing coke during the re-
action. This process is more efficient than
the direct intervention of gaseous oxygen
O, reacting directly with the surface of
MoO,.

As a continuation of this study, more di-
rect experimental evidence for the remote
control mechanism, such as identification of
the nature of the active site, and evidence
of spillover oxygen and of its migration from
its site of generation to the site of activity,
will be the object of the second paper of this
series.
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F1G. 16. Representation of the remote control mechanism.

5. CONCLUSIONS

The detailed physico-chemical character-
ization of our a-Sb,0,-MoO; samples pre-
pared by different methods excludes the for-
mation of any Mo-Sb-O compound or solid
solution and any sort of detectable mutual
contamination. Rather, when one of the ox-
ides is depostied on the other by impregna-
tion, it exhibits a strong tendency to detach
from its surface.

A strong catalytic synergy is detected in
mechanical mixtures of uncontaminated
MoO; and a-Sb,0,. With impregnated cata-
lysts, the synergy persists after the segrega-
tion of the two phases. It is thus impossible
to attribute the synergy to the contamination
or monolayer formation of one phase on the
other. The origin of the synergy is a specific
cooperation between pure MoO; and «-
Sb,0, phases, via a remote control mecha-
nism. MoO,, as a controlled phase, carries
the active sites for the reaction. a-Sb,0,, as
a controlling phase, activates (dissociates)
gaseous oxygen into a mobile oxygen spe-
cies (spillover oxygen). This spillover oxy-
gen, as the controlling species, can migrate

from a-Sb,O, onto the surface of MoO,
where it creates new active sites and/or re-
generates the deactivated sites by reoxidiz-
ing the reduced MoQ; and cleaning the coke
deposits off the surface.

6. OUTLOOK

The work presented in the present study
contributes to a better understanding of the
functions of the different phases in selective
oxidation catalysts.

The oxides we have investigated are the
main components in many formulations of
selective oxidation catalysts. Molybdenum
plays an essential role in many such formu-
lations. It adsorbs the hydrocarbon and in-
corporates the lattice oxygen into the prod-
uct. Molybednum is always associated with
other elements in selective oxidation cata-
lyst. The catalytic system which has been
most studied is bismuth molybdate. Bis-
muth is indeed believed to play an essential
role in replenishing bismuth molybdate lat-
tice in oxygen (9, 47, 48). Previous results
obtained in the study of the dehydration of
formamides have also indicated that Bi as
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BiPO, (1, 49) or as Bi,0, were gateways to
oxygen. In the present case, «-Sb,0, also
replenishes MoQ, in oxygen. Another group
of investigators in our laboratory found a
similar cooperative effect between a-Sb,0,
and MoQ, for the oxidation of isobutene to
methacrolein (3, 44—46). All these results
suggest that Bi as well as Sb or other ele-
ments could play a similar role in multiphase
catalysts containing Mo (or Fe, Sn, and U)
when they work in selective oxidation.

Incidentally, our results may present an
analogy with deactivation phenomena ob-
served in selective oxidation. Our results
could possibly lead to a better understand-
ing of the reaction mechanism of selective
oxidation on oxide catalysts. It is well estab-
lished that in the case of selective oxidation,
the lattice oxygen of catalysts takes part
in the reaction, and the reduced catalyst is
reoxidized by means of the replenishment
of the oxygen vacancies with the oxygen
species activated by an element near those
vacancies (11, 50-56). Literature mentions
the influence of cabon deposit on the activity
of oxide catalysts. In particular, for the am-
moxidation of propylene on Bi,O; + MoO;
catalysts in the absence of gaseous oxygen,
the carbon deposit is proportional to the re-
action time and, consequently, the nitrile
yield decreases progressively (57).

All the analogies between the catalytic
effects observed in our reaction and those
occurring in selective oxidation lead us to
the conclusion that the cooperative effect
between two phases of many oxidation cata-
lysts extensively studied in the literature,
such as MoO; + Bi,0; (58, 59), MoO; +
Sb,0, (3), MoO; + BIiPO, (49), Sn,0, +
Sb,0, (60), MoO, + NiMoO, (15), and
FeSbO, + Sb,0, (I8, 61, 62) might also be
explained partially or totally by the inter-
vention of a remote control mechanism. Re-
cent results (63-69) obtained in our labora-
tories seem to confirm this conclusion.
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