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Palladium added to V,O, enhances the reducibility of this oxide. The reduction can then be 
performed at low temperature so as to produce selectively a reduced phase with the formula V,O,. 
The influence of ethylene partial pressure on the initial reduction rate of Pd-V,O, and the influence 
of oxygen partial pressure on the initial oxidation rate of the reduced phase have been established. 
Kinetic equations are proposed for these two gas-solid reactions. The selective formation of 
acetaldehyde and acetic acid occurs during the reduction. In the presence of both ethylene and 
oxygen reactants, i.e., for the condition of catalytic reaction, we observe a change of the initial 
composition of the solid toward a final state which depends on the partial pressure of the reactants. 
Qualitatively, from an initially oxidized form. there is a partial reduction, while from an initially 
reduced form, V,09, there is a partial oxidation 

I. INTRODUCTION 

The mild oxidation of ethylene can be 
used to produce acetaldehyde very selec- 
tively by the use of homogeneous catalysts 
(I). The acetaldehyde can in turn be selec- 
tively oxidized to acetic acid over solid 
catalysts. This constitutes an industrial 
method for producing acetic acid, and each 
stage has generated a great deal of funda- 
mental research. On the other hand, the 
direct oxidation of ethylene into acetic acid 
in only one stage has not promoted much 
research. Some patents (2-5) claim per- 
formances of interest, thanks to the use of 
vanadium pentoxide to which a compound 
of palladium or other metal has been added. 
Furthermore, the catalytic activity of cer- 
tain metals or metal oxides has been stud- 
ied in order to produce acetaldehyde and 
acetic acid from ethylene. However, the 
published results are essentially related to 
the production of acetaldehyde. 

We have thought it interesting to study in 
a more complete way the performances 
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obtained with a catalyst of the Pd-Vz05 
type, i.e., 0.02 wt% Pd deposited on vana- 
dium pentoxide. Our first experiments 
(6, 7) had demonstrated that, by the addi- 
tion of palladium, vanadium pentoxide can 
be active at a temperature as low as 230°C 
for the oxidation of ethylene into acetic 
acid, while V?O, alone has an appreciable 
activity only at a higher temperature. Fur- 
thermore, these first experiments also dem- 
onstrated that the addition of 0.02% Pd to 
the V,O, accelerated the reduction rate of 
this oxide. These phenomena suggested the 
presence of a redox mechanism for the 
catalytic reaction in which palladium would 
play a particular role. A redox mechanism 
has also been suggested by Evin et al. (8) 
for the oxidation of ethylene over Pd-V205, 
but at a lower temperature (1 IO-175”(Z), 
which essentially limits the oxidation to the 
production of acetaldehyde. Moreover, 
these authors claim that, as in the Wacker 
process, the palladium compounds are the 
catalyst and that V,05 is the co-catalyst 
promoting the reoxidation of the metallic 
palladium. 

Thus, in order to obtain more complete 
information on the oxidation of ethylene 
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into acetic acid over Pd-VZO;,, at about 
25o”C, as well as on the reaction mecha- 
nism, we started a more systematic investi- 
gation of the gas-solid interactions and of 
the catalytic reaction itself. 

This first paper essentially deals with the 
study of the gas-solid reactions with ethyl- 
ene and acetaldehyde as reducing agents 
and oxygen as the oxidant. A second paper 
(Part II) deals with the kinetics of the 
catalytic reaction (9). 

II. EXPERIMENTALMETHODS 

1. APPARATUS AND PROCEDURE 

The kinetic study of the reduction of 
V,O, and reoxidation of the reduced phase 
was made by gravimetry, using a Mettler 
thermobalance with a sensitivity of 1.2 mg 
for a sample of 0.3 g. The partial pressures 
of ethylene, PE, and oxygen, PO,, were 
changed between 0.05 and 0.4 atm and 
between 0.1 and 1.0 atm, respectively. The 
diluent was high-purity nitrogen. 

Experiments concerning changes in the 
solid in the presence of the two reactants, 
ethylene and oxygen, and the catalytic 
transformations of these reactants were 
carried out in the same catalytic flow reac- 
tor as used in Part II (9) and with 20 g of 
catalyst. The output of the reactor passes 
through a series of water bubblers which 
are maintained at O’C, so that the condens- 
able and soluble products are separated. 
The remaining gas goes through samplers 
and, finally, its volume is measured by a gas 
meter. The transformations related to the 
gas phase will be defined by the conversion 
of ethylene and the yields of each product. 
These yields will be expressed as the corre- 
sponding fraction of the transformed ethyl- 
ene. The same apparatus was used to study 
the transformations of the gas phase during 
the gas-solid reduction reactions of the 
solid by ethylene or acetaldehyde. 

For all experiments, the contact time will 
be defined as the ratio W/F, W being the 
catalyst weight in grams and F the total 
flow in cubic centimeters (STP) per second. 

It is a formal contact time which is given 
here in g . s/cmp3. 

2. ANALYSIS 

In the condensed phase, the following 
products were found: acetaldehyde (AcH), 
acetic acid (AcOH), H20, and very small 
quantities of acetone and acrolein, whereas 
the exit gas was a mixture of N,, OZ, C,H,, 
CO, and CO,. These products were ana- 
lyzed by gas chromatography, using the 
following columns: 

(a) Aldehydes and ketones: 15% of Car- 
bowax 4000 over firebrick. Length L = 3.5 
m, diameter + = 3.18 mm, T = 105°C. 

(b) Acetic acid: Porapak T. L = 3 m, 4 = 
3.18 mm, T = 150°C. 

(c) CO, N.), and 0,: molecular sieve 13X. 
L = 1 m, $+ = 6.3 mm, T = 30°C. 

(d) C,H, and CO,: Two columns in se- 
ries, the first being hexadecane over fire- 
brick (20 wt%), L = 1.5 m, 4 = 6.3 mm, 
and the second 30 wt% of a mixture of 30 
wt % glutaronitrile and 70% propylene car- 
bonate over firebrick, L = 17 m, $ = 6.3 
mm, T = 50°C. 

The acetic acid was also measured by 
titration with 0.1 N NaOH, using phenol- 
phthalein as the indicator. 

The solids were analyzed after a quench 
with a nitrogen flow. We used both X-ray 
diffraction and chemical analysis of V”+ and 
V-‘t ions. The VJ+ ions were analyzed by 
reduction with iron salts in the presence of 
phosphoric acid, using sulfonic diphenyl- 
amine as the indicator, while the V1+ ions 
were determined by potentiometry using 
0.1 N KMnO, in an acid medium (pH = 1.5) 
at 40-50°C (10). 

3, CATALYSTS 

A. Preparation of Oxidized Phases 

Vanadium pentoxide was produced by 
thermal decomposition of powdered ammo- 
nium metavanadate on a fluidized bed (par- 
ticle size 0.20 to 0.25 mm) with air at 300°C. 
the V,Oj was extruded to cylinders of I x 3 
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mm and later activated under an air flow at 
400°C for 2 h. 

Palladium was then introduced by im- 
pregnation, without excess solution, of the 
appropriate amount of aqueous palladium 
nitrate. After the solution was completely 
absorbed, the solid was vacuum dried at 
room temperature. Palladium nitrate was 
decomposed by heating in air at 400°C for 2 
h. The final catalyst contained 0.02 wt% 
Pd. 

B. Preparation of Reduced Phases 

The reduction of VZ05 at a temperature 
lower than 280°C enabled us to obtain a 
reduced phase different from those gener- 
ally obtained by reduction at higher temper- 
ature, such as V,O, or V,O,,. This phase, 
called A, was characterized by the weight 
loss of V20j, by X-ray diffraction (11) (Fig. 
6), by infrared spectrometry (12), and by its 
chemical composition (50 to 53% V4+), ap- 
proximating the overall formula V409. This 
compound has also been described by other 
authors (13, f4), who however obtained it 
mixed with other oxides such as V,O, or 
V205, since its selective preparation is par- 
ticularly delicate and requires very mild 
reduction conditions (II). The addition of 
0.02 wt% Pd to V,O, enabled us to carry 
out the reduction at a temperature as low as 
250°C and thus to obtain the A phase quite 
selectively. The reduction was conducted 
with 20% volume of ethylene diluted in 
nitrogen with a contact time of 3 g * s/cmp3 
for 6 h. When starting with V,O, alone, 
without Pd addition, it was necessary to use 
pure ethylene at 280°C in order to obtain a 
product containing essentially phase A, 
with a small quantity of V,Oj and V,O,. 
The two reduced phases thus obtained will 
be called A(Pd-V,O,) and A(V,O,) respec- 
tively. 

During the catalytic reaction, carried out 
between 230 and 25o”C, only phase A ap- 
peared in the catalyst together with the 
V,O, phase. We can write, therefore, that 
for the catalyst bulk: 

W,O,l + [Al = 1 

and, as a working hypothesis, that this 
balance can also be written for the surface 
of the catalyst. In order to simplify the 
writing of the equations, we shall designate 
the bulk and surface fractions of the V,O, 
and A phases by [Va+] and [VA+] respec- 
tively. Let us recall that [VA+] = 1 corre- 
sponds to about 50% of V4+. 

Figure 1 shows, for the four catalysts, the 
curves for mercury porosimetry and the 
values of the specific surface areas. The 
reduction increases the pore volume, with- 
out modifying the surface areas very much; 
the latter are slightly different, depending 
on whether palladium was or was not added 
to v,o,. 

The color of both V,O, and Pd-V,O, is 
light brown. The A phase is dark green and, 
in general, the more reduced the darker the 
catalyst becomes. 

III. RESULTS 

Experimentation concerned first the 
study of changes in the solid during the 
reduction of the oxidized phase, the reox- 
idation of the reduced phase, and in the 
presence of the two reactants ethylene and 
oxygen. Then, the analysis of the product 
of the gas phase was performed during the 
reduction of the oxidized solid by ethylene 
and acetaldehyde. 

1. CHANGES IN THE SOLID. 

The reduction and oxidation of the solid 
were performed in the thermobalance with 
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FIG. 1. Mercury porosimeter curves. 
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a short contact time of circulating gases so 
as to produce a quite low conversion of 
ethylene or oxygen. 

(a) The reduction by ethylene was carried 
out on Pd-V,O, and V,O, (Fig. 2). It will be 
noticed that the complete reduction into 
V,O, (A phase) corresponds to a weight 
loss of 44 mg/g of V205, while the reduction 
of PdO corresponds only to 0.32 mg/g of 
solid, for 0.02 wt% of Pd added. The curves 
of weight loss versus time for several ethyl- 
ene partial pressures show a hyperbolic 
shape, without induction period (6), mak- 
ing it possible to define an initial reduction 
rate at time zero, ri,. Figure 2 shows the 
change in this rate, at 25o”C, when the 
partial pressure of ethylene varies from 
0.05 to 0.4 atm. 

(b) The reoxidation with oxygen was 
carried out starting with phases A(Pd- 
V,O,) and A(V,O,). The shape of the 
curves for weight increases versus time, at 
300°C (6), is the same as that of the reduc- 
tion. Figure 3 shows the change in the . . initial oxidation rate, r,,, when the oxygen 
partial pressure varies from 0.1 to 0.6 atm. 

(c) The study of the changes in the solids 
in the presence of both reactants, carried 
out in the catalytic flow reactor used in Part 
II (9), was first made with a short contact 
time, W/F = 0.25, and then with a long one 
of 3 g . s cme3. 

With W/F = 0.25, at 23o”C, P,,, = 0.6 
atm and PE = 0.1 atm, the conversion was 
quite low and the reactor was differential. 
Figure 4 shows the course of events for 

rir (got 0 mn-‘g-l cat). lb 

t 
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FIG. 2. Influence of ethylene partial pressure on the 
initial reduction rate of V,O, and of Pd-V,O,; diluent 
NP. 

0 01 02 03 04 05 OSP, 

Atm 

FIG. 3. Influence of oxygen partial pressure on the 
initial oxidation rate of A(VZOS) and of A(Pd-V,05); 
diluent N,. 

VZ05, Pd-V205, A(V,O,) and A(Pd-V,O,) 
as a function of time. In both cases, the 
initially oxidized solid is reduced and the 
initially reduced solid is oxidized. How- 
ever, even after 8 h, a common steady state 
is not attained from these extreme oxidized 
or reduced starting states. Moreover, the 
oxidation of A(Pd-V,O,) is much slower 
than that of A(V205) and does not seem to 
lead to the same steady state. 

With W/F = 3, at 230°C the conversion 
of each reactant may be high, and so the 
change in the solid is governed both by 
reactants and reaction products. Figure 5a 
shows the change as a function of time of 
Pd-V,O, for P,,, = 0.23 atm and PE = 0.47 
atm. After a transient period of reduction, a 

1 A phase 7. 

‘A’(V2 0,) 

\ PO 2 =061: 

x!dlsed term 

0 2 6 6 
T !me  (h) 

FIG. 4. Transformation of the solid as a function of 
working time in the presence of both ethylene and 
oxygen. (A) A(Pd-V,O,); (A) A(V,O,); (0) Pd-V,O,; 
(0) V,O, initially. 
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Pd _ Vz 05 cotolyst 

-=$E- w 
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T”, 230°C 

PO, + P, = 07aim 

FIG. 5. Transformation of Pd-V205 in the presence of both ethylene and oxygen. (a) Transient states 
for PO, = 0.23 atm and PE = 0.47 atm. (b) Final state obtained for each value of the ratio P,,/P,, the 
sum PO, + PE being constant = 0.7 atm. 

stabilization occurs after 4 h, and the per- 
centage of A phase is about 50%. This 
steady state of the solid changes, as shown 
by Fig. 5b, with the ratioP,,/P, of the initial 
partial pressure of reactants with PO2 + PE 
being maintained constant at the value of 
0.7 atm. The mean final state of the cata- 
lytic bed goes from a reduced to an oxi- 
dized level when Pot/P, increases. 

This change deduced from chemical anal- 
ysis of the solid is confirmed by X-ray 
diffraction, as shown by Fig. 6. We ob- 
serve, as previously emphasized, that the A 
phase is the only reduced phase which 
appears alongside the residual VZ05. 

2. ANALYSIS OF REACTION PRODUCTS 

The reaction products obtained during 
the reduction of Pd-V205 with 10% of 
ethylene or 20% of acetaldehyde in nitro- 
gen at 250°C were analyzed. The reduction 
was carried out in the catalytic flow reactor 
at very short contact time (W/F = 0.25 g . s 
cmw3) in order to be in differential condi- 
tions. 

With ethylene, there is a very selective 
formation of acetaldehyde (-85%) with 
small amounts of acetic acid. In the case of 
acetaldehyde as a reactant, the acetic acid 
is formed with high selectivity (-90%). In 
both cases the appearance of CO and CO, is 

P 
Pop /PE =3 

Pi-me V,O, alone 

Q 

PQ /PE = l/2 

PhosesVz OS 
and A 

A 
A ALLILL- 28 

R 
PO2 /PE = l/6 

phases v,o, 
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PE alone , Phase A 

. 29 
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FIG. 6. X-Ray diffraction diagrams of the final 
catalyst for the final states P, Q, R, and S of Fig. 5 
(anticathode Cu, A,, = 1.54 A). 
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very slight. On the other hand, the initial 
conversions of ethylene and acetaldehyde, 
1.4 and 1.1% respectively, decrease very 
rapidly with time, i.e., with the actual per- 
cent reduction of the solid. After 45 min on 
stream, both conversions are about 0.4% 
and the percentage of A phase in the solids 
is about 40% with ethylene and 30% with 
acetaldehyde. 

The solid analysis made at the end of the 
experiments agreed with the calculated 
results. It can be seen that the intervention 
of oxygen from PdO introduces only a 
negligible correction in the above calcula- 
tions and consequently plays only a minor 
role in the formation of the oxygenated 
products. 

IV. DISCUSSION 

1. DETERMINING KINETIC CONSTANTS OF 
GAS-SOLID REACTIONS 

A. Catalyst Reduction 

The reduction process (Fig. 2) can be 
represented by a formal equation of 
Langmuir type: 

r,, = k, arPE 
1 + arPE’ (1) 

k, and a, being formal kinetic constants. It 
is also interesting to consider the constant 
A, = kar, which we shall call the reactivity 
for the reduction. 

Equation (1) can be transformed into the 
well-known linear form: 

1 -= ‘+ I.-!-. 
r,, k, k,.a, P, 

In Fig. 7, l/r,, is plotted as a function of 
l/P,. The fact that the points fall on a 
straight line confirms the validity of the 
equation and makes it possible to determine 
4, A, = k,.a, and 4. For Pd-V20s, the 
results at 250°C are 

k, = 9.6 x 10-5 oxygen g . atom mine1 g-’ 

A, = ka, = 75 x lo-” oxygen g 
. atom min-’ g-’ atm-’ 

a, = 7.8 atm-I. 

+ (gal Oq mn gcat) 10m4 

t (’ 

1 I I I I ~ 
0 5 IO 15 22 

I/PC otm-’ 

FIG. 7. Reciprocal of the initial reduction rate of Pd- 
V20, by ethylene vs l/P,. 

For V20s, the quasi-linearity of ri, as a 
function of PE results from a weak adsorp- 
tion of the ethylene and allows one to cal- 
culate the reactivity: 

Xr = ka,. = 2.75 x IO-” oxygen g 
. atom min’ g-’ atm-’ (at 25oOC). 

The reduction of the two solids was later 
carried out at different temperatures and 
under partial pressures of ethylene low 
enough so that the term a,.P, is much 
smaller than 1 in the rate equation and, 
therefore, ri, = A,P,. The Arrhenius plot of 
A, (Fig. 8) gives an apparent activation 
energy of reduction, which is similar for 
both solids, i.e., E, = 16 kcal/mole for Pd- 
V,Oj and E, = 18 kcal/mole for V,O,. This 
figure shows that the increase in reducibil- 
ity, as the result of Pd addition, remains 
within the entire range of temperatures 
studied. 

B. Catalyst Reoxidation 

The curves in Fig. 3 also obey a formal 
Langmuir equation: 

ri,, = k,, ~l”P”, 
1 + aoPon ’ 

(2) 

where k, and a, are formal kinetic constants 
and A, = k,a,, the oxidation reactivity. 
Figure 9 shows the linear transform of Eq. 
(2) for A(V,O,), from which at 300°C we 
obtain: 
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FIG. 8. 

6 
300 280 250 230 T”C 

I I I I 

V, 2- Osred<\W$&Iox&t,on 

I I I I I I I I I I I I I I I I 1.72 1.72 1.76 1.76 I.8 I.8 I.84 I.84 1.88 1.92 1.96 2 1.88 1.92 1.96 2 t t 

l/T.K? l/T.K? 

Arrhenius plots for the reactivities of reduction and oxidation of the oxidized 
solids, respectively. 

k, = 10.5 x lo-joxygeng . atommin-‘g-l 

A, = koa, = 23.4 x 10-j oxygen g 
. atom mm’ g-’ atm-’ 

a, = 2.2 atm-‘. 

For the solid A(Pd-V205), in view of the 
linear influence of PO, due to the weak 
adsorption of oxygen, we only obtain the 
value: 

A, = 25 x 10-j oxygen g 
* atom min-’ g-l atm-’ 

(at 300°C) 

The reoxidation of these two solids was 
carried out later at different temperatures 

f;t, (gatmO-~,mn,gcotll0‘~ 

5- 

4- 

dhent N2 

III II I II I I 
0 2 4 6 0 K) - 

l/ P,,otm-’ 

FIG. 9. Reciprocal of the initial oxidation rate of 
A(V,O,) by oxygen vs l/P,,. 

or reduced 

and with an oxygen partial pressure such 
that a,,POp can be neglected. From the Ar- 
rhenius plot of h, (Fig. 8), we calculated the 
following apparent activation energies of 
oxidation: E, = 18.5 kcal/mole for A(Pd- 
V,O,) and E, = 21 kcal/mole for A(V,O,). 

Table 1, which shows the values of the 
reactivities at 25O”C, will enable us to reach 
some formal conclusions. In this table, the 
reactivities have not been referred to unit 
surface area since the surface change be- 
tween the oxidized and the corresponding 
reduced phase is too small to be significant. 
It can be seen that the addition of Pd 
considerably increases the reactivity of re- 
duction but has little effect on the reoxida- 
tion of the reduced phases. Since the four 
apparent activation energies are very simi- 

TABLE 1 

Reactivities of Reduction and Reoxidation (250°C) 

Starting from S,. W/g-‘) Reactivities x 10” 
(0 g  atom 

min.’ g-’ atm-‘1 

Reduction 

Reoxidation 

V?O, 9.6 A, = 2.75 
Pd-V,Or 15.0 h, = 75 

AW,OJ 8.5 A,, = 4. I 
A(Pd-V,O,) 19.0 4, = 5.4 
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lar, these conclusions are valid for the 
whole range of temperatures studied. 

2. STATE OF THE SOLID IN THE 
PRESENCE OF BOTH REACTANTS 

Parallel to the catalytic surface processes 
of oxidation-reduction, the solid bulk 
reaches a steady state, which is the result of 
two reverse oxidation and reduction reac- 
tions. It is interesting to analyze whether 
this steady state can be predicted from the 
value of the initial rates measured for the 
reduction and oxidation. From Eq. (1) and 
(2), which give the rates of reduction and 
oxidation for [V”‘] = 1 and [VA+] = 1, and 
assuming that in the steady state the rates 
are proportional to the two-phase fractions, 
we can write for this steady state: 

with 

[VS’] + [VA+] = 1. 

By using the calculated values of the 
kinetic constants, the fraction of phase A in 
the steady state can then be obtained as a 
function of the partial pressures of the 
reactants: 

[VA+] = ME 
X,P, + A,,P,, (1 + A,P,) 

This calculation was made in the range of 
conditions used in Fig. 5b by taking for PE 
and P,,, the mean partial pressure of ethyl- 
ene and oxygen in the catalytic bed. It gives 
the theoretical curve plotted as a dashed 
line in Fig. 5b. This curve corresponds to a 
higher state of reduction than the experi- 
mental one, but its direction of variation 
agrees with experimentation. Such a differ- 
ence comes from the complexity of the 
phenomena which govern the attainment of 
the steady state of the solid bulk. Indeed, it 
is not surprising that the processes of re- 
duction and reoxidation of the solid would 
be different, in the presence of the two 
reactants, from those observed with each 
one separately. The competition between 
reactants and the influence of the products 

of the reaction should be taken into ac- 
count, and the study should be carried out 
over each slice of catalyst instead of over 
the whole catalytic bed. Part II will show 
that a similar calculation carried out with 
kinetic constants deduced from catalysis 
produces a theoretical curve for the degree 
of reduction of the solid which is closer to 
the experimental values. 

3. MECHANISM OF THE CATALYTIC 

REACTIONS 

The first important point concerns the 
possibility of selectively oxidizing ethylene 
and acetaldehyde into acetic acid by means 
of the lattice oxygen of V,O,. This suggests 
a redox surface mechanism for the selective 
catalytic oxidation of both reactants. The 
decrease in conversions and yields with the 
degree of reduction of the initial solid can 
be explained by a ditfusional limitation of 
the reacting oxygen through the lattice of 
the solid in order to reach its surface and 
perform the selective oxidation. 

The second important point concerns the 
acceleration of the reducibility of V,O, by 
the addition of palladium. Due to the fact 
that palladium oxide is easily reduced 
above lOo”C, it can be suggested that metal- 
lic palladium is at the origin of the increase 
in reducibility. This increase in reducibility 
of metallic oxides by addition of metals 
such as Pt, Pd, Ni, and even Cu has been 
observed many times (IS, 16). The effect of 
the metal may come from the chemisorp- 
tion on this metal of the reducing agent, 
which then adopts an active form more able 
to carry out the oxide reduction. Another 
interpretation concerns the acceleration, 
caused by the reduced metal, of the process 
of nucleation necessary for the reduction of 
the oxide. Due to the fact that the rate of 
reoxidation is not greatly affected by the 
presence of palladium, only the reduction 
step would be accelerated during the cata- 
lytic process of oxidation-reduction. Ac- 
cording to the results of Table 1, the slow 
step of catalysis for the case of V,O, would 
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rather be the reduction, but for Pd-V,O, it presence of both reactants, ethylene and 
would become the oxidation. oxygen, i.e., in the condition of catalysis. 

V. CONCLUSIONS REFERENCES 

During the reduction of vanadium pent- 
oxide by ethylene or acetaldehyde, acetic 
acid is selectively produced. This result 
enables us to invoke a redox mechanism for 
the selective catalytic oxidation of ethylene 
or acetaldehyde into acetic acid. The addi- 
tion of palladium to vanadium pentoxide 
enhances the rates of both the gas-solid 
reaction of reduction and the catalytic reac- 
tion, which is in accordance with the redox 
mechanism. If the reduction is performed at 
sufficiently low temperature, thanks to the 
influence of palladium, the only reduced 
phase which appears is the A phase, i.e., 
V,09. During catalysis at low temperature, 
the A phase is also the only reduced phase 
existing at the steady state besides the 
remaining unreduced vanadium pentoxide. 
The kinetics laws established respectively 
for the reduction or the oxidation of the 
oxidized or reduced phases are not 
sufficient by themselves to calculate the 
steady state of the catalyst bulk in the 
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