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ESR and chemical analysis were used to investigate the changes in reduction degree of vanadium 
pentoxide upon interaction with oxygen and propylene. It may be derived from our measurements 
that the redox processes accompanying interaction of oxygen at temperatures not exceeding 200°C 
and propylene at temperatures up to 100°C with partially reduced VZ05 are restricted to the surface 
layers only. Assuming a model of two consecutive reactions of the first order the rate constants of 
the two-step oxidation processes, V3+ s V4+ s V5+, and two-step reduction processes, V5+ 
5!!$ V4f CSH, v3+, were calculated by means of computer optimization. The kinetic data indicate 
that the activation energies of these reactions are 6.3 and 2 1 kJ/mol for the first and second steps of 
oxidation whereas for the first and second steps of reduction they are 33 and 59 kJ/mol, 
respectively. At temperatures exceeding 200°C the rate of vanadium oxidation is determined by 
diffusion, the apparent activation energy of this process being 126 kJ/mol. 

INTRODUCTION 

It has been observed (I-3) that vanadium 
pentoxide is catalytically inactive in the 
oxidation of hydrocarbons unless the prep- 
aration contains a certain amount of vana- 
dium of oxidation state lower than +5. The 
presence of vanadium(IV) in the partially 
reduced V,O, makes its appearance in the 
ESR spectrum registered at room tempera- 
ture. The partial reduction.of vanadium to 
oxidation state +3 by heat treatment in 
vucuo was postulated by Gillis and Boes- 
man (4) in the case of V205 monocrystals 
and by Dyrek (5) in the case of polycrystal- 
line vanadium oxide preparations. The con- 
centration of vanadium ions in a particular 
oxidation state evidently influences the ad- 
sorption of reagents on V205 and in conse- 
quence determines the reactivity of the 
system. Thus, for example, Bhattacharyya 
and Mahanti (6) stated that the kinetics of 
oxygen adsorption on Vz05 depended on 
the vanadium reduction degree. On the 
other hand Valdelievre et al. (7) have 
shown by means of the ESCA technique 
that adsorption of propylene on V,O, is 
accompanied by a change in the vanadium 

oxidation state. A knowledge of the redox 
processes occurring in the catalyst upon 
adsorption of the reactants is essential for 
the proper understanding of the mechanism 
of catalytic oxidation of hydrocarbons. For 
this purpose studies of oxygen and propyl- 
ene adsorption on vanadium pentoxide cat- 
alyst were undertaken in the present re- 
search. ESR and chemical analysis were 
used to follow the changes in the oxidation 
degree of vanadium in the course of the 
experiments which enabled simultaneous 
determination of V5+, V4+ and V3+ ions. 

EXPERIMENTAL 

Materials. The preparations of partially 
reduced Vz05 were obtained by thermal 
decomposition of NH4VOB (pure; Reachim, 
USSR) in vacua at 350°C. After outgassing 
at room temperature for 1 h (final pressure 
10-3-10-4 Pa) the samples were heated to 
350°C (6.5 h) and maintained at this temper- 
ature under 10-3-10-4 Pa for 4 h. Subse- 
quently the ampoules containing the sam- 
ples were sealed off from the vacuum line 
and connected by another seal with a glass 
breaker to the apparatus in which the ad- 
sorption and ESR investigations were car- 
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tied out. The BET specific surface area of 
the preparations was 20 m’/g. In all experi- 
ments 15.0-mg samples (surface area 0.3 
m2) were used. 

Procedure. Pure gases (POCh Factory, 
Poland) were used for adsorption experi- 
ments. Oxygen adsorption was carried out 
at temperatures of lOO-370°C under a pres- 
sure of 10 kPa on partially reduced sam- 
ples. Propylene adsorption was studied at 
IOO-300°C under the same pressure on the 
samples partially reduced and also on the 
samples which were oxidized for 20 h at 
300°C in oxygen, thus reaching stoichiome- 
tric composition. 

After a certain period of contact with 
gaseous adsorbates the samples were 
quickly cooled in the closed ampoules to 
room temperature, transferred into the 
ESR spectrometer, and the signal mea- 
sured. Then the ampoule (always closed) 
was again heated for a certain period of 
time, cooled, and the ESR signal measured 
again, etc. In some cases the samples were 
taken for chemical analysis after ESR mea- 
surements. 

Chemical analysis. The degree of reduc- 
tion of the investigated preparations was 
determined manganometrically after dis- 
solving the samples in a small amount of 
H,SO, (1 : 1) in a stream of purified nitro- 
gen. The total content of vanadium was 
subsequently determined by the reduction 
of V5+ to V4+ ions using gaseous SO, fol- 
lowed by titration with KMnO,. Chemical 
analysis does not distinguish between vana- 
dium in different oxidation states, and 
therefore the calculations were made as- 
suming formally that besides V5+ only V4+ 
ions were present in the samples. The rela- 
tive standard deviation (sl/yl) x 100 of the 
analytical determination of the number of 
V4+ averaged over the y1 values measured 
was estimated as 0.4%. 

ESR spectra. The ESR spectra of the 
samples were recorded at room and liquid- 
nitrogen temperatures by using an X-band 
spectrometer constructed at the Telecom- 
munication and Acoustics Department, 

Technical University of Wroctaw. Polycry- 
stalline VOSO, was applied as a standard of 
spin density. The first-derivative spectra of 
partially reduced V,O, and VOSO, were 
recorded one after the other at the same 
conditions. Interchange of the samples did 
not affect the Q factor of the cavity. The 
ESR signals of both partially reduced Vz05 
and VOSO, showed similar lineshapes, 
comparable linewidths, and the same relax- 
ation characteristics. The spectra were re- 
corded in a sweep range 10 times greater 
than the linewidth. The output signal was 
sampled at time intervals of 2 set (0.01 of 
the sweep time) and its BCD coded values 
were punched on a paper tape. Double 
integration of the first-derivative spectrum 
was performed by means of an Algol pro- 
gram with automatic correction for baseline 
drift (8). 

The number of spins in the samples of 
partially reduced Vz05 was calculated on 
the basis of the following data: 

-concentration of V4+ ions in VOSO, 
standard as determined analytically, and 

-ratio of areas under doubly integrated 
ESR signals of the V,O, sample and VOSO, 
standard. 

The relative standard deviation (sz/yz) x 
100 of the determination of the number of 
spins in partially reduced V,O, performed 
according to the given procedure averaged 
over the y2 values measured amounted to 
1.3%. It was calculated from the expres- 
sion: 

$ = ((zE>’ + (2%) 

+t{(?)‘+k) 
+ t [(:>’ + (z$]))“‘. 

In the above formula sR/R denotes the 
relative standard deviation of the determi- 
nation of the ratio of areas (R) under doubly 
integrated signals of the V,O, and VOSO, 
samples; s,,/m,, s,,/m2? s,/me are the 
relative standard deviations of the weigh- 
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ing, with VOSO, used as standard for ESR, 
VOSO, used for analytical determination of 
V4+, and Na,C,O, used as standard for 
manganometric titration, respectively; 
sL1/ul, S,/Q are the relative standard devia- 
tions of the determination of volume of 
KMnO, solution used for titration of 
VOSO, and Na,C,O, samples, respec- 
tively; and kl, k2 are the number of repli- 
cates. 

In the calculations based on both ESR 
and analytical data the relative standard 
deviation (s,/y,) x 100 averaged over the y3 
values measured was estimated as 1.5% by 
use of the formula: 

2 = ((Lg + (L$y2. 

In the calculation of the confidence inter- 
vals a normal distribution of the measure- 
ment results has been assumed. 

RESULTSANDDISCUSSION 

1. DEGREEOFTHE~ATALYST REDUCTION 

Fresh catalyst prepared by the vacuum 
decomposition of NH4V03 at 350°C showed 
at room temperature an ESR signal with g 
= 1.960 +- 0.005 and a peak-to-peak line- 
width A& of about 16 + 1 mT, indicating 
the presence of vanadium in the oxidation 
state +4 (9, 10). The degree of the catalyst 
reduction calculated from the number of 
free spins determined by the double inte- 
gration of ESR spectra amounted to 1.47 + 
0.05% V5+ ions reduced to V4+, whereas 
that calculated from the chemical analysis 
data, assuming that besides V5’ only V4+ 
ions are present in reduced V205, was equal 
to 7.20 t 0.06%. The deficit in the number 
of spins determined by the ESR method as 
compared with the value expected on the 
basis of analytical data may arise for sev- 
eral reasons: partial reduction of vanadium 
to the “non-Kramers” V3+ ions, different 
coordination and hence different relaxation 
characteristics of V4+, and/or presence of 
mobile electrons in the conduction band of 
partially reduced V,O,. The investigation of 

ESR spectra at liquid-nitrogen and room 
temperatures has shown that in this temper- 
ature range the ratio of the integrated signal 
intensity of partially reduced V20, with 
respect to that of the VOSOl standard 
remains constant, which excludes the two 
latter possibilities. It may therefore be con- 
cluded that the observed deficit in the num- 
ber of spins results from the partial reduc- 
tion of vanadium to V3+ ions not detectable 
by ESR and therefore the chemical analysis 
data represent, as a matter of fact, the sum 
of (NV’+ + 2 No+), where NV.+ and NW+ 
denote the numbers of V4+ and V3+ ions in 
the sample, respectively. The average com- 
position of the investigated vanadium oxide 
catalyst is thus given by the formula: 

w995, V4+ 0.015 V3+ 0. ozso*.‘is5. 

An alternative model of the observed 
facts might be to assume that some V4+ ions 
form magnetically coupled pairs. In such 
a case the formula of the nonstoichiomet- 
IiC oxide would be V$$3,Vb&5(V4+- 
V4+)o.02,502.465. The discrimination between 
the two models is, however, not possible on 
the basis of the present results. 

2. INTERACTION OF OXYGEN WITH 
PARTIALLY REDUCED V,O, 

Figure 1 represents the influence of oxy- 
gen adsorption on the V4+ ion concentra- 
tion in partially reduced Vz05 as deter- 
mined from the ESR spectra. The curves 
describing adsorption in the temperature 
range not exceeding 200°C are similar. The 
intensity of the signal attributed to V4+ ions 
initially increases, passes through a maxi- 
mum, and finally becomes constant. In the 
course of oxygen adsorption no new signals 
which might be attributed to the paramag- 
netic oxygen species appear in the ESR 
spectrum. 

The observed changes in the V4+ ion 
signal intensity may be explained assuming 
that its initial increase corresponds to the 
oxidation of the “non-Kramers” V3+ ions 
to V4+ ions detectable by ESR, whereas the 
subsequent decrease is connected with the 
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2.5 
oxygen 75 lb- 

The data concerning adsorption at 100°C 
are given as an example in Table 1. It is 
seen that the final decrease in the concen- 
tration of V3+ ions amounted to 0.91 
(kO.06) x 1018/15.0-mg sample. This indi- 
cates that V3+ ions accessible for the oxida- 
tion at 100°C represent roughly 20% of the 
vanadium atoms at a degree of oxidation 
lower than 5. Also at 200°C the accessibility 
of V3+ ions does not increase appreciably, 
thus showing that the oxidation was re- 
stricted to the near-surface layers. 

FIG. 1. Dependence of the number of V*+ ions (Nv,,) 
determined from ESR spectra of partially reduced 
V,O, on the time of interaction with oxygen at temper- 
atures of lOO-370°C. (Total number of V atoms in the 
sample, 1.03 x 1oP”. ESR spectra registered at room 
temperature.) 

oxidation of the V4+ ions to diamagnetic 
V5+ ions: 

v3-f 2 V4f 2 V5f. (1) 
k k 

The increase in the V4+ ion ESR signal is 
also compatible with the magnetically 
coupled V4+ pairs model. However, it is 
necessary to assume additionally that each 
V4+-V4+ pair is oxidized in two consecutive 

At temperatures exceeding 300°C the oxi- 
dation of vanadium occurs much faster than 
in the temperature range lOO-200°C. The 
V4+ ion ESR signal intensity decreases 
monotonically down to the value corre- 
sponding to a very low degree of reduction. 
It seems reasonable to assume that at these 
conditions the oxidation takes place not 
only in the surface layers but also in the 
bulk of the crystallites and that diffusion in 

TABLE 1 

Chemical Analysis and ESR Data Concerning Interaction of Oxygen with Partially Reduced VoOJ at lOOY? 

Adsorption y = (NV.+ + 2N,+) + 2s, y = NV,+ t 2s, y = NV>+ e 2ss Number of V3+ 
time (min) (from chemical analysis) (from ESR) (from chemical analysis ions oxidized 

2s, = 0.06 x lo’8 2s* = 0.05 x 10’8 and ESR) upon oxygen 
2ss = 0.06 x 10’8 adsorption 

1 2 3 4 5 

0 7.34 x 10’8 1.55 x 10’8 2.89 x lOis - 
4 - 1.68 x 10’8 - - 
8 - 1.88 x 10’8 - - 

18 - 1.93 x 10’8 - - 
28 - 2.07 x lOi - - 
45 6.32 x lO’8 2.16 x lOI* 2.08 x lo’* 0.81(+0.06) x lOi 
58 - 2.12 x 10’8 - - 
60 6.14 x lo’* 2.06 x 10’8 2.04 x 10’8 

118 
0.85(?0.06) x lOis 

- 1.85 x 1018 - - 
130 5.83 x lo’* 1.85 x 1018 1.99 x 10’8 0.90(+0.06) x 10’8 
200 5.77 x 10’8 1.80 x lOi* 1.98 x lo’* 
238 

0.91(~0.06) x 10’8 
- 1.84 x lOi - - 

D Total number of V atoms in the sample, 1.030 2 0.007 x ltY”. N v.+ and NvJ+. number of V4+ and Vs+ ions in 
the sample, respectively. The confidence interval of the measured value y + 2s (s, standard deviation averaged 
over the y values measured) corresponds to 0.95 probability level. 
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iitlme [/iii?] 

FIG. 2. Dependence of the number of V4+ ions (NV,+) 
in a sample of partially reduced V205 on the square 
root of the interaction time with oxygen at 310, 340, 
and 370°C. 

the solid phase is the rate-determining step 
of this process. As Fig. 2 shows, the con- 
centration of V4+ ions decreases linearly 
with the square root of time. Such kinetics 
of diffusion might be the result of the 
laminar form of VZ05 crystallites. 

pmpylene 75 Torr 

FIG. 3. Dependence of the number of V”+ ions (NV,+) 
determined from ESR spectra of partially reduced (A) 
and oxidized (B) samples on the time of interaction 
with propylene at 100, 200, and 300°C. Data obtained 
in the case of a partially reduced sample at 200°C. for a 
prolonged period of time, are plotted additionally in 
the inset. (Total number of V atoms in the sample, 1.03 
x lP”. ESR spectra registered at room temperature.) 

3. INTERACTION OF PROPYLENE WITH 

v205 

The interaction of propylene with VZ05 
was studied using both the partially re- 
duced preparation and the stoichiometric 
one oxidized by heating V,O,-, in oxygen 
at 300°C as already described. The changes 
in the concentration of V4+ ions calculated 
from the ESR signal intensity are shown in 
Figs. 3A (partially reduced sample) and B 
(stoichiometric sample) as a function of 
time. The similar course of the curves indi- 
cates that the behavior of the samples dur- 
ing interaction with propylene is analogous 
in both cases. At 100°C the concentration of 
V4+ ions increases, then passes through a 
very flat maximum, and after about 1.5 hr 
reaches a constant level. Chemical analysis 
confirms the stabilization of the reduction 
degree after this period of time. At higher 
temperatures the maxima of the curves 
representing the changes in the ESR signal 
intensity are more pronounced. The analyt- 
ical data show that despite the fact that the 
V4+ content passes through a maximum the 
reduction degree increases monotonically, 
which allows us to conclude that the ob- 
served shape of the curves is the result of 
two consecutive processes: 

v5+ C,H", v4tC,H", v3t. (2) 
k 6 

The initial increase in the signal intensity is 
connected with the reduction of V5+ to V4+ 
ions whereas its further decrease is due to 
the subsequent reduction of V4’ ions to the 
“non-Kramers” V3+ ions. 

If interpreted on the basis of the magneti- 
cally coupled pairs model the ESR results 
would indicate that the concentration of 
pairs increases strongly with the increase of 
the total content of V4+. 

The smallest changes in the ESR signal 
intensity were registered at 100°C. The 
ESR and analytical data concerning the 
interaction of samples with propylene are 
summarized in Tables 2 and 3. It is seen 
that for these conditions reduction was 
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TABLE 2 

Chemical Analysis and ESR Data Concerning Interaction of Propylene with Partially Reduced V,O, at loo”” 

Adsorption y = (NV,+ + 2N,,+) ? 2s, y = NV,+ f 2sz y=N v”’ t 2s3 Number of vj+ 
time (min) (from chemical analysis) (from ESR) (from chemical analysis ions reduced 

2s, = 0.06 x lb8 2s* = 0.05 x 1o’8 and ESR) upon propylene 
2s, = 0.06 x 1OlB adsorption 

I 2 3 4 5 

0 
10 
20 
45 
60 
85 
90 

130 
265 

7.34 x IO’S 1.45 x IO’” 2.95 x IO’” - 
7.88 x 10’8 1.88 x 1018 - 

- 2.16 x IO’* - - 
- 2.34 x 10L8 - 

8.81 x 1018 2.50 x 1O’8 3.16 x IO’* 1.2qt0.06) x IO’* 
- 2.49 x 10’” - - 

9.32 x 10L8 2.44 x lo’* 3.44 x 101s 1.48(+0.06) x IO’” 
9.45 x 10’8 2.34 x IO’* 3.55 x 10’8 1.49(10.06) x lo’* 

- 2.33 x IO’* - 

(L Total number of V atoms in the sample, 1.030 t 0.007 x 10zo. Nv,+ and NvI+, number of V4+ and V3+ ions in 
the sample, respectively. The confidence interval of the measured value y 2 2s (s, standard deviation averaged 
over the y values measured) corresponds to 0.95 probability level. 

very slight and practically stopped after 90 
min. Such behavior indicates that the redox 
processes are restricted to the surface 
layers of the catalyst. This is supported also 
by the following calculation concerning the 
stoichiometric samples of Vz05 (Table 3). 
In this case the total number of vj+ ions 
reduced to V4+ (1.77 2 0.05 x lOIs) and V3+ 
(0.98 2 0.06 x lOIs) under the influence of 

propylene at 100°C amounted to 2.75 + 0.06 
x 1018ina 15.0-mgsample,i.e.,9.2 k 0.1 x 
1018/m2. This value is comparable with the 
number of vanadium atoms present on 1 mz 
of the easy-cleavage plane [OlO] of V,O, 
calculated from the X-ray data (I I), 
namely, 9.8 x 1018/m2. 

The changes in V4+ content observed at 
200 and 300°C were much more pronounced 

TABLE 3 

Chemical Analysis and ESR Data Concerning Interaction of Propylene with Stoichiometric V205 at 100°C” 

Adsorption y = (NV<+ + 2N,,+) 2 2~1 y = NV,+ -r- 2~2 y = NV,+ -+ 2s, Number of V5+ 
time (min) (from chemical analysis) (from ESR) (from chemical analysis ions reduced 

Zs, = 0.06 x lOI 2s, = 0.05 x 10’8 and ESR) upon propylene 
2s3 = 0.06 x 10’8 adsorption 

1 2 3 4 5 

0 
10 
20 
45 
85 
90 

240 
265 

0 0 0 
- 0.93 x 10’8 - - 
- 1.43 x 10’S - - 

3.31 x 10’8 1.80 x lo’* 0.75 x 10’8 2.55(?0.06) x lOIs 
- 1.87 x lo’* - - 

3.81 x 10n’ 1.72 x lOI 1.04 x 10’8 2.7qr0.06) x 10’8 
3.74 x 10’8 1.77 x 10’8 0.98 x 1O’8 2.75(r0.06) x 1O’8 

- 1.77 x 10’8 - - 

a Total number of V atoms in the sample, 1.030 2 0.007 x 102”. Nv<+ and Nv,+, number of V4+ and V3+ ions in 
the sample, respectively. The confidence interval of the measured value y 2 2s (s, standard deviation averaged 
over the y values measured) corresponds to 0.95 probability level. 
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and cannot be restricted to the surface layer 
only, but engage via diffusion processes 
also the deeper layers of the crystal lattice. 

4. KINETICS OF THE REDOX PROCESSES 
OCCURRING IN THE COURSE OF 

OXYGEN AND PROPYLENE INTERACTION 
WITH v205 

4. I. Oxygen Interaction 

As already stated, the changes in the 
oxidation state of vanadium occurring at 
lOO-2OO”C, when oxygen is chemisorbed on 
partially reduced vanadium pentoxide, are 
due to the two consecutive reactions repre- 
sented by Eq. (1). It seems reasonable to 
assume that both reactions are first order 
with respect to the concentration of appro- 
priate vanadium ions. All experiments were 
carried out at quasi-isobaric conditions, 
which enables us to write the following 
kinetic equation expressing the rate at 
which the concentration of V4+ ions is 
changing: 

dN,a+ - = k,Nvz+ = K,N,:+. dt (2) 

In this relation N,+ and N,,+ denote the 
number of particular vanadium ions taking 
part in the oxidation. The suffix “s” has 
been added in order to underline that the 
process engages only surface or near-sur- 
face vanadium ions. Thus the changes in 
the total V4+ concentration in the course of 
chemisorption may be described by the 
equation: 

Nvg(t) = N,,+(O) x eek”’ 

k&+(O) + kb _ k, (e-*at - e-ht) 

+ N,,. (4) 

The values NV+(O) and N,+(O) denote the 
number of appropriate vanadium ions in the 
surface layer of the initial sample of parti- 
ally reduced vanadium oxide. As already 
stated, the value N,+(O) was 0.91 ? 0.06 x 
1018 atoms/l5.0-mg sample. The value of 
N,:+(O) was calculated to be 0.35 t 0.06 x 

IO’* from the expression: 

N,:+(O) = N, - N,:+(O) - N,+(O), (5) 

where N, (equal to 2.75 -+ 0.06 x 1018 
per sample as stated in Section 3) repre- 
sents the total number of vanadium atoms 
in the surface layer and N,+(O) the num- 
ber of unreduced vj+ atoms also in the 
surface layer. This latter value was deter- 
mined in an experiment in which an ini- 
tially partially reduced sample was further 
reduced by propylene at 100°C (Table 2). 
The bulk diffusion being very slow at this 
temperature, the reduction was limited to 
the surface region and after about 90 min 
reached a constant level. The increase in 
the concentration of V4+ was then A Nv,+ = 
0.89 2 0.05 x lOI and the increase in the 
concentration of V3+ AN vz+ = 0.60 + 0.06 
x 10’8/15.0-mg sample. Hence NV;+(O) 
= AN”.+ + AN”,+ = 1.49 + 0.06 x 1(31* 
per sample. The number of V4+ ions which 
remain unatfected in the course of chemi- 
sorption (N,,,& = 1.15 2 0.06 x 1w8) was 
obtained by subtracting the N,:(O) from 
the analytically determined total number 
of V4+ ions in the sample. On the basis of 
Eq. (4) the values of the rate constants k, 
and h were found by computer optimiza- 
tion of these parameters with respect to 
the experimental ESR data. The curve 
calculated from this equation by using the 
optimized values of rate constants coin- 
cides well with the experimental one for 
each temperature within the discussed re- 
gion. The experimentally determined de- 
pendence of N,,+ on the time of oxygen 
adsorption at 100°C is plotted as an ex- 
ample in Fig. 4A together with the plot of 
Eq. (4) in which k, and & values esti- 
mated by the computer were inserted. 
Both plots are in good agreement with 
the exception of the last stage where ac- 
cording to expectation based on the ap- 
plied model the concentration of V4+ ions 
should diminish more rapidly. The possi- 
ble explanation of this discrepancy may 
be inhomogeneity of the V205 surface 
which results in retardation of the adsorp- 
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tion process after depletion of the most 31 A I 
active centers. 

The calculated rate constants k, and kb 
for the temperatures 100, 150, and 200°C 
are given in Table 4. The activation ener- 
gies E, and E,, of the two stages of oxida- 
tion, V3+ 3 VQ+ and V4+ 4 Vs+, are 6.3 and 
21 kJ mol-‘, respectively. The higher 
values of k, than kb in the investigated 
range of temperature indicate that V3+ ions 
are more active centers of oxygen adsorp- 
tion than V4+ ions. 

Oxygen adsorption on partially reduced 
VzO, at 310-370°C involves in the process 
of oxidation vanadium ions which are situ- 
ated not only at the surface or in the near- 
surface layers but also in the bulk of V,O, 
crystallites. Such an interpretation explains 
both the appreciable diminution of the re- 
duction degree of the sample upon oxygen 
adsorption in this temperature range and 
the linear dependence of the V4+ ion con- 
centration on the square root of the adsorp- 
tion time, typical for diffusion processes 
(Fig. 2). If it is assumed that the rate of V4+ 
ion disappearance is determined mainly by 
the rate of diffusion, i.e., -diVv,+/dt = Vdiff, 
a relationship between diffusion rate at a 
given temperature and V4+ ion concentra- 
tion in the sample may be obtained. Differ- 
entiating the experimentally established de- 
pendence 

I 

----- _---_ 

‘:1-j --r- 

B 
---- _-________ 

FIG. 4. Experimental (solid lines) and theoretical 
(dashed lines) curves representing dependence, N,++ 
= f(time), for oxygen (A) and propylene (B) adsorp- 
tion on partially reduced Vz05 at 100°C. 

The value of K = +kZ may be considered as 
proportional to the effective coefficient of 
diffusion into the bulk of V205. From the 
values of K for temperatures 310, 340, and 
370°C the activation energy of the diffusion 
process was estimated as &irr = 126 kJ 
mol-* . 

The problem of the nature of diffusing 
species cannot be solved on the basis of our 
results. However, it should be remembered 
that isotopic exchange of bulk oxygen was 
observed already at 420°C by Kakioka (12). 
In our case a high concentration of defects 
may facilitate oxygen diffusion also at 
lower temperatures. 

4.2. Propylene Interaction 

N,,+(t) = -kt + N,,+(O) (6) 
The redox processes occurring in V,O, in 

gives 
the course of interaction with propylene 
were studied, similarly as with adsorption 

udiff = $k’(Nvl+(O) - IV”*+(t))-‘. (7) of oxygen, in quasi-isobaric conditions and 

TABLE 4 

Rate Constants of the Redox Processes Occurring in the Course of Oxygen and Propylene Interaction with 
V*Q 

Temp. 
(“C) 

Oxygen adsorption Propylene adsorption 

k, (min-I) kb (min-‘) Temp. k (mol min-I) Temp. k; (min-I) k{ (mm-‘) 
(“C) (“(3 

100 0.0514 0.0055 310 1.15 x 10-a 100 0.033 1 0.0037 
150 0.0563 0.0119 340 2.04 x 1O-3 200 0.1968 0.5276 
200 0.0722 0.0233 370 3.88 x lo+ 300 1.6648 3.5849 
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may be also interpreted as the result of two 
consecutive first-order reactions repre- 
sented by Eq. (2). The restriction of these 
redox processes to the surface layers of the 
catalyst is, however, valid in this case only 
at 100°C. The rate constants k; and k/, for 
this temperature were found, as in the case 
of oxygen adsorption, by optimization of 
the parameters in the equation: 

Nvg(t) = N,+(O) x evk6’ 

+ kP,+(O) 
k;, _ k, (emkkc - emkb’ 

a 

where N,+(O) equal to 1.49 -+ 0.06 X 1018 
atoms/ 15.0-mg sample (see Section 4) de- 
notes the number of accessible V5+ ions in 
the initial sample of partially reduced V,O, 
whereas N,+ and NvtiIk have the same 
meaning as previously. As is seen from Fig. 
4B the curves found on the basis of the 
theoretical equation and the experimental 
one have a very similar course. 

The rate constants k; and ki for the 
propylene adsorption at 200 and 300°C 
could not be determined in the same way as 
for the adsorption at lower temperatures 
because discrimination between bulk and 
surface concentration on V4+ would be nec- 
essary. The following procedure was ap- 
plied in order to obtain an approximate 
estimate of both constants. The values k; 
and k{ for the propylene adsorption at 200 
and 300°C were found graphically from the 
plots Nv4+ = f(time) assuming that the very 
initial parts of the curves depend mostly on 
surface processes. The values k: were esti- 
mated from the graphs describing propyl- 
ene adsorption on stoichiometric V,O, (Fig. 
3B) using the following kinetic equation 
based on the assumption that in the initial 
stages V4+ ions are formed predominantly: 

(9) 

In this relation Nq+(0) = 2.75 * 0.06 x 1018 
(see Section 3) denotes the total number of 

V5+ ions on the surface of the oxidized 
sample. 

The values of the rate constants k{ were 
calculated from the adsorption data for 
partially reduced samples. In this case the 
following equation was used: 

= k;N,:+(O) - k;N,,(O), (10) 

where N,+(O) = 1.49 ? 0.06 x 1018 and 
NV;+(O) = 0.35 2 0.06 x 1018 correspond to 
the number of vj+ and V4+ ions on the 
surface of the reduced sample before pro- 
pylene adsorption. The results are given in 
Table 4. The activation energies for surface 
processes are respectively: E; = 33 kJ 
mol-l for V5+ % V4+ and Ei = 59 kJ 
mol-’ for V4+ C,H.\ V3+. The comparison of 
the values k; and k; for 100°C indicates that - 
in the course of propylene interaction with 
V205 at low temperatures the reduction 
occurs much faster on V5+ ions than on V4+ 
ions. 

CONCLUSIONS 

As already stated, the ESR method has 
hitherto been used only as a means of 
detecting V4+ ions appearing as the result of 
VZ05 partial reduction. In the present in- 
vestigation this method combined with 
classical chemical analysis was applied in a 
deeper study of the redox processes at the 
surface of the same oxide. We conclude 
that the redox processes accompanying ox- 
ygen adsorption at temperatures not ex- 
ceeding 200°C and propylene adsorption up 
to 100°C are restricted only to the surface 
layers of the catalyst. At such temperatures 
reduction of V5+ with propylene occurs 
more rapidly than that of V4+. On the other 
hand, in the course of oxygen adsorption on 
partially reduced VZOs, V3+ is more rapidly 
oxidized than V4+. 

The selective oxidation of hydrocarbons 
on oxide catalysts is most frequently as- 
sumed to occur by the mechanism of Mars 
and van Krevelen. This comprises the oxi- 
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dation of the organic molecule by the inser- 
tion of lattice oxygen as the first step and 
the subsequent reoxidation of the reduced 
catalyst. From our experiments it is seen 
that this second step is greatly exhanced 
by the presence of -V3+ ions and it may 
be supposed that in a working catalyst 
representing a high dynamic system a 
certain concentration of V3+ is necessary 
to ensure fast enough sorption of oxygen. 

ACKNOWLEDGMENT 

The authors are greatly indebted to Professor A. 
Rokosz, Jagiellonian University, for his help in statis- 
tical evaluation of the results. 

REFERENCES 

I. Simard, G. L., Steger, J. F., Arnott, R. J., and 
Siegel, L. A., Ind. Eng. Chem. 47, 1424 (1955). 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

IO. 

II. 

12. 

Andreikov, E. I., Skorokhod, V. V., and Ru- 
syanova, N. D., Kinet. Katal. 14, II89 (1973). 
Bielanski, A., and Inglot, A., EN//. Acad. PO/. Sci. 
Ser. Sci. Chim. 22, 773 (1974). 
Gillis, E., and Boesman, E., Phys. Status Solidi 
14, 337 (1966). 
Dyrek, K., Bull. Acad. Pal. SC;. Ser. Sci. Chim. 
22, 605 (I 974). 
Bhattacharyya, S. K., and Mahanti, P., .I. Cafal. 
20, IO (1971). 
Valdelievre, M., Dachy, G., and Leroy, J. M., 
C.R. Acad. Sci. 276, 1179 (1975). 
Lagan, J. M., Rocz. Chem. Ann. Sot. Chim. 
Pol. 47, 199 (1973). 
Tarama, K., Teranishi, S., Yoshida, S., and Ta- 
mura, N., in “Proceedings, 3rd International Con- 
gress on Catalysis, Amsterdam, 1964,” p. 202. 
Wiley, New York, 1965. 
Mann, R. S., and Khulbe, K. C., Bull. Chem. Sot. 
Japan 45, 2929 (1972). 
Fiermans, L., and Vennik, J., Surface SC;. 9, 187 
(1%8). 
Kakioka, H., thesis, University of Lyon, 1969. 


