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A kinetic model based on two sets of consecutive reactions involving V3* and V#* ions situated at
different sites in the lattice was proposed for the reduction of V,05;—MoO; catalysts occurring upon
interaction with propylene at 373 K. The role of temperature in the involvement of the ions from the
surface layers and from the bulk of the catalysts in the reduction has been discussed. The depen-

dence of the delay in reduction of vanadium on the segregation processes was considered.
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INTRODUCTION

In order to obtain a better understanding
of the behavior of mixed vanadia—molyb-
dena catalysts in catalytic oxidation of hy-
drocarbons we have studied redox pro-
cesses occurring in the course of adsorption
of oxygen (1) and propylene. It was found
previously (2-5) that the oxidation process
is associated with a segregation of metal
ions leading to enrichment of the surface
layers of the V,0s—MoOQO; catalyst with va-
nadium. On the other hand, the interaction
of these catalysts with propylene, consist-
ing in the removal of oxygen from the lat-
tice, should lead to enrichment of the sur-
face layers with molybdenum.

In the previous work with V,05—-MoQO;
(I) we described two different types of
paramagnetic centers, involving V4 ions
stabilized by oxygen vacancies and substi-
tutional Mo%* ions. We also postulated the
existence of two types of V3* ions. It was
concluded that the ions stabilized by Mo®*
(both V4* and V3*) are less active in the
oxidation process than those stabilized in
the vicinity of oxygen vacancies.

In the present work the kinetics of the
reduction of the vanadia—molybdena sys-
tem upon interaction with propylene was
investigated by means of ESR and chemical

0021-9517/85 $3.00
Copyright © 1985 by Academic Press, Inc.
All rights of reproduction in any form reserved.

© 1985

analysis in order to test the proposed model
of the redox processes (7).

EXPERIMENTAL

Materials. V,05—Mo00O; catalysts with
MoO; contents of 3.4, 21.0, and 28.0 mol%
were obtained by thermal decomposition in
vacuo (1073=10~* Pa) at 623 K of mixtures
of NH4VO; (pure, Reachim USSR) and
(NH4)sMo070,4 - 4H,O (anal.pure, POCh,
Poland). The detailed procedure was de-
scribed in Ref. (7).

Chemical analysis. The degree of reduc-
tion of the catalysts was determined using
KMnO,. The samples were dissolved in a
small amount of H,SO, (1: 1) in the absence
of air (in a stream of purified nitrogen) and
then titrated with KMnO, (/). The results
are given in Table 1. The relative standard
deviation (s,/y) X 100 of the analytical de-
termination of the number of V4* and/or
Mo’ ions, averaged over the y values mea-
sured, was estimated as 0.4%.

ESR spectra. The ESR spectra were re-
corded at room temperature and at 77 K
using an X-band spectrometer (Technical
University, Wroctaw). The g factors were
determined using DPPH as a standard.
Polycrystalline VOSO,, with ESR parame-
ters similar to those of partially reduced
V.05—MoO; catalysts, was used as a stan-
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TABLE 1

Comparison of the Experimentally Determined Numbers of Vanadium and Molybdenum Ions Reduced in the
Course of Propylene Adsorption at 373 K with Those Calculated from Kinetic Equations®

Time of Number of Number of Number of  Number of  Number of Number of Number of Number of
adsorption  reduced V4 jons® V3 and V4 ions V3* ions V5 jons V3, and Mo** ions
(min) vanadium (x10'%) Mo** ionsd created created reduced Viiions  created by
and molyb- (x10'%) in the in the in the reduced reduction
denum course of course of course of in the of Mo®*'
ions? reduction® reduction/  adsorption®  .qurse of (x10'%)
(X 10'%) (x10'%) (x10'%) (X 10'%) adsorption”
(X 10'%)
1 2 3 4 5 6 7 8 9
V,05-Mo0; (3.4 mol% MoO;)
0 11.4 0.1 1.84 = 0.05 4.8 = 0.1 0 0 0 0 0
10 14801 335009 5702 1.51 £0.09 09=x02 24+02 2.1 03+02
20 172+ 0.1 3532009 68=x02 1.69 £ 0.09 2002 3.7 £0.2 3.3 04 =02
30 18.8 02 324+x009 78=x02 1.40 £ 0.09 3002 44+ 0.2 4.0 0.4 =02
60 22.5+02 310008 9703 1.26 + 0.08 4.9 0.3 6.2 = 0.3 5.7 0503
300 28302 203+005 13.1+04 0.19 005 83=x04 85+04 8.1 04 +04
V,05-Mo0O; (21.0 mol% MoOs)
0 18302 263+007 7802 0 0 0 0 0
180 31.7+03 215+0.06 14804 —048=0.07 7.0x04 6.5+ 0.4 5.7 0.8 + 04
V,05-Mo0O; (28.0 mol% MoQOs)
0 20.5 £ 0.2 3.37 £ 0.09 8.6 £ 0.2 0 0 0 0 0
10 249+02 41 =0.1 10.4 = 0.3 0.7 £0.1 1.8 0.3 25+03 1.7 0.8 +0.3
20 270202 39 0.1 11.5 0.3 0.5 +0.1 29 =03 3403 2.3 1.1 £03
30 27902 3.6 =0.1 12.1 £0.3 0.2 0.1 35+03 3.7 £0.3 2.7 1.0 + 0.3
60 30.4 03 3.8 0.1 133 +04 0.4 = 0.1 4.7 0.4 5.1+0.4 3.8 1.3+04
180 31,103 3.09+008 140+04 -03x009 5404 5.1+04 3.8 1.3 +x04

“ Total number of V and Mo atoms in the sample = 10?°. The confidence interval of the measured value y * 2s (s, standard

deviation) corresponds to 0.95 probability level.

Py = (Ny2+ + 2Ny3+ + 2Nyot+) = 25 (from chemical analysis).

¢y = (Nys+) = 255 (from ESR).
column 2 — column 3)

4y = (Nys+ + Nygat) = 253 ( 3

€y = (Nya) £ 2s2.
Ty = (Ny3+) * 253,
&y = Nysa+ + Ny3+) * 253 (column 5 + column 6).

hy = (Nvfl*, + Nv57+') (from Kinetic equations).
iy = (Npyes+) = 253 (column 7 — column 8).

dard of spin concentration. The same pro-
cedure of the integration of ESR spectra
was applied as in Ref. (/). The samples
showed a room temperature ESR signal
with g = 1.960 = 0.005, which is charac-
teristic of V4* ions stabilized by oxygen va-
cancies in reduced V,0s (6). The number of
V4*+ paramagnetic centers determined from
the integrated intensity of the ESR signal
changed with increase of MoQOs content in
the range 1.8-3.4 x 10'® per sample con-
taining 102 atoms of V and Mo (Table 1).
The number was always smaller than the
number of reduced vanadium and molybde-

num ions calculated from chemical analysis
due to the presence of the ‘‘non-Kramers’’
V3* and Mo** ions which are not detectable
by ESR (). The formation of V4*—V4* and/
or V#*-Mo’" pairs, not visible by ESR,
during reduction in vacuo and also during
propylene reduction at 373 K, may be ne-
glected considering the temperature depen-
dence of the signal intensity, similarly as in
Ref. (1). The relative standard deviation
(s2/y) x 100 of the determination of the
number of spins in partially reduced sam-
ples, averaged over the y values measured,
amounted to 1.3%. In the calculations
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Fic. 1. The change in the number of V** ions in
V,05-Mo00; containing 3.4 mol% MoO; in the course
of propylene adsorption, calculated from ESR spectra
registered at room temperature.

based on both ESR and analytical data the
relative standard deviation (s3/y) X 100, av-
eraged over the y values measured, was es-
timated as 1.5%.

Propylene adsorption. Pure propylene
(99.9% from Factory of Nitrogen Com-
pounds, Plock, Poland) was used for the
adsorption which was carried out in the
temperature range of 373-573 K at a pres-
sure of 10 kPa. Propylene was introduced
into ampoules containing the partially re-
duced samples, which were subsequently
heated at a given temperature for a certain
period of time. The consumption of propyl-
ene was negligible in comparison to the to-
tal amount of introduced gas. After rapidly
cooling the samples to room temperature,
the ESR spectrum was measured and then
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Fi1G. 2. The change in the number of V** ions in
V,05~MoQ; containing 21.0 mol% MoQ; in the course
of propylene adsorption, calculated from ESR spectra
registered at room temperature.

the procedure of heating was repeated un-
til a constant ESR signal intensity was
reached. The samples destined for chemical
analysis were treated exactly in the same
way.

RESULTS AND DISCUSSION

1. Adsorption of Propylene

The curves describing changes of the
ESR signal intensity in the course of inter-
action of V,05—MoO; catalysts with propyl-
ene at 373 K passed through two maxima
and after a certain period of time achieved a
constant level [Figs. 1-3]. The position of
the first maximum was practically indepen-
dent of the molybdenum concentration
whereas the second maximum shifted with
increasing amount of MoO; toward shorter
adsorption time. Both maxima were rather
flat, and the level at which the curves Nvya+
(1) (where Ny4+ is number of V4* ions in the
sample at time ¢) were stabilized after pass-
ing the maxima was similar to that prior to
propylene adsorption. It was shown previ-
ously (I, 6) that the height of this level is
related to the number of paramagnetic cen-
ters not involved in the redox processes. It
may therefore be assumed that at 373 K
only a small number of paramagnetic cen-
ters, i.e., only those situated on the surface
or in the near-to-surface layers, is involved
in the reduction.

473 K

40 time h]

104 473 K

373 K
30 time [min]

0 7 T 0 2

F1G. 3. The change in the number of V** ijons in
V,05—Mo0; containing 28.0 mol% MoQ, in the course
of propylene adsorption, calculated from ESR spectra
registered at room temperature.
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The character of the Kkinetic curves
changed with increase of the temperature.
At 473 K two maxima were still present but
the second one was much higher than that
formed at the lower temperature. The num-
ber of paramagnetic centers related to the
second maximum and to the plateau on the
Ny4+(t) curves corresponded to 20-25% of
the total number of vanadium and molybde-
num ions present in the samples. Thus it
may be concluded that at 473 K the reduc-
tion is no longer restricted to the surface
layers of the V,0s—MoQO; catalysts but the
bulk of the catalyst is also involved. The
position of the second maximum shifted to-
ward longer time of propylene adsorption
and the height of maximum decreased
with increasing molybdenum concentra-
tion. After passing the maximum the num-
ber of paramagnetic centers decreased very
slowly.

An increase of temperature to 573 K led
to the appearance of one maximum only on
the kinetic curves. The position and height
of this maximum changed with MoO; con-
centration similarly to those of the second
maximum on Kinetic curves describing the
reduction process at 473 K.

In the whole range of temperature the
number of paramagnetic centers corre-
sponding to the constant level on the curves
Nva+(t) was appreciably greater in the
V,05-Mo0O; catalysts than in partially re-
duced V,0s (6). The effect may be inter-
preted as a better stabilization of paramag-
netic centers (those giving the ESR signal)
in the V,05—Mo00O; system than in the V,0s
lattice.

The g value of the ESR signals corre-
sponding to both maxima was characteris-
tic of V** ions; however, the position of the
second maximum changed with MoO; con-
centration. Partially reduced MoO; ob-
tained in the same way as V,05—MoO; cata-
lysts, i.e., by thermal decomposition of
(NHg)¢M0,0,4, shows two Mo’* signals of
very low intensity with g factors below
1.960 (I g, = 1.943, g, = 1.952, g, = 1.879;
II: g, = 1.930, gy = 1.911) (7). Thus, the

appearance of the second maximum cannot
be attributed to reduction of molybdenum
ions. Therefore, we assume that the
changes in the ESR signal intensity of
V,05-MoQO; catalysts occurring in the
course of propylene adsorption are con-
nected only with changes in the number of
V4t ions. Nevertheless, the presence of
molybdenum seems to influence the reduc-
ibility of vanadium by propylene.

2. Kinetics of Reduction at 373 K

The kinetic model of reduction of the
V,0s-Mo00; catalysts elaborated in the
present work was based on the assumption
that at 373 K propylene may interact only
with the centers situated at the surface and
in the near-to-surface layers.

Several authors (8—10) suggested that the
interaction of olefins with V,05 or MoO;
consists in the oxidation of the hydrocar-
bons by both surface and bulk oxygen. Re-
moval of oxygen from the surface occurs
with simultaneous formation of vanadium
and molybdenum ions with lower than +5
and +6 oxidation state, respectively. Sub-
sequently, a reduction of the layers near to
the surface (at low temperature) or a bulk
reduction (at high temperature) occurs. The
removal of oxygen from the lattice of the
catalyst is accompanied by a diffusion of
cations toward the bulk.

We have postulated that the appearance
of two maxima on the reduction curves
Nvya+(t) was connected with two sets of the
following, consecutive reactions:

5+ _OHs yyar  CHe  yy34
v i) i) (D

kacy k)

Colls ysa+_ CGHs (134

) Vo) (2)

V5 +
@ kae k)

where suffixes (1) and (2) denoted the first
and the second maximum, respectively.
The initial increase in the intensity of the
observed signal is related to the reduction
of diamagnetic V** ions to V4* jons show-
ing the ESR signal. Subsequent reduction
of V** ions to ‘‘non-Kramers”’ V3* ions
results in a decrease of the ESR signal in-
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tensity. We suppose that in the first set of
reactions the V{j vanadium ions situated
at the surface of catalyst are engaged,
whereas the second set involves the V5 va-
nadium ions situated in the near-to-surface
layers of the V,05—MoO; solid solutions.
Due to the strong reduction of the surface,
the V{i} and V| ions are stabilized mainly
by oxygen vacancies, whereas the V&, and
V&, ions situated in the near-to-surface lay-
ers can be stabilized also in the vicinity of
Mo%*. The stabilization of V** by Mo%* in
V,05-MoQ; catalysts was proved previ-
ously (1) on the basis of ESR data. Simulta-
neously with reduction of vanadium the re-
duction of molybdenum occurs, but, as
mentioned earlier, the reduced molybde-
num does not contribute to the ESR spec-
trum of V,0s—MoO; catalysts and can be
detected only by chemical analysis.

We have assumed that two sets of the
reactions (1) and (2) are irreversible and in-
dependent of each other. Since the experi-
ments of reduction were carried out under
constant pressure of propylene, it was also
assumed that the reactions (1) and (2) are of
zero order with respect to propylene and of
first order with respect to the concentration
of vanadium ions. The following Kinetic
equations may be used to describe the rate
of changes of the vanadium ions concentra-
tion.

dNys:
@ - ke Ny ®
de4l+
——dt" = kaw * Nz — ksay - Nvyy (4
de3l+
gt = ke Ny ®
des2+
@ - kot Nug
- 0.5{1 + erfla(t — t)]} (6)
dNys
dt“ = kae - Nyg - 0.5{1 +
erfla(t — 1)1} — ks - Nvyy (D

@ kpo) - Nv& . 1t)
In these equations Nvg denotes the number
of vanadium ions at a given oxidation state
n+ involved in the reduction at time ¢. Suf-
fix i, equal to 1 or 2, indicates the process
connected with the first or the second maxi-
mum, respectively. The &k, and kg, are the
corresponding rate constants. The Egs. (6)
and (7) are modified by a sigmoid function,
similarly as in Ref. (/). The parameters a
and t; denote a rate of increase and an in-
flection point of the sigmoid curve, respec-
tively. In our model the induction period of
the sigmoid curve is interpreted as the pe-
riod of time necessary for exposure of reac-
tion centers for propylene, whereas the pa-
rameter a is the rate of the change of the
number of these centers with the reaction
time.

The total number of V4" ions Ny (¢)
present in the sample at the moment ¢ can
be calculated from the ESR signal intensity.
This value is related to the number of V4*
ions situated at the surface Ny:(#) and in
the deeper, but still near-to-surface, layers
Ny (1) by the equation

TABLE 2

Number of Reduced Vanadium Ions and Kinetic
Parameters Calculated from Equations Describing
Reduction of V,0s-Mo0; Catalysts at 373 K¢

Parameter? V305—-Mo0s V205-MoO, V205-MoO;,
(3.4 mol% (21.0 mol% (28.0 mol%
MoO3) MoOs) MoO;)
Nvf,*,(o) 4.89 x 108 3.23 x 10'8 2.61 x 108
NV?S(O) 0.10 x 108 0.50 x 108 0.40 x 10
Nv(s;;(O) 3.18 x 108 2.48 x 108 [.18 x 108
Nv:;)(O) 0.27 x 108 0.25 x 10'8 0.01 x 10'8
Ny () 147 X 10% 187 x 10% 2,93 x 10'8
kaq [min-'] 0.056 0.064 0.096
kpqy [min~!) 0.056 0.064 0.089
kagy [min~1] 0.023 0.320 1.320
kng) {min~1] 0.009 0.019 0.017
a 0.340 0.076 0.039
ts [min] 44 63 65

¢ Total number of V and Mo atoms in the 20- to 30-mg
sample = 102,

® The reproducibility of the y values measured was esti-
mated as y + 0.1y,
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NV'.‘.,L]({) = NV‘(‘I‘;(z) + NV?;,({) + NV‘b:Ik’ ©)

where Nys:, is the number of V#* ions which
at a given temperature do not participate in
the reduction process.

The parameters of the differential equa-
tions (Egs. 3-8), i.e., rate constants, initial
concentrations of V3* and V4* ions as well
as Ny, and also concentrations of these
ions after a given time of propylene adsorp-
tion, determined as in Ref. (1), are given in
Table 2. The fitting of the theoretical curves
to the experimental data is shown in Figs.
4-6. These figures represent also the
changes of concentration of vanadium ions
(V3*, V4*) in the course of reduction as well
as the time dependence of the sigmoid func-
tion F(z).

3. Kinetic Parameters of the Reduction
Process

The number of vanadium ions (V3* and
V4*) accessible for reduction at 373 K and
kinetic parameters of the reduction are
summarized in Table 2. The changes of
these values with changing MoO; concen-
tration will be discussed and the kinetic
parameters will be compared with the
corresponding parameters found for the

Ny =10°®

time [min]

FIG. 4. The fitting of the theoretical Kinetic curve
Nyiu(1) (solid line) to experimental data (circles) for
propylene adsorption at 373 K on V,0s—MoO; contain-
ing 3.4 mol% MoO;. The changes of Nv¢:, Nv&i, N5,
Nvg, and F(1) with time of adsorption as well as the
value of Nv{}, are calculated from kinetic equations
(see text).

W

44
3 Ny
T = f_”‘t l‘:' \\'\ o
1 ~, \1) I: ~\"~-E_ N\{'z‘, Bulic
L S e S DT T
é ? T = # iy
34 5
Ao D]
Y, v
\ BN Fig
, d
N \
! s ,IX'.\
0 LN
0 120
time{min|

FiG. 5. The fitting of the theoretical kinetic curve
Nyii(0) (solid line) to experimental data (circles) for
propylene adsorption at 373 K on V,0,—Mo0; contain-
ing 21.0 mol% MoQ;. The changes of Nysr, Nvtr,
Ny, Nviy, and F(1) with time of adsorption as well as
the value of Nvil, are calculated from kinetic equa-
tions (see text).

oxidation process for which a model of two
sets of consecutive reactions V{j; = V{} —
Vi and Vi — V& — V{5 was assumed
).

The total number of V3* ions Nys:(0) +
Ny (0) involved at time ¢t = 0 in both se-
quences of consecutive reactions decreased
as the content of MoO; increased (Table 2),

4 Lo
‘—-N\/w‘
3 - o™ Vg W
| BN
I3
® 4 NVh)
'?g H!! \‘y/« . TN
g - - T e e o
Z‘X*Nvﬁ,’ 7
3 50 s
P g o
\, N
0 "\t’\ .
60 ) 180 20
time|min]

F1G. 6. The fitting of the theoretical kinetic curve
Ny4;(1) (solid line) to experimental data (circles) for
propylene adsorption at 373 K on V,05-MoQ; contain-
ing 28.0 mol% MoO;. The changes of Nyt Nvi,
Nvfﬁ, Nvfzj , and F(¢) with time of adsorption as well as
the value of Nvi, are calculated from kinetic equa-
tions (see text).
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i.e., the initial degree of reduction of the
surface layers increased. The number of
V¢ ions engaged in the reduction process
(related to the first maximum) at ¢t = 0, de-
noted as Ny (0), increased with increase of
the MoO; concentration. Similarly as in the
course of oxygen adsorption (/), it reached
a maximum value for the V,0s—MoO; cata-
lyst with 21.0 mol% MoQO;. On the other
hand, the number of V¢ ions at ¢t = 0
[Nvg;, (0)] taking part in the reactions related
to the second maximum was practically the
same for both catalysts with 3.4 and 21.0
mol% MoQ;, while for the catalyst with
28.0 mol% MoO, it was negligible. A similar
effect was observed in the case of oxygen
adsorption on this preparation (I). Two
possible reasons for this effect should be
considered: either the surface of the solid
solution phase is blocked by Mo ions, or a
good stabilization of V;‘;) ions renders their
reaction with propylene difficult.

On comparing the number of V** ions for
a given catalyst involved at time ¢ = 0
[Ny (0)] in redox processes at 373 K it may
be noticed that the number of both types of
V#* is 23 times higher in reduction than in
oxidation processes (Table 2 of the present
work and Table 3 in Ref. (1)). Thus the con-
clusion may be drawn that propylene is
more active than oxygen in the reaction
with partially reduced V,0s-MoO; cata-
lysts.

Values of the rate constants ksg) and
kg are close to each other, similarly as for
the oxidation of vanadium ions stabilized in
the vicinity of oxygen vacancies (I). On the
other hand, the rate constants k() for the
catalysts studied were greater than that cal-
culated for pure V,0s (6), and they in-
creased when the concentration of MoO,
was raised. The rate constants kpq re-
vealed a similar pattern of behavior. As-
suming that the mechanism of these reac-
tions in V,0s~MoO; was the same as that in
reduced V,0s (6), the increase in the values
of the rate constants may be explained by
an increasing heterogeneity of the cata-
lysts.

Discussing the changes of the rate con-

stants ka(), the parameters a and ¢, should
be considered. The rate constants in-
creased significantly with increase of
the concentration of MoQ;, whereas the
value of parameter a decreased and that
of parameter f, increased. The pattern of
changes of parameters a and ¢, with increas-
ing MoQO; concentration was quite opposite
to that found in oxidation processes. The
values of kg, were considerably lower than
kaw, probably due to stabilization of V{5
ions.

The value of the parameter Ny, corre-
sponding to the number of V** ions which
were not engaged in the reduction process,
calculated from the kinetic equations, was
consistent with that found on the plateau of
the experimental curves Ny..(f). The same
relation was found for the oxidation pro-
cess.

The number of metal ions participating in
the reduction processes, found experimen-
tally, was compared with the sum of V{;)
and V3 ions calculated from the kinetic
equations after a certain period of propyl-
ene adsorption (Table 1). Subtracting the
number of V** ions found from ESR mea-
surements from the sum of V4*, V3t and
Mo#** ions calculated from chemical analy-
sis, the contents of V3* and Mo** ions, not
detectable by ESR, in both the initial prepa-
rations and those obtained after their con-
tact with propylene for a certain period of
time were computed (Table 1, column 4).
Provided that only vanadium takes part in
the reaction it was possible to calculate the
number of V4* and V3* ions generated after
a certain period of propylene adsorption
(columns 5 and 6, respectively). Adding the
numbers of V3*+ and V#* ions found in this
way, the number of V** participating in the
reduction processes was obtained. It
proved to be higher than the sum of V{{; and
V{5, calculated from the kinetic equations.
Such a difference between experimental
and calculated data may be explained, simi-
larly as in the case of oxygen adsorption
(1), by the presence of Mo®* reducible in
the course of propylene interaction. Such
reduced molybdenum could be found not
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only in the surface layers of the V,0s—
MoQ; solid solution enriched with molyb-
denum but also in MoQO; phase present in
the catalysts (/).

The rate constants characterizing both
oxidation and reduction of V** ions stabi-
lized by oxygen vacancies are close to each
other for a given catalyst. The rate of these
processes is thus determined by the number
of vanadium ions of various oxidation
states. The observed increase in oxidation
and reduction rate constants for V{} ions
with increase of MoO; concentration can
play an important role in the processes cat-
alyzed by V,05-Mo0O;.

4. Physical Model of the Reduction
Processes

In the course of pretreatment of vanadia—
molybdena catalysts in vacuo, oxygen is re-
moved from the lattice of the catalyst. This
process is accompanied by diffusion of
metal ions toward the bulk. The faster dif-
fusion of vanadium in comparison with that
of molybdenum leads to a relative enrich-
ment of the surface layers with molybde-
num. Interaction of V,05;-Mo0O; catalysts
with propylene, consisting of further re-
moval of lattice oxygen, results in further
segregation. In order to assume electroneu-
trality of the lattice, an additional number
of reduced metal ions appears in the cata-
lysts.

We have assumed that at 373 K interac-
tion of propylene with V,0s-MoQ; is re-
stricted to the near-to-surface layers. At the
initial stage of propylene adsorption only
oxygen localized on the surface is engaged
in the reaction leading to the reduction of
both vanadium and molybdenum present on
the surface. The vanadium reduction is re-
flected by an appearance of the first maxi-
mum on the kinetic curves Ny..(7). On the
other hand, the reduction of molybdenum
can be detected only by chemical analysis.
The reduced vanadium ions situated on the
surface are stabilized mainly by oxygen va-
cancies (/). In the course of further reduc-
tion the V{} and V{} ions migrate toward
the bulk, resulting in a gradual exposure of

the unreduced fo) ions in the solid solution
phase. The reduction of these ions with
propylene to V{ and then to V3, both sta-
bilized mainly by Mo®*, leads to the forma-
tion of the second maximum on the Ny« (f)
curves. The V{5 signal intensity decreases
very slowly after passing through the maxi-
mum, thus suggesting that the second step
of reduction V& — V) is more difficult in
V,05-Mo0; catalysts than in pure V,0s (6),
most probably due to a more effective stabi-
lization of reduced vanadium.

In the catalyst with high MoOs content,
i.e., of high degree of reduction, only a few
V7, ions are present on the surface. In such
a catalyst the surface becomes practically
depleted of V{j} ions just after the contact
with propylene. Therefore, diffusion of re-
duced vanadium toward the bulk, followed
by the exposure of V{3 ions from deeper
layers, should begin in such a catalyst ear-
lier than in the less reduced one, namely
that with a small amount of MoO; and a
much higher number of V{j} ions present at
the surface. Indeed, in the catalyst contain-
ing 28.0 mol% MoO; the reaction V{5, —
V{5, responsible for the appearance of the
second maximum, is switched on practi-
cally at the beginning of propylene adsorp-
tion, whereas in the catalyst with the small
amount of MoOs the induction period of re-
action (2) is longer (Figs. 4-6).

In the kinetic model the delay in reduc-
tion of V{5 ions in the phase of the solid
solution of MoQOj; in V,0s is described by
modulation of Egs. (6) and (7) by a sigmoid
function. The rate of increase of this func-
tion is described by parameter a. Thus the
parameter a controls the rate of the pro-
cess leading to exposure of V(] ions for re-
duction. We have suggested that the rate of
diffusion of reduced vanadium from the
surface to the depper layers is a factor
which determines this effect. The parame-
ter a may therefore be interpreted, similarly
as in the oxidation process (1), as a mea-
sure of the rate constant of diffusion of
reduced vanadium in the V,0s—MoO;
catalyst. The pattern of the changes of pa-
rameter a with increasing MoQO; content is
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different for oxidizing and reducing atmo-
sphere. This difference may be related to
the fact that during reduction the vanadium
ions diffuse from the surface (rich in molyb-
denum) toward the bulk (rich in vanadium)
whereas during oxidation they diffuse in the
opposite direction. Increasing the Mo con-
centration results in a decrease of the V
concentration in the surface layers of the
catalyst. Consequently, the rate of diffu-
sion of vanadium toward the surface is en-
hanced during oxidation but the vanadium
diffusion toward the bulk is delayed during
reduction.

At higher temperatures the reduction
process includes also the bulk of the cata-
lysts. At 473 K the process occurring in the
surface layers is related to the first maxi-
mum. The high intensity of the second max-
imum, strongly exceeding the value corre-
sponding to the number of paramagnetic
centers which can be produced on the sur-
face, indicates that vanadium ions from the
bulk are also involved. With increasing
amount of MoO; the reduction of vanadium
from the bulk becomes inhibited (Fig. 3).
The results of the chemical analysis indi-
cate, however, progressive reduction of the
samples. This effect is probably connected
with an extensive reduction of the surface
layers strongly enriched with molybdenum.
Due to the high concentration of Mo in
these layers, the process of its reduction
dominates, inhibiting reduction of vana-
dium from the bulk. The delay in vanadium
reduction may also be due to the covering
of the surface by the reduction products.

At 573 K only reduction of the bulk is
observed. Evidently, reduction of the sur-
face layers at this temperature is very rapid
leading to the formation of V{;} ions not vis-
ible by ESR.

CONCLUSIONS

Two different reduction processes occur
in V,05—~MoO; catalysts upon interaction
with propylene at 373 K. One of them in-
volves the surface vanadium ions stabilized
after reduction by oxygen vacancies. The
other is connected with reduction of vana-

dium present in the near-to-surface layers
of the V,05—Mo00O; solid solutions which is
stabilized after reduction by MoS*. The
effective stabilization of V** jons in the
V,05~-MoQ; catalysts, postulated previ-
ously for the reaction of oxidation (/), has
been confirmed also in the reduction pro-
cess.

The engagement in the reduction process
of the metal ions from the near-to-surface
layers or from the bulk is controlled both by
temperature and by the content of MoO;.
The role of MoO; consists in determination
of the reduction degree of the catalysts and
in influencing, by the segregation pro-
cesses, the rate of diffusion of reduced va-
nadium from the surface toward the bulk.

The proposed reduction model is consis-
tent with the previously described modetl of
oxidation reactions occurring in the V,0Os—
MoO; system ().
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