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We present a mathematical model of the remote control effect in the cooperation between
a-Sb,0, (spillover oxygen donor) and MoOjs (acceptor and catalytic phase) in the oxygen assisted
dehydration of formamides. The model is compared with experimental results obtained with 21
mechanical mixtures of a-Sb,0, and MoO; of different compositions, at 3 different reaction tempera-
tures, and oxygen partial pressure varying over a range of more than 2 orders of magnitude. The
observed increase of activity of MoQO; due to the effect of the remote control corresponds extremely
well (variance of squared residue better than 3 X 1073 to the results of the mathematical model.
We have verified that the magnitude of the kinetic parameters and surface concentration of spillover
oxygen is physically acceptable, and that the variations of these parameters with the temperature

correspond to those predicted by the general laws of physical chemistry.

INTRODUCTION

Multiphase catalysts play an important
role in industrial selective oxidation. Among
the phases present in these catalysts, molyb-
denum and antimony oxides occupy a very
important place (1-4).

We have shown in Louvain-la-Neuve that
alarge proportion of the two-phase catalysts
which are active and selective in allylic oxi-
dation presented a considerable activity in
the dehydration of formamides to nitriles
(5-10). It was found that a small amount of
oxygen O, should be present in order for
these catalysts to maintain their activity and
selectivity in dehydration, although O, does
not take part in the reaction (5-8, 11, 12).
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In our previous studies we have shown that
mechanical mixtures of MoO; and a-Sb,0,
exhibited a remarkable catalytic synergy.

A synergy, namely, an increase of nitrile
yield as compared to the addition of the ef-
fects due to the isolated compounds, can in
principle be explained by different mecha-
nisms:

(i) Bifunctional catalysis.

(ii) Formation of new active compounds
by reaction between the two phases.

(iii) Contamination of one phase by an
element of the other one.

(iv) Remote control.

Let us summarize the arguments proving
the existence of a remote control (9, 10).

Classical bifunctional catalysis can be ex-
cluded since the only possible intermediary
product (isocyanide), having a very low sta-
bility, makes its desorption from one phase
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for subsequent adsorption and further reac-
tion on the other phase an extremely un-
likely process (8, 11, 12).

No indication of the formation of any
Mo-Sb-O compound was found (9, 13).
This is in agreement with Parmentier et al.
(14) who have shown that the formation of
Mo-Sb—-O compounds (Sb,MoO;) or
Sb,(M00,);) can only take place under se-
vere conditions and that, once formed, these
compounds decompose very easily.

Surface contamination should also be
ruled out. Teller et al. (15, 16) have reported
that Mo is only marginally soluble in -
Sb,0, (high temperature form) but not in a-
Sb,0, (low temperature form). This dissolu-
tion of Mo was found to occur only at tem-
peratures higher than 1073 K, and it was
accompanied by the transition from the -
Sb,0, to the B-Sb,0, structure. In the pre-
ceeding papers, we reported results con-
firming the absence of surface contamina-
tion in fresh and used MoO;-a-Sb,0,
mechanical mixtures, using ion scattering
spectroscopy (ISS) 9, 17).

It seems, thus, that only a remote control
mechanism could operate in the synergetic
action of a-Sb,0, and MoO;. A remote con-
trol mechanism (/8-21) corresponds to the
case where a second phase (here -Sb,0,)
exerts a control on the activity and selectiv-
ity of the first phase (namely, the phase
which is capable of carrying active centers,
Mo0,). This control is exerted by means of
mobile surface species (here spillover oxy-
gen) which are formed on the controlling
phase. They are transferred (by surface dif-
fusion) on the surface of the controlled
phase, with which they react, and form and/
or regenerate active (and selective) sites.

In our previous publications (9, 10, 13,
22-27) we attributed both the observed syn-
ergy and the beneficial role of oxygen to
the cooperation between pure MoO; and a-
Sb,0, phases via a remote control mecha-
nism. Our aim in the present work is to quan-
titatively describe the control effect of a-
Sb,0, on the activity and selectivity of
MoO, using a mathematical model which
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takes into account all the parameters related
to the remote control mechanism. This
model is adapted to N-ethyl formamide de-
hydration on mechanical mixtures of MoQ,
and a-Sb,0,. The validity of the model will
be tested by comparing the theoretical with
the experimental results. The composition
of the mechanical mixtures, the oxygen par-
tial pressure, and the reaction temperature
were all modified in order to study their in-
fluence on the synergetic effect. We show
that a very satisfactory agreement between
theory and results exists. The physico-
chemical meaning of the kinetic parameters,
as well as their variation under the influence
of the different experimental parameters, is
also discussed.

EXPERIMENTAL

The experimental results concerning the
catalytic activity were obtained on a series
of 21 mixtures of different compositions.
The separately prepared MoO; 2 m? g™ 1)
and a-Sb,0, (2 m? g!) were mixed using a
standard procedure which, along with the
catalytic reaction conditions, are detailed
elsewhere (9). We summarize only briefly
the important parameters used in the mea-
surements reported in the present work: an
overall quantity of catalyst of 130 mg was
used; the contact time ¢ is 11.3 s; the partial
pressure of N-ethyl formamide is 6 Torr (1
Torr = 133.3 N m?) and the partial pres-
sure of oxygen varies from 0.3 to 45 Torr;
the reaction is carried out at 350, 370, and
390°C.

Even when alone, MoO; presents a mod-
est activity of its own. The remote control
effect only modifies the additional (more
fragile) catalytic centers that MoO; can de-
velop thanks to the action of spillover oxy-
gen. This is schematically represented in
Fig. 1. This is a plot of propionitrile yield
vs. composition of the mechanical mixtures
of a-Sb,0, and M00O,. We assume that the
yield in propionitrile is directly proportional
to the number of active sites. This seems
justified as long as we keep conversions
(practically equal to yields) relatively low,
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Sb,0, +MoO4

FIG. 1. Dehydration of N-ethyl formamide to propio-
nitrile: activity, expressed as the propionitrile yield, as
a function of mass ratio. (1) activity due to the MoO;
present in the samples, (2) activity due to synergetic
effect.

as in the present work. The dashed straight
line corresponds to the propionitrile yield
which would be achieved with the quantity
of MoO, contained in the corresponding
mixture (e.g., for point 0.5, when 65 mg of
MoO, is present in the overall 130 mg of
catalyst, half the yield produced by 130 mg
of pure MoO;). The hatched surface corre-
sponds to the effect of the remote control (at
point 0.5, this corresponds to an additional
yield twice as large as the one due to pure
MoO,).

DESCRIPTION OF THE MATHEMATICAL
MODEL

The mathematical model developed here
corresponds to the application of the remote
control mechanism to the case of N-ethyl
formamide dehydration. In order to facili-
tate the mathematical description, will shall
call a-Sb,0, (which is able to produce the
spillover oxygen) the donor phase (denoted
by D), and MoO, (onto which the spillover
oxygen migrates for producing and regener-
ating active sites) the acceptor phase (A).
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The meanings of the symbols are listed at
the end of this paper.

The net rate of formation of spillover oxy-
gen on D corresponds to a dynamic balance
between the dissociation of molecular oxy-
gen from the gas phase producing spillover
oxygen and the recombination of this spill-
over oxygen. The recombination of spill-
over oxygen is proportional to the square of
the surface concentration of spillover oxy-
gen (proportional to the fraction of surface
sites occupied by spillover oxygen [O]p).
Dissociation of O, molecules to spillover ox-
ygen is proportional to the oxygen partial
pressure P, and depends on the availability
of pairs of vicinal vacant adsorption sites
(hence a proportionality to (1 — [Olp)?). If
we calculate the net rate of formation of
spillover oxygen (dissociation of O, minus
recombination) in mol s~ ! per square meter
of donor phase, we have

TF = kg X P02 X (1 = [Olp)* — kig ¥ [O]2D

The above equation is multiplied by Sp
(i.e., the surface area developed by the do-
nor phase in 1 g of mixture with composition
r, expressed as mass ratio MoO,/(MoO; +
a-Sb,0,)) to give the net rate of formation
of spillover oxygen in mol s~' per gram of
mixture,

Rp = kg X Po, X (1 — [O1p)
X Sp — kig X [0, X Sp. (1)

The rate of migration of spillover oxygen
from the donor to the acceptor phase is as-
sumed to be proportional to the difference
between the oxygen surface concentrations
or, more precisely, the fractions of potential
adsorption sites occupied on phase D and
phase A,

RT = kt X Ft X ([O]D - [O]A) (2)

On the acceptor phase, at the steady state,
the rate of consumption of spillover oxygen
corresponds to its reaction with the inactive
MoO; surface (fraction : 1-a) for producing
the active sites. This rate represents the rate
() at which new sites are created (in mol
sec”! per square meter of acceptor phase),
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7=k, X a X (1 = a) X [Ol,.

This equation is multiplied by S, (.e.,
the surface area developed by the acceptor
phase in 1 g of mixture with composition r)
to give the rate of consumption of spillover
oxygen (or of production of new active sites)
in mol sec™! per gram of mixture,

R o=k, Xax(l—-a)X[0lyXSs (3

The destruction of the active sites is
linked to the catalytic process. There exists
a certain probability (small) that the reaction
of a formamide molecule goes wrong and
the catalytic center gets deactivated. The
rate of destruction of the active sites is thus
proportional to the turnover rate. This in
turn depends on (is proportional to) the re-
actant partial pressure. Let us represent this
partial pressure by f. The rate of destruction
of the active sites, in mol sec ! per gram of
mixture is given by

R.=k,XaXaxfXxS$,

4)
At the steady state, the rates of oxygen

spillover formation, transfer, and loss, are
all equal,

RF = RT = Rt‘ (5)
At the steady state, the number of sites

activated per unit time is equal to the num-
ber of sites destroyed,

R, =R,. (6)

We define the following parameters:
A =k,/k, (7
B = kylky ®
C = a X ki ki ©
D=aXxk,/kQ, (10
E=aXk,. (1)

From Egs. (1), (4), (5), and (6), we get
[Olp
—B X Py + {(B % P02)2 +(1-BXxPy)
X (BX Py, —CXaXfx SA/Sp)H?
1—B X Pg, )

(12)
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From Egs. (2)-(6), it is found that the
fraction of surface sites occupied by oxygen
spillover on the donor phase may be given
also from the following equation:

O =AXfXalll —a)
+D X fx alSy. (13)

Finally, from Egs. (3), (4), and (6), the
following equation giving the fraction of sur-
face sites occupied by spillover oxygen on
the acceptor phase is derived:

[O], = A X a X fi(l — a). (14)

From Eqs. (12) and (13) the value of a is
found (for a given set of the parameters A,
B, C, and D) using an iteration method under
the following constraints:

and [O]p > 0.

The procedure of iteration continues until
the difference ([O]; deduced from Eq. (12)
— [O]p deduced from Eq. (13)) becomes less
than a predetermined value, which had been
chosen to be equal to 107%/([O], deduced
from Eq. (12)). For a set of parameters, A,
B, C, and D, the value of « was calculated
for each experimental point. From Eq. (4) it
comes that

R, = —dfldt =k, X ax aXxfx5§,.

0<ax<l

From the above equation we get
X=1—-exp(—E X a X §; X1). (15

Parameter E was calculated from Eq. (15)
by linear regression.

The optimum values of the parameters A,
B, C, and D (that we define as those which
minimize the function 3(X,,, — X, )*/n)
have been found using a nonlinear optimiza-
tion program (28).

RESULTS

For each reaction temperature the mathe-
matical model led after optimization to a set
of parameters A, B, C, D, and E. Taking into
account the definitions of these parameters
(Egs. (7)—(11)) we calculated the kinetic
constants of the model which are presented
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TABLE 1

Optimal Parameters, Kinetic Constants, and
Variance of Squared Residue for 350, 370, and 390°C

Parameters 350°C 370°C 390°C
A(x107% 2.53 1.00 1.34
B 2.96 99.92 283.90
C 1.09 29.78 76.16
D 0.61 0.91 0.97
E 0.29 0.94 1.45
a X ki 0.294 0.942 1.452
axk, 1164 9420 10836
kig (x107Y 2.70 0.32 0.19
ky 0.798 3.162 5.418
ky X Q, 0.486 1.038 1.500

0.87 0.30 2.28

2(Xexp. ;Xtheo.)z(>< 1073

in Table 1, along with the optimum values
of the parameters and the variance of the
squared residue of all points at the same
temperature.

We observe that, with the increase of tem-
perature, the rate constant corresponding to
the creation of active sites (k,) and that of
formation of spillover oxygen (k,) increase

Mo
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FiG. 2. Comparison of theoretical calculations
(curves) and experimental results (points) under reac-
tion conditions T = 370°C, P; = 6.0 Torr, and Py =

' e
3.0 Torr. Upper curve: total yield. Lower curve: incre-
ment of yield with reference to nonpromoted MoO;,
due to remote control.
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remarkably. The rate constant of destruc-
tion of spillover oxygen (k) decreases,
whereas the other constants (k;,, k&, X Q)
increase only slightly.

The theoretical curves calculated with
these kinetic constants for different compo-
sitions of the mechanical mixtures, oxygen
partial pressures, and reaction temperatures
are presented in Figs. 2-5, along with the
experimental points determined under the
same conditions. In all cases the experimen-
tal points are strikingly close to the theoreti-
cal curves. In Fig. 2 we presented both the
contributions of the remote control alone
(bottom curve and experimental points) and
the total effect, account taken of the activity
of pure MoO; (see Fig. 2). The effect of
remote control alone is shown in Figs. 3, 4,
and S.

Table 2 presents the theoretical values of
[O]p, [Ol4, and « for different sample com-
positions at 370°C and oxygen partial pres-
sure equal to 3 Torr. For all samples, the
fraction of surface sites occupied by spill-
over oxygen on the donor phase ([O]p) is
always about four orders of magnitude
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FiG. 3. Comparison of theoretical calculations
(curves) and experimental results (points) under reac-
tion conditions 370°C, P; = 6.0 Torr, and Poz = 45,
6.0, 1.5, and 0.3 Torr.
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higher than the corresponding fraction on
the acceptor phase ([O],). The fraction of
surface sites occupied by spillover oxygen
decreases, in both the donor and acceptor
phases, with the increase of the mass ratio
r; that is both these fractions decrease as
the MoO, content increases in the samples.
The fraction of active sites on the surface of
the acceptor phase (a) shows a variation
similar to that of [O]y, and [O],, i.e., it de-
creases with the increase of the MoO, con-
tent in the samples.

The variation of the theoretical values of
[Olp, [Ol4,and o with the oxygen partial
pressure (for the same sample, r = 0.5) at
370°C is depicted in Fig. 6. The fraction of
surface sites occupied by spillover oxygen
on both donor and acceptor phases, as well
as the fraction of active sites on MoQOs, in-
creases with the oxygen partial pressure
from 0.3 to 6 Torr. Further increase of oxy-
gen pressure from 6 to 45 Torr does not bring
about any important increase of the surface
concentrations of spillover oxygen or active
sites. The variation of the experimental ac-
tivity with the oxygen partial pressure is also
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540— F“)2=15torr th:l..storr
S
2
T
S 201 o ° *
& ¢ ” *
& ° .
3
£ o
e 0
= P =09torr P =0.6torr
o 40 02~ 0
@
3
hel
Fn
R I
- L] b
5 -
<L .

.
S
0 1 1
) 0.5 1.00 0.5 1.0
MOO3

——————=——(mass ratio)
5b204 . M003

FiG. 4. Comparison of theoretical calculations
(curves) and experimental results (points) under reac-
tion conditions 370°C, P; = 6.0 Torr, and PO2 =15,
4.5, 0.9, and 0.6 Torr.
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Fic. 5. Comparison of theoretical calculations
(curves) and experimental results (points) under reac-
tion conditions 350 and 390°C, with P; = 6.0 Torr, and
Po2 = 1§, 1.5, and 0.3 Torr.

presented in the same figure. There exists a
striking parallelism between the theoretical
curves ([Olp, [O]4, and especially «, the
fraction of activated sites) and the experi-
mental results (propionitrile yield).

DISCUSSION

The proposed mathematical model, based
on the principles of the remote control
mechanism, provides a quantitative repre-
sentation of the effects of oxygen partial
pressure and the reaction temperature on
the synergy exhibited by MoO;—a-Sb,0,
mechanical mixtures in the dehydration of
N-ethyl formamide. In all cases the experi-
mental points agree in a strikingly satisfac-
tory way with the theoretical curves. Partic-
ularly remarkable is the fact that this
agreement is observed for oxygen pressures
varying by more than two orders of mag-
nitude.
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TABLE 2

Theoretical Values of [Olp, [O],, and « for Different Sample Compositions at 370°C, P; = 6.0 Torr,
and Py, = 3.0 Torr

r 0.1 0.2 0.3 0.4
[Olp 0.855 0.807 0.771 0.742
[01A(x107% 2.36 1.86 1.48 1.17
a 0.282 0.234 0.198 0.163

0.5 0.6 0.7 0.8 0.9

0.717 0.695 0.676 0.659 0.643
0.909 0.682 0.482 0.305 0.145
0.132 0.102 0.074 0.048 0.024

However, a model, whatever the quality
of agreement with the experimental results,
must always be examined in a very critical
way. The parameters (rate constants, frac-
tion of active sites, etc.) and the quantities
corresponding to nonmeasurable species
([O]p and [O],,) must have reasonable values
and vary in a way consistent with the laws
of physical chemistry. This critical examina-
tion will be focused on the following three
aspects: (i) kinetic parameters, (ii) fractions

of surface sites occupied by spillover oxy-
gen, and (iii) fraction of the active sites.

Kinetic Parameters

The influence of the temperature can be
observed from the data given in Table 1. As
the temperature increases the rate constant
of the dissociation of oxygen (k,) increases
remarkably, whereas the rate constant of
the recombination of oxygen (k;;) decreases.
These variations are consistent with the ki-

60 10715
|~
= ol
3 T =
] 5
@
E; {10 702
Q
g
a
{05 ]
105 1 01
09 15 30 z50 "0 -0
P
0,

Fi1G. 6. Theoretical values of [Olp, [O],, and « as a function of partial oxygen pressure in comparison
with activity (expressed as the propionitrile yield) results (dashed curve) obtained at 370°C and P; =

6.0 Torr with the sample r = 0.5.
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netic and thermodynamic laws. Indeed,
with the increase of temperature, the vibra-
tion of the bond associating the two oxygen
atoms becomes more and more intense; this
facilitates the dissociation of the molecular
oxygen into two spillover oxygens. The re-
combination of the spillover species proba-
bly necessitates little or no activation en-
ergy: whatever the formal charges carried
by the spillover species (unknown), the lat-
ter are essentially adsorbed atoms, which
could recombine easily. Thus, the only fac-
tor which could influence the recombination
rate is the entropy-dependent factor (con-
centration of the transient state association
between two spillover species). This factor
obviously decreases with increasing tem-
perature.

The rate constants of the creation and
of the destruction of active sites, k, and
k;,, must both increase with the tempera-
ture; this is indeed the case. We should
note, however, that k,, the constant corre-
sponding to the control effect, increases
by a factor of 10, whereas k;, increases
only by a factor of 5, when the reaction
temperature increases from 350 to 390°C.
This implies that the remote control effect
plays a more important role at high temper-
ature. We had already observed (29) that
formamide dehydration with two phase cat-
alysts (MoO; + Sb,0O,, as in the present
case) had surprisingly a higher selectivity
at higher temperatures. We had attributed
this fact to the higher proportion of O~?
species (the useful spillover species) flow-
ing into the surface of MoO;. The parame-
ter k, X Q,, which determines the transfer
of spillover oxygen, increases only by a
factor of 3 with the temperature changing
from 350 to 390°C. This is probably due to
the fact that the diffusion of the spillover
oxygen has a relatively low activation
energy.

As a conclusion, both the physico-chemi-
cal significance of the kinetic parameters
and their changes under the different reac-
tion conditions is logical.
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Fractions of Surface Sites Occupied by
Spillover Oxygen

The values of [O], and [O], in Table 2
and Fig. 6 are consistent with the model,
namely, [O]p is higher than [O], (a flux of
[O] can take place from D to A) and both
fractions are higher when the quantity of D
is higher. Both decrease when the mass ratio
(r) increases (as expected, if there is less
donor phase to supply oxygen spillover).

An unexpected, although not really sur-
prising conclusion of the mathematical anal-
ysis is that [O]y, is so much higher than [O]
(about 4 orders of magnitude). The explana-
tion lies in the fact that the surface diffusion
is slow and the transfer from the donor to
the acceptor phase probably difficult. These
aspects have already been considered when
spillover phenomena were mentioned. For
the hydrogen spillover, many authors have
deduced, or assumed, that the surface diffu-
sion is the rate-determining step (30-33).
Especially, Cavanagh and Yates have pos-
tulated that the migration of spillover hydro-
gen on the surface is slow (33). In a more
recent study, Cevallos-Candau and Conner
concluded that the transfer of spillover hy-
drogen from the source of spillover onto the
accepting surface is difficult (34).

When considering the influence of oxygen
pressure on [O}, and [O], (Fig. 6) a striking
feature is the existence of a saturation ef-
fect. An oxygen pressure of 6 Torr suffices
for reaching the high occupancy of the donor
sites by spillover oxygen, and a further in-
crease of the pressure from 6 to 45 Torr does
not bring about any important augmentation
of [O]; and [O],.

This mathematical analysis suggests that,
with very large particles as in our samples
(specific surface area of 2 m? g~') and pre-
sumably relatively poor contacts, the flow
of spillover oxygen from D to A is quite
difficult. Delmon and Ruiz, in an approxi-
mate calculation, have shown that the quan-
tity of transferred spillover species could be
multiplied by a factor as high as 104, if the
size of the particles were divided by a factor
of only 10 (35). The present mathematical
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analysis, together with this evaluation,
opens prospects for quite important effects
if more numerous contacts are created and
made more effective.

Fraction of the Active Sites

The change of « with the sample composi-
tion reported in Table 2 is reasonable in view
of the remote control mechanism. The simil-
itude between [O], and « indeed shows di-
rectly the quantitative influence of the spill-
over oxygen on the fraction of the active
sites.

This conclusion is further confirmed by
the results presented in Fig. 6. These results
were obtained for the same sample with the
composition r = 0.5. In this case, the maxi-
mum density of active sites is always the
same. Under these conditions, we can com-
pare directly the activity with the fraction
of the active sites. The striking parallelism
between the experimental results (propioni-
trile yield) and the theoretical values of «
demonstrates further the validity of the
mathematical model.

CONCLUSIONS

The mathematical model corresponding
to the remote control mechanism describes
very satisfactorily the experimental results
and gives a quantitative explanation of the
results. The variations of the kinetic param-
eters used in the mathematical model are
consistent with the general laws of physical
chemistry. This excellent agreement consti-
tutes a further strong evidence of the inter-
vention of a remote control in the oxygen
aided dehydration of formamides.

APPENDIX: SYMBOLS

«a Fraction of the active sites on the
surface of the acceptor phase at
steady state.

a Maximum density of active sites on
the surface of acceptor phase.

f Final partial pressure of N-ethyl
formamide (Torr).

FAUS ET AL.

ka

kia

Rate constant of the creation of ac-
tive sites on the surface of the ac-
ceptor phase.

Rate constant of the destruction of
the active sites during the reaction
on the surface of the acceptor phase.
Rate constant for the formation of
spillover oxygen (dissociation of mo-
lecular oxygen into two mobile oxy-
gen species) on the surface of the
donor phase.

Rate constant for the destruction of
spillover oxygen (recombination of
the two mobile oxygen species into
molecular oxygen) on the surface of
the donor phase.

Rate constant for the transfer of spill-
over oxygen from the donor onto the
acceptor phase.
Mass ratio; r =
a-Sb,0,).

Contact time (sec).
Conversion of N-ethylformamide to
propionitrile (%).

Acceptor phase.

Donor phase.

Contact factor (efficiency of contact
with respect to the jump of oxygen
fromDto A; F, = Q, X Sp X §,).
Fraction of surface sites occupied by
spillover oxygen on the acceptor
phase.

Fraction of surface sites occupied by
spillover oxygen on the donor phase.
Partial pressure of oxygen (Torr).
Contact quality depending on the
procedure of mixture; it is consid-
ered to be constant when the same
procedure is used for mixing A and
D.

Net rate of formation of spillover
oxygen (mol sec™! per gram of mix-
ture).

Rate of loss of spillover oxygen (mol
sec™! per gram of mixture).

Rate of destruction of active site (mol
sec”! per gram of mixture).

Rate of migration of spillover oxygen
(mol sec™! per gram of mixture).

Mo0O,/(MoO; +
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Surface area developed by the ac-
ceptor phase in 1 gram of mixture
with composition r (m? g™ 1).

S = r X g, where o, is the specific
surface area of the acceptor phase.
Surface area developed by the donor
phase in 1 gram of mixture with com-
position r (m? g~ ').

Sp = (1 — r) X o, where oy, is the
specific surface area of the donor
phase.

ACKNOWLEDGMENTS

We are very much indebted to Professor K. Tanabe
for the fruitful discussions we had during a stay he made
in our laboratory, and especially for the discussions on
the mechanism of N-ethyl formamide dehydration.

The financial support of the Commissariat Général
aux Relations Internationales de la Communauté Fran-
caise de Belgique (B. Zhou) and the Service de Pro-
grammation de la Politique Scientifique (P. Ruiz, T.
Machej) is gratefully acknowledged. We are indebted
to M. Genet for the constructive discussions and com-
ments.

The authors thank Professor P. Cloos, Dr. O. B.
Nagy, and Dr. J. L. Dallons for their useful comments
and suggestions.

REFERENCES

1. Centi, G., and Trifiro, F., Catal. Rev. Sci. Eng. 28,
165 (1986).

2. Kung, H. H., Ind. Eng. Chem. Prod. Res. Dev. 25,
171 (1986).

3. Grasselli, R. K., and Burrington, J. D., Adv. Catal.

30, 133 (1981).

. Berry, F. J., Adv. Catal. 30, 97 (1981).

. Rodriguez, M. V. E., Delmon, B., and Damon,
J. P., in “‘Proceedings, 7th International Congress
on Catalysis, Tokyo, 1980’ (T. Seiyama and K.
Tanabe, Eds.), p. 1147. Elsevier, Amsterdam,
1981.

6. Rodriguez, M. V. E., Delmon, B., and Viehe,
H. G., Ind. Eng. Chem. Prod. Res. Dev. 21, 42
(1982).

7. Ceckiewicz, S., and Delmon, B., Bull. Soc. Chim.
Belg. 93, 13 (1984).

8. Tascon, J. M. D., Grange, P., and Delmon, B., J.
Catal. 97, 287 (1986).

9. Zhou, B., Sham, E., Bertrand, P., Machej, T.,
Ruiz, P., and Delmon, B., J. Catal. 132(1), 157
(1991).

RN

10. Zhou, B., Machej, T., Ruiz, P., and Delmon, B.,
J. Catal. 132(1), 183 (1991).
11. Tascon, J. M. D., Bertrand, P., Genet, M., and

Delmon, B., J. Catal. 97, 300 (1986).

12

13.

4.

15.

16.

17.
18.
19.
20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

209

. Tascon, J. M. D., Mestdagh, M. M., and Delmon,
B., J. Catal. 97, 312 (1986).

Zhou, B., Ceckiewicz, S., and Delmon, B., J.
Phys. Chem. 91(19), 5061 (1987).

Parmentier, M., Courtois, A., and Gleitzer, Ch.,
Bull. Soc. Chim. Fr. 1-2,75 (1974).

Teller, R. G., Antonio, M. R., Brazdil, J. F., Mehi-
cic, M., and Grasselli, R. K., Inorg. Chem. 24,
3370 (1985).

Teller, R. G., Antonio, M. R., Brazdil, J. F., and
Grasselli, R. K., J. Solid State Chem. 64, 249
(1986).

Doumain, B., Zhou, B., and Delmon, B., to be
published.

Delmon, B., Bull. Soc. Chim. Belg. 88, 979 (1979).
Delmon, B., Ind. Chem. Eng. 20, 639 (1980).
Delmon, B., React. Kinet. Catal. Lett. 13, 203
(1980).

Pirotte, D., Zabala, J., Grange, P., and Delmon,
B., Bull. Soc. Chim. Belg. 90, 1239 (1981).

Ruiz, P., Zhou, B., Remy, M., Machej, T., Aoun,
F., Doumain, B., and Delmon, B., Catal. Today 1,
181 (1987).

Weng, L. T., Duprez, D., Ruiz, P., and Delmon,
B., in *‘XI Simposio Iberoamericano de Catalisis
(F. Cossio, O. Bermudez, G. del Angel, and R.
Gomez, Eds.), Guanajuato, Mexico, 1988,”” p. 955.
Ruiz, P., and Delmon, B., Catal. Today 3, 199
(1988).

Zhou, B., Doumain, B., Yasse, B., Ruiz, P., and
Delmon, B., in ‘‘Proceedings, 9th International
Congress on Catalysis, Calgary, 1988'" (M. J. Phil-
lips and M. Ternan, Eds.), p. 1850. Chemical Insti-
tute of Canada, Ottawa, 1988.

Weng, L. T., Zhou, B., Yasse, B., Doumain, B.,
Ruiz, P., and Delmon, B., in ‘‘Proceedings, 9th
International Congress on Catalysis, Calgary,
1988 (M. J. Phillips and M. Ternan, Eds.), p.
1690. Chemical Institute of Canada, Ottawa, 1988.
Weng, L. T., Ruiz, P., Delmon, B., and Duprez,
D., J. Mol. Catal. 52, 349 (1989).

Ferraris, G. B., Ing. Chim. Ital. 4(12), 171 and 180
(1968).

Ceckiewicz, S., and Delmon, B., Bull. Soc. Chim.
Belg. 93, 163 (1984).

Robell, A. J., Ballou, E. V., and Boudart, M., J.
Phys. Chem. 68, 2768 (1964).

Van Meerbeek, A., Jelli, A., and Fripiat, J. J., J.
Catal. 46, 320 (1977).

Kramer, R., and Andre, M., J. Catal. 58, 287
(1979).

Cavanagh, R. R., and Yates, Jr., J. T., J. Catal.
68, 22 (1981).

Cevallos-Candau, J. F., and Conner, W. C., J.
Catal. 106, 378 (1987).

Delmon, B., and Ruiz, P., React. Kinet. Catal.
Letr. 35, 303 (1987).



