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Investigations of changes in the surface area and phase composition of vanadium
pentoxide catalysts in contact with reacting mixtures of pent-2-ene with oxygen have
been made. As a pumice-supported vanadium pentoxide catalyst is used, pentavalent
vanadium is reduced gradually to tetravalent vanadium. When the latter attains a critical
concentration a phase change occurs, reaction with the support giving sodium vanadyl
vanadate. Simultaneously, sudden increases in the surface area and in the rate of oxida-
tion of pentene occur but the selectivity of the oxidation falls, many new products being
formed. Further use of the catalyst leads eventually to its deactivation.

Vanadium pentoxide in contact with mixtures of oxygen and unsaturated hydrocarbons
contains, therefore, V4 ions as well as Vo ions. The pattern of product formation and
the physicochemical properties of the catalyst support strongly the suggestion that the
mechanism of oxidation involves reaction of the fuel with oxide ions, the catalyst being
reduced. The function of gaseous molecular oxygen is to reoxidize the reduced catalyst
and this step is rate-determining. It would appear that this mechanism is a general one
for the oxidation of unsaturated hydrocarbons over vanadium pentoxide. On old catalysts
containing sodium vanadyl vanadate, however, the mechanism differs considerably; free-
radical chain reactions in which molecular oxygen is the active oxidant become important.

INTRODUCTION

The pattern of formation of organic prod-
ucts during the oxidations over vanadium
pentoxide of all five isomeric pentenes have
been described in Parts I () and II (2)
(preceding paper). The general mechanism
of oxidation involves the isomerization on

the catalyst surface of terminal pentenes to.

nonterminal pentenes followed by oxidation
of the latter. On new catalysts, pentenes are
converted to carbonyl and alkenic scission
products together with epoxypentanes. The
formation of oxygenated scission products
even in the absence of gaseous oxygen sug-
gests strongly that 0>~ isinvolved; an overall
mechanism in which the catalyst itself is

* Present address: “Shell” Research Limited,
Thornton Research Centre, P.O. Box No. 1, Chester,
England.

reduced by the adsorbed pentene and re-
oxidized by gaseous oxygen results. Use of
the catalyst for about 5 hr causes, however, a
marked and sudden change in the pattern
of oxidation of straight-chain pentenes. The
oxidation becomes more rapid but much less
selective; it is likely that, under these condi-
tions, gaseous molecular oxygen attacks the
adsorbed pentene directly and that the oxida-
tion acquires free-radical chain character.

The present paper describes attempts to
correlate changes in the physicochemical
properties of the catalyst as it is used with
this change in the mechanism of oxidation.

MeTHODS

The apparatus and procedure employed
for catalytic studies and the methods of
analysis of gaseous products have been
described in Part I (). The preparation and
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purification of pent-2-ene has been described
in Part IT (2).

(1) Preparation of the Catalyst

The pumice-supported vanadium pent-
oxide catalyst was prepared as described
in Part 1 (7).

Alumina-supported catalysts were pre-
pared by exactly similar methods, using pure
v alumina (obtained from Peter Spence
Litd.) containing less than 19, of aluminum
sulfate and only a few parts per million of
other impurities.

(2) Determination of the Surface Areas
of Catalysts

The surface areas of catalyst samples were
determined in a modified Brunauer-Emmett-
Teller volumetric gas sorption apparatus
(3, 4). A sample bulb in which a known
weight of catalyst was enclosed was attached
to 2-mm capillary tubing leading directly
to a 100-ml gas burette maintained at 25°
=+ 0.05°C and a wide-bore (25 mm) manom-
eter which was used in conjunction with a
cathetometer to measure equilibrium pres-
sures lower than 80 mm Hg with an accuracy
of £0.02 mm Hg [compare ref. (5)]. For
higher equilibrium pressures, a 10-mm bore
manometer was used to measure the absolute
pressure of air in a 5-liter globe which was
connected to the sample bulb and gas burette
through a capillary manometer which served
as a null-point instrument. The dead volume
of the apparatus (11.46 ml) is thus minimized
but the capillary error in pressure estimation
is greatly reduced.

Purified belium gas was used to determine
the dead volume of the catalyst bulb at 0°C
and the volumes of the other parts of the
apparatus. n-Butane (>99.59, kindly pro-
vided by British Petroleum Ltd. and further
purified by bulb-to-bulb distillation under
vacuum) was used, at 0°C, as the adsorbate
because of its resemblance to the hydro-
carbons of interest in the catalytic oxidation
studies.

Surface area determinations on new
pumice-supported catalysts were carried out
to determine the effects of the method of
preparation of the catalyst and those of
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particle size and of the temperature at which
the catalyst sample was degassed prior to
adsorption. Suitable values for each of these
parameters were then chosen and the
method applied to the determination of the
surface areas of used catalysts. The catalytic
reactor was filled with a new activated 8-10
mesh (B.S.) pumice-supported catalyst of
predetermined surface area. A mixture of
pent-2-ene with oxygen and nitrogen in
which the oxygen:pentene ratio was 1.25
was allowed to react at 300°C over the
catalyst surface with a contact time of 33.6
sec. Samples of about 2 g of catalyst were
withdrawn at intervals chosen on the basis
of periodic analyses of the gaseous products
of oxidation. Each sample was cooled to
room temperature, weighed, and introduced
into the gas-sorption apparatus. Its specific
surface area was determined after degassing
at 350°C and again after desorption of the
butane and degassing at 500°C. This pro-
cedure was repeated for several oxidation
runs under similar conditions, in each of
which an identical “new’” activated catalyst
was employed.

The surface areas of new and used alu-
mina-supported catalysts were determined,
after degassing at 350°C, by similar methods.

(8) X-Ray Diffraction Examination
of Catalysts

Samples of pumice-supported catalyst
were withdrawn from the reactor at suitable
intervals during the reaction of pent-2-ene
with oxygen under the conditions described
in the preceding section. The vanadium
pentoxide was removed from the surface of
the pumice by scraping, giving a fine powder.
An unused sample of pumice was also
ground to a fine powder.

The X-ray diffraction pattern of each of
these specimens was obtained by the Debye-
Scherrer powder method, using a chromium
anode X-ray tube and Philips-type camera.
The pattern obtained for each sample was
measured to determine the values of the
spacing of the lattice planes to which each
line was due. The set of values obtained for
each sample was compared with sets of data
obtained from known materials in order to
identify the substances present.
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ResuLnts

(1) The Variation of the Course of Ozidation
with Catalyst Age

The extent of consumption of fuel and of
formation of major products of oxidation
during the reaction of pent-2-ene with 1.25
times its own molar quantity of oxygen at a
contact time of 33.6 sec and a temperature
of 300°C are shown as a function of the
“age” of the pumice-supported vanadium
pentoxide catalyst in Fig. 1. In the first 60
min of use of a new catalyst the rate of
consumption of pent-2-ene falls, then in-
creases very slowly until about 300 min have
elapsed. At this point there follows a sharp
and:sudden increase in the consumption of
pentene, accompanied by the appearance of
many new products (methanol, pentan-2-
one; pentan-3-one, ethylene oxide, propylene
oxide, 3-methylbutan-2-one, 2-methyl-1,2-
epoxypropane, irons-2,3-epoxybutane, cro-
tonaldehyde, butanone, ethanol, and butan-
2-ol). (Many of these products are not
shown, for reasons of clarity, in Fig. 1.)
Simultaneously, ethylene and propylene dis-
appear from the products, the amount of
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2,3-epoxypentane formed is reduced and the
amounts of acetaldehyde, propionaldehyde,
and acetone increase slightly. Carbon dioxide
is produced in much larger quantities after
the change in activity.

In the life period 310~-500 min, the con-
sumption of pentene is high and substan-
tially constant. After 500 min, however, the
consumption of fuel falls quite sharply and
the concentrations of all products decrease
simultaneously.

(2) The Relative Activities of Pumice-
Supported and Alumina-Supporied
Catolysts

The relative activities in effecting the
oxidation of pent-2-ene of vanadium pent-
oxide supported on pumice and on y alumina
are shown in Table 1. Each of these catalysts
had been used for 2 hr. Although the surface
area of the alumina-supported catalyst is
more than 250 times that of the pumice-
supported catalyst, the activity of the
former, as measured by the consumption of
pent-2-ene, is only about 169, higher than
that of the latter. The alumina-supported
catalyst is less selective than a “new”

-0.8

Specific surfoce area {m2/g)

200

+K
300
Age of catalyst(minutes)

Fig. 1. The variations of produet formation and of surface area with catalyst age (temperature, 300°C;

pent-2-ene; oxygen: olefin = 1.25; contact time, 33.6 sec): O, pent-2-ene; (N acetaldehyde; Jll, propion-
aldehyde; [J, acetone; <, trans-2,3-epoxypentane; ©, ethylene; 4, methanol; K, pentanone-2 plus
pentanone-3; ¥/, specific surface area (after degassing at 350°C).
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TABLE 1
Tae OXIDATION OF PENT-2-ENE ON VANADIUM
PENTOXIDE CATALYSTS SUPPORTED ON PUMICE
AND ON v ALUMINA®

Support
8-10 mesh 610 mesh
pumice alumina
Surface area (m?/g): 0.46 124 .1
Products

(g mole produet/g mole
pentene introduced)
Ethylene 0.21 0.066
Propylene 0.03 0.012
Pent-l-ene 0.01 0.006
Pent-2-ene (remaining) 0.405 0.308
Cyo hydrocarbons — 0.060
Acetaldehyde 0.39 0.021
Propionaldehyde 0.12 Traces
Acetone 0.04 0.045
2-Methyl-1,2-epoxypropane — Traces
2,3-Epoxypentane 0.08 0.003
Methanol — 0.105
Carbon dioxide Traces ~2.1

@ rI“empelrature, 300°C; oxygen: defin = 1.25; con-
tact time, 33.6 sec; each catalyst had been used for
2 hr.

pumice-supported catalyst, producing large
quantities of carbon dioxide but smaller
quantities of individual oxygenated organic
compounds. The number of products formed
over the alumina-supported catalyst is
smaller, however, than that over a pumice-
supported catalyst more than 5 hr old,
i.e., one which has suffered a decrease in
selectivity.

(3) The Surface Areas of Catalysts

(a) The Adsorption Isotherm for n-Butane on
Vanadium Pentoxide

(i) Supported on pumice. The adsorp-
fion of w-butane on pumice-supported
catalysts is reversible within the pressure
range studied (0-500 mm Hg equilibrium
pressure), hysteresis effects being absent.
Each adsorption isotherm shows a step at a
volume of adsorbed gas approximately twice
the monolayer capacity, these steps being
more pronounced for catalysts which have
been heated to high temperatures (>400°C).
No further steps were observed. Stepwise
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multilayer adsorption isotherms are often
characteristic of adsorption on homogeneous
surfaces (6). It is considered (7) that multi-
layer adsorption leads inevitably to stepwise
isotherms and that the smoothness of the
vast majority of multilayer isotherms is due
to surface heterogeneity. In the present
work, a change in the orientation of the
adsorbed n-butane molecules as the adsorp-
tion progresses may also affect the shape of
the isotherm but is energetically unlikely.

(ii) Supported on y alumina. The iso-
therm for n-butane on a vanadium pentoxide
catalyst supported on v alumina, deter-
mined under experimental conditions similar
to those used for the pumice-supported
catalysts, shows no steps in the pressure
range investigated. The amounts of n-butane
adsorbed are far greater than those on
pumice-supported catalysts, due no doubt
to the porous nature of the alumina support.

(b) The Determination of Specific Surface
Area

The adsorption of n-butane on pumice-
supported catalysts exhibits linearity con-

sistent with the Brunauer-Emmett-Teller

multilayer adsorption isotherm (8) in the
range of relative pressure 0.02 to 0.1 and
that on alumina-supported catalysts does
so in the range 0.09 to 0.36. Surface areas
have been calculated, assuming that the
adsorbed film of n-butane at 0°C is liquid-
like in structure and that the molecules lie
flat on the surface. The area which one
molecule occupies in the completed mono-
layer is, therefore, 32.1 A? (9). Although this
value is not entirely acceptable (10, 11), it
suffices for the present calculations in which
the aim is to determine the relative specific
areas of catalysts of different histories
rather than to obtain accurate absolute
values.

(¢) The Effects of Degassing Temperature

The temperature at which the catalyst
was degassed prior to the adsorption of
n-butane markedly affected the specific area.
Unused samples (8-10 mesh from a given
batch) each had areas of 0.66 m2/g when
degassed at temperatures of 350°C or less
but after degassing at temperatures of 425°C
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or above the same samples had areas of
0.76 m?/g. As pumice-supported vanadium
pentoxide is heated to about 425°C, it would
appear likely that the clearing of blocked
pores and the development of crevices pro-
duces a solid of higher surface area. Also, the
possibility of chemical change when the
catalyst is heated cannot be neglected (see
p. 514).

{d) The Variation in Specific Area as the
Catalyst Is Used

Systematic determinations of the varia-
tion in the specific area of a catalyst as it
was used were made using a given batch of
810 wmesh pumice-supported vanadium
pentoxide. Determinations of specific area
were carried out after degassing at 350°C
and subsequently at 500°C, as these condi-
tions have been shown to produce consistent
results. The specific areas calculated from
the linear portions of the BET isotherms
obtained are given in Table 2 and shown as
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500°C causes an increase in area exactly
similar to that produced by using the
catalyst for the oxidation of pent-2-ene
for 300-500 min.

(4) The Color of the Catalysts

All the catalysts were yellow-gray in color
when new, but definite changes of color
occurred during their use for the oxidation
of pentenes. These changes in color corre-
spond to changes in activity and selectivity
and in surface area (Table 2). Pumice-sup-
ported catalysts which have been used for
less than 300 min are dark brown-gray in
color, active unselective catalysts between
300 and 500 min old are dark blue-gray and
old deactivated catalysts are dark gray.

(6) The Diffraction of X-Rays by
Pumice-Supported Catalysts

The spacings of the lattice planes and the
corresponding Miller indices, calculated from
the X-ray diffraction patterns of new and

TABLE 2
Tae SurracE ArEAs AND CoLoRs OF VANADIUM PENTOXIDE/PuMicE CATALYSTS
Tae ErrecrT oF CATALYST AGE

Catalyst age (min): o 70 175 290 324 420 495 555 610
Color of catalyste A B B B C D D E E
(at room temperature)
Specific area (m?/g) 0.66 0.46 0.47 0.47 0.75 0.76 0.77 0.64 0.64
(degassed at 350°C)
Specific area (m?/g) 0.76 0.76 0.76 0.76 0.75 0.75 0.77 0.76 0.77

(degassed at 500°C)

a A, vellow-gray; B, dark brown-gray; C, dark blue-gray; D, very dark blue-gray; E, dark gray.

a function of catalyst age in Fig. 1. The
specific area after degassing at 350°C falls
quite sharply during the first 60 min use of
the catalyst, remains constant for a further
240 min, then increases sharply to a high
value exceeding the initial one. After a total
of about 500 min the area falls again. The
variation of specific area with catalyst age is
therefore remarkably similar to the variation
with age of the activity of the catalyst as
measured by fuel consumption. The specific
area determined after degassing at 500°C
(0.76 m?/g) was independent of catalyst age;
moreover, heating a catalyst of any age to

used pumice-supported catalysts, are given
and compared with those of known com-
pounds in Table 3. Activated but unused
catalysts and catalysts which had been used
for less than 290 min gave identical line
patterns which correspond with that of pure
vanadium pentoxide (12). Catalysts which
have been used for 300-500 min, i.e., those
which are active but unselective, give pat-
terns characteristic of sodium vanadyl
vanadate (Nazo'V204‘5V205) (13, 14) mixed
with a small amount of vanadium pentoxide.
It is evident then that the increases in
activity and surface area of pumice-sup-
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TABLE 3
PowbpER DIFFRACTION PATTERNS OF CATALYSTS AND REFERENCE MATERIALSS?

Catalysts used for

Catalysts used for

V205 0-280 min 310-700 min N120:V20s5V205
(Reference pattern) (Observed pattern)  (Observed pattern) (Reference pattern)
BET d Irel d Trel d Irer kLl d Trel
9.52 ms 1060 9.46 $
8.85 vw 7.27 ms 002 7.28 8
7.20 VW
200 5.76 m 5.76 ms 5.75 mw
4.72 mw 200 4.72 m
001 4.38 vs 4.38 Vs 4.36 ms
101 4.09 mw 4.09 mw 4.10 w
104 3.85 mw
004 3.62 mw
201 3.48 vw
202 3.47 mw
110 3.40 s 3.41 8 3.38 ms
3.37 s 111 3.37 vs
3.19 w 111 3.20 ms
3.06 mw 104 3.06 s
2.91 mw 304 2.92 ms
400 2.88 ms 2.88 ms 2.89 mw
011 2.76 mw 2,76 mw
2.71 mw %Q 1 3% 2.72 ms
111 2.69 w 2.68 VW 211
310 2.61 m 2.61 mw
2.63 w 113 2.63 w
211 2.49 vw 2.49 vw 2.52 W
311 2.445 w
401 2.41 vw 400 2.371 w
40 4.% 2.257 w
2.24 W
002 2.19 W 2.19 mw
2.17 mw 2.17 ms
102 2.15 W 2.15 VW
202 2.04 vw
411 1.992 w 1.995 w
1.978 W 1.97 m
600 1.919 mw 1.918 mw
302 1.900 w 1.906 vw 1.908 W
012 1.864 W 1.865 vw
112 1.840 VW 1.840 vw
1.806 ms 1.806 ms
020 1.778 vw 1.783 mw 1.785 W
601 1.757 mw 1.761 w

« Taken by the Debye-Scherrer method, using a chromium anode X-ray tube and Philips-type camera.
® Relative intensities: vs, very strong; s, strong; ms, medium to strong; m, medium; mw, medium to weak;

w, weak; vw, very weak.

ported catalysts after about 300 min use
are accompanied by a chemical change pro-
ducing sodium vanadyl vanadate, with only
a small amount of vanadium pentoxide re-
maining unchanged. Deactivated catalysts

(more than 500 min old) again gave patierns
characteristic of sodium vanadyl vanadate;
no change of phase accompanies deactiva-
tion. The powdered pumice support gave a
pattern consisting of two very broad bands
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only. It can therefore be said to be amor-
phous and will not have contributed to the
line patterns from the catalysts.

Discussion

(1) The “Aging” of Vanadium
Pentoxide Calalysts

As vanadium pentoxide supported on
pumice is used as a catalyst for the oxidation
of straight-chain pentenes, changes in the
activity and selectivity of the catalyst occur
and are revealed both in the consumption
of pentene and in the formation of gaseous
products. These changes can be correlated
with a series of sudden changes in the
physicochemical properties (color, specific
surface area, and phase composition) of the
catalyst itself.

In the very early “life” of a catalyst
(0-60 min), at a constant pentene input, the
amount of pentene in the effluent gases
gradually increases. The initially clean sur-
face of the catalyst adsorbs pentene and
increasing amounts of the fuel can be re-
covered as the surface approaches satura-
tion. During this period, the surface area
(after degassing at 350°C) decreases, showing
that the pentene adsorbed (or some product
of the surface reaction of this pentene) is
not completely removed at 350°C. At tem-
peratures above 425°C, however, adsorbed
species are removed, the surface areas of new
catalysts and those used for 60 min becoming
identical.

During the subsequent 240 min use of the
catalyst, the activity, selectivity, surface
area, phase composition, and color of the
catalyst all remain substantially constant.

After about 300 min use, the activity
increases sharply and the selectivity falls.
Simultaneously, the specific area at 350°C
increases from 0.46 m?/g to 0.76 m2/g and
the color changes abruptly and distinctly
from brown-gray to blue-gray (the color of
vanadium tetroxide). The increased activity
is not due merely to the increase in surface
area, however, as catalysts supported on v
alumina, which have surface areas of about
250 times that of the selective pumice-sup-
perted catalysts, are only slightly more
active than the latter and are, indeed, less
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active than the unselective pumice-sup-
ported catalysts. The results of X-ray
diffraction studies show that the changes
after about 300 min use are accompanied by
a phase change producing sedium vanadyl
vanadate, a compound containing vanadium
in two valency states (V3 and V4. It is
evident that, during the oxidation of the
pentene, the vanadium pentoxide catalyst
becomes partially reduced. This reduction
leads eventually to a phase change which
involves reaction of the vanadium oxides
with the pumice support (which contains
sodium) to give sodium vanadyl vanadate.
As the change of activity is so sudden, it is
likely that this reaction takes place when
V4t reaches a critical concentration which
may well be slightly less than one-sixth of
the total vanadium, as suggested by the
formula Na,0-V,0,5V,0; and by the fact
that some (but only a little) of the V,0;
remains as a separate phase. As the effects on
surface area of the phase change during
catalytic oxidation and of heating the un-
changed catalyst to temperatures exceeding
425°C are so similar, it appears likely that
sodium vanadyl vanadate is produced by the
latter process also; this conclusion is sup-
ported by previous work (14).

Several other instances of the reduction of
vanadium pentoxide to compounds contain-
ing V4 as well as V*t during its use as an
oxidation catalyst have been reported. Mars
and van Krevelen (74) have shown that
vanadium pentoxide in contact with air and
oxidizable substances such as anthracene
will be in a partly reduced state, and Simard,
Steger, Arnott, and Siegel (16) regard the
surface of vanadium pentoxide as containing
Vot, V&, and O~ ions in continually chang-
ing structures. Changes in the physico-
chemical properties of catalysts attend their
reduction. For example, the exposure of
vanadium pentoxide to olefin-air streams
lowers the electrical resistance as the oxide
18 reduced and re-oxidation of the catalyst
will restore the resistance to its original
value (17). When naphthalene, benzene, or
o-xylene is oxidized on vanadium pentoxide,
gradual reduction of V&t to V4 (18) leads
eventually to the production of the phase
V20450 (19, 20). These changes in catalyst
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composition and structure are reflected in
changes in the rate of oxidation of the
organic substrate; the present work shows
that the mechanism of oxidation must
change concurrently.

After contact for a further 200 min with
a reacting pentene-oxygen-nitrogen mixture,
the sodium vanadyl vanadate catalyst
becomes deactivated. The consumption of
fuel thereafter decreases very sharply and
only small amounts of gaseous products are
formed. The attendant decrease in surface
area is quite small when compared with the
enormous decrease in activity, and no fur-
ther phase change occurs. It would appear
therefore that these changes result from
physical pore-blockage by reaction products
with concurrent “poisoning” of the active
sites. The species responsible are removed
by heating the catalyst to 425°C.

N Ty
EICRE SO -2 S

(2) The Mechanism of Oxidation of -
Unsaturated Hydrocarbons over
Vanadium Pentoxide

The present results support strongly the
suggestions that vanadium pentoxide cata-
lysts contain V*t ions as well as V3 and
0%~ and that the mechanism of oxidation
of hydrocarbons on such catalysts involves
the cycle (15)

RH -+ oxidized catalyst — products
+ reduced catalyst
O2 + reduced catalyst — oxidized catalyst

These changes can be represented in terms of
electron transfer processes, viz.,

mRH + nV23"0;2~ — products
+ VZn—2ma+V2m4+Oén—m2_

3m0z + Vanom™ Von T Ospm®™ — n V5052

During oxidation, m gradually increases, the
catalyst being reduced. When m =~ n/6, i.e.,
when about one-sixth of the vanadium is
tetravalent, the valency composition of the
vanadium in the ecatalyst corresponds to
that of sodium vanadyl vanadate. The
mechanism is not, therefore, kinetically
cyclie, indicating that re-oxidation of the
catalyst is rate-determining, as has been
suggested previously (15).

The active oxidant during catalytic oxida-
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tion over vanadium pentoxide is therefore
V5+; adsorbed alkenes are oxidized by this
species to surface-bonded cations which
react with O to produce carbonyl and
alkenic scission produets and epoxides (1, 2).
In contrast, the unselective oxidation of
pentenes over sodium vanadyl vanadate,
which produces large yields of methanol and
carbon dioxide and smaller amounts of many
other organic compounds (2), probably in-
volves a free-radical chain reaction in which
molecular oxygen is the active oxidant.

It is likely, then, that the “oxidation—
reduction” mechanism postulated by Mars
and van Krevelen (15) for the oxidation of
aromatic hydrocarbons over vanadium is
generally applicable to the oxidation over
this catalyst of unsaturated hydrocarbons.
The ‘“hydroperoxylation” mechanism of
Bretton, Wan, and Dodge (21) becomes
important on old catalysts in which the
V4t content is high.
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