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The partial oxidation of ethane has been investigated on silica-supported alkali metal vanadate
catalysts in a fixed-bed continuous-flow reactor at 770-823 K using N,O as oxidant. Pulse experi-
ments, temperature-programmed reduction of the catalyst, and catalytic decomposition of N,O
and C,H;OH were also carried out. The main products of the oxidation reaction were ethylene,
acetaldehyde, CO, and CO,. Small amounts of CH,, C,H;OH, C;-, and Cs-hydrocarbons were also
identified. The introduction of water increased the acetaldehyde selectivity but decreased that of
ethylene. In the presence of water the acetaldehyde selectivity increased from LiVO; to RbVO;.
Detailed kinetic measurements were carried out on KVQ;/Si0,. From the pulse experiments it was
inferred that in the oxidation of ethane an intermediate more reactive than C,H is formed for the
activation of the catalysts. The temperature-programmed reduction spectra of alkali vanadates
show that the onset temperature of the main reduction stage increased, while the extent of the
reduction decreased somewhat from Li to Cs. A possible mechanism for the oxidation reaction is

discussed.

INTRODUCTION

Vanadium oxides have been widely used
as catalysts in various oxidation reactions.
Their catalytic performance can be altered
by alkali metal compounds as promoters.
The efficiency of the latter generally de-
creases in the sequence Cs—Rb-K-Na-Li
(I-3). However, the sequence Li-Na-
K-Rb-Cs has also been reported (4-6).

It was recently shown that SiO,-sup-
ported V,05 and MoO, are effective cata-
lysts for the oxidation of C,H¢ by N,O to
C,H, and acetaldehyde (7-12). In a short
paper we reported that the efficiency of
V,05/8i0, was markedly increased in the
presence of K,O (I1), but deactivation of
the catalyst occurred rapidly. However, no
significant decay in activity was observed
for KVO,. This prompted us to investigate
the catalytic performance of KVO; in the
oxidation of C,Hy in greater detail and to
extend our studies to other alkali metal van-
adates. The catalytic effects of alkali metal
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vanadates in different oxidation reactions
have been studied in only a few papers (6,
13-16).

EXPERIMENTAL

Materials. The catalysts were prepared
by impregnation of the silica (Cab-O-Sil)
support from a basic solution of different
alkali metavanadates to yield a nominal 2
wt% of V,05. The suspension was dried and
heated at 823 K for 5 h. LiVO;, NaVvO,,
and KVO, were prepared by the solid-state
reaction of alkali carbonates and V,0s (/7).
RbVO, and CsVO, were produced by the
reaction of alkali metal carbonates with
V,0Os in a hot solution (/7). Samples have
been characterized by X-ray analysis which
showed only the lines characteristic of alkali
metal vanadates.

Before catalytic measurements, the sam-
ple was oxidized in O, flow for 1 h at 773
K in the reactor. After the oxidation the
catalyst was heated to the reaction tempera-
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TABLE 1

Some Characteristic Data of Silica-Supported Alkali Vanadates

Melting Ry" BET surface 0y D¢ CO, Irrev. ads.©  Number of
point® (A) area uptake (%) uptake (umol/g) acidic sites
(K) (m*/g) {umol/g) (umol/g) (pmol/g)

V,05/8i0, 1073 —_ 112 86.8 83.7 27.9 — 49.3
LiVO,/SiO, 895 0.68 83 66.2 60.2 68.8 — 39.1
Nav0,/Si0, 899 0.97 99 16.3 20.1 88.8 3.9 38.9
KVO0,/Si0, 795 1.33 110 335 30.5 90.6 7.5 33.4
RbVO;/Si0, 839 1.52 94 4.9 26.8 103.1 10.5 33.2
CsV0,/Si0, 918 1.70 102 18.1 16.4 110.6 21.2 32.7

¢ Melting point of catalyst.
b Jon radius of the alkali ion.

¢ The O, uptake determined at 641 K after reduction of the sample at 641 K.
¢ The amount of surface V ions, determined by O, adsorption at 641 K, assuming O,q/ Vs = 1 (19).
¢ The amount of irreversibly bonded CO,, characteristic for the number of basic sites.

ture in flowing He. Some characteristic data
for the catalysts are shown in Table 1.

The reactant gases C,H¢ (99.9%), N,O
(99.7%), and O, (99.9%) were used as re-
ceived. He (99.9%) was purified with an
Oxy-trap. Other impurities were adsorbed
on a SA molecular sieve at the temperature
of liquid air.

Methods. The reaction was carried out in
a fixed-bed continuous flow reactor (12, 18).
Generally, we used 1 g catalyst. The re-
acting gas mixture consisted of 20% ethane,
40% oxidant, and He as diluent. When the
effect of water vapour was studied, the gas
mixture was saturated with water by bub-
bling it through preheated water. The space
velocity was 20.000 h~!. The products were
analysed with a Hewlett—Packard 5750-type
gas chromatograph using columns of Pora-
pak QS and SA molecular sieve. Conver-
sions are defined as (moles ethane reacted
per min)/(mol ethane fed per min). Selectiv-
ity S is defined as (mol products formed per
min)/(mol ethane reacted per min).

The pulse reactor, made from an 8-mm-
i.d. quartz tube, was incorporated between
the sample inlet and the analytical column
of the gas chromatograph. The dead volume
of the reactor was filled with quartz beads.

Temperature-programmed reduction

(TPR) experiments were carried out in the
pulse reactor. The reactor was heated by an
external oven at a linear rate of 40 K min™'
to a final temperature of 1100 K. Nitrogen
carrier gas was used which contained 10%
of H,, and the hydrogen consumption was
determined by the gas chromatograph. De-
tails of the TPR procedure have been de-
scribed elsewhere (18).

Decomposition of N,O was studied in the
temperature range 620-720 K in a static re-
actor fitted with a gas recirculation system.
The reaction was followed by the pressure
change, and the gas phase was analysed by
a mass spectrometer.

Decomposition of C,H;OH was investi-
gated in the flow system. It was introduced
into the reactor after bubbling He through
absolute C,Hs;OH. The concentration of the
alcohol in the He flow was usually about
10%. The amount of catalyst was 0.5 g.

BET areas of catalyst samples were mea-
sured by nitrogen adsorption at 77 K in a
conventional volumetric apparatus. The
number of surface V ions was determined
by the method developed by Oyama et al.
(19). This is based on measuring the oxygen
uptake at 640 K on samples reduced in H,
at the same temperature. It is assumed that
at this temperature only the surface V=0
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groups are reduced and the ratio of O,/
Vo is 1.

The number of basic sites has been deter-
mined by the method of Ai (20). This in-
volves the adsorption of CO, at room tem-
perature. The number of acidic sites was
measured by n-butylamine titration (27).

RESULTS
1. Oxidation of C;H, on KV0,/5i0,

The catalyst was treated with the reacting
gas mixture at the highest reaction tempera-
ture, usually 823 K. In the catalytic reaction,
Co, C0O,, C,H,., CH;CHO, a small amount
of CH,, C;- and C,-hydrocarbons, and
C,H;OH were detected. There was no or
very little change in the conversion and
product distribution during the conditioning
period (Fig. 1). The conversion of C,H, at
823 K was about 11%, and the selectivities
for C,H, and CH,CHO production were
about 34 and 7.5%, respectively. The
amount of N,O reacted corresponded well
to that of the products that required oxygen.
When the temperature was lowered, the
conversion decreased, but the selectivities
for C,H, and CH,;CHO formation increased
(Fig. 1B). The activation energy for the eth-
ane consumption was found to be 108.5 klJ/
mol.

The introduction of H,O into the reacting
gas mixture somewhat decreased the C,H,
conversion and the rate of product forma-
tion. However, the selectivities for
CH,CHO formation increased with increas-
ing H,O concentration (Fig. 2). The highest
value for S¢y.cuo was about 21% at a con-
version of 4% at 803 K.

The conversion of C,H, and the rates of
formation of all products increased with ele-
vation of the N,O concentration (5-60%),
but the selectivity of CH;CHO formation
decreased (Fig. 3). When the N,O content
of the reacting gas mixture was 5%, the
CH,CHO selectivity was 46% at a C,H¢ con-
version of 0.3%.

The rates of the product formation
showed a maximum as a function of C,H,
concentration (10-50%) at a C,H, content
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F1G. 1. (A) Change of the C,H¢ conversion, the
CH;CHO, C,H,, and CO selectivity at 823 K on KVO,/
Si0,. (B) Temperature dependence of the C,H¢ conver-
sion and the selectivity for CH,CHO, C,H,, and CO
formation. The concentration of C,H and N,O was 20
and 40%, respectively.

of about 30%. The conversion of C,H, de-
creased, but the CH,CHO selectivity in-
creased slightly with increasing C,H, con-
centration (Fig. 4).

In order to establish the rate equation for
the C,H, conversion, the order of reaction
was determined from a plot of the logarithm
of the rate of C,H, conversion vs the loga-
rithms of the partial pressures of C,H¢ and
N,O. It was found that the overall rate of
C,H, conversion can be described by

d(C,Hy)/dt = k(C-H ) S(N,0)

over the range of concentration 10 = Ce, 4,
= 30%, and 6 = Cy,p = 60%.

The kinetic orders of reaction products
have been determined in a similar way. Log-
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F1G. 2. (A) The conversion, the CH;CHO and C,H,
selectivity and (B) the rate of the product formation as
a function of water concentration at 803 K on KVO,/
Si0,. The concentration of C,Hg and N,O was 20 and
40%, respectively.

arithmic plots of the various rates vs the
volume percentage of the reactants are dis-
played in Figs. 3 and 4. We observed that
the kinetic order with respect to N,O is
about 1.2 for all products except CH,CHO
up to 40% of oxidant. Above this concentra-
tion it was 0 for C,H, formation. As con-
cerns CH,CHO production the order was
0.6 in the whole concentration range (Fig.
4),

The order with respect to ethane is 0.92
up to 30% for C,H, and CH,CHO formation.
It was 0.4 for CO, and CO production,
Above this concentration range the order
was 0 for CH;CHO and negative for CO,
and C,H, formation (Fig. 4). Data of these
measurements are collected in Table 2.

The temperature-dependence of the reac-
tion was also determined in the presence of
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H,O at 781-823 K. The results are shown in
Fig. 5. The C,H, conversion varied in the
range 1.3-7.7%. The CH;CHO selectivity
increased with decreasing temperature; at
781 K it was about 50% at a conversion of
1.8%. An opposite change was observed for
the selectivities for C,H, and CO,. The acti-
vation energy for ethane consumption was
estimated to be 188.4 kJ/mol, which is con-
siderably higher than that obtained under
dry conditions.

2. Pulse Experiments

In the subsequent measurements, the re-
action was investigated by means of a pulse
technique. One pulse contained 20.8 wmol
C,H,. The amount of catalyst was 0.32 g.
Before the measurements, the catalyst was
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Fi1G. 3. (A) Dependence of the conversion, the
CH;CHO and C,H, selectivity, and (B) the rate of the
product formation as a function of N,O concentration
at 803 K on KVO0,/Si0,. The C,H, and H,0 content of
inlet gas was 20%.
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FiG. 4. (A) Dependence of the conversion, the
CH;CHO and C,H, selectivity, and (B) the rate of the
product formation as a function of C,H, concentration
at 803 K on KVQO,/Si0,. The rate of formation of C,H,,
CH,CHO, CO, and CO, is multiplied by a factor of 100
and 10, respectively. The N,O and H,O content of inlet
gas was 40 and 20%, respectively.

oxidized at 773 K then flushed with He and
heated to 823 K in He stream.

First, the KVO,/SiO, catalyst was treated
at 823 K with pure C,Hy,. Only small
amounts of carbon oxides (0.08 wmol CO,
and 0.03 umol CO) and C,H, (0.04 umol)
were detected. After five C,H pulses, the
catalyst adsorbed about 1.3 umol O, at 823
K and only 0.015 umol CO, was observed.
Calculations showed that less than 0.3% of
the C,H, reacted with surface oxygen under
these conditions. In harmony with this, only
slight (0.5%) N,O decomposition was ob-
served on admission of a N,O pulse onto
oxidized KVO,/SiO, at 823 K. This is in
complete contrast with the behaviour of
V,04/Si0, catalyst when 3-3.5% C,H,
puises reacted with the oxidized surface to
give C,H, (40-60%) and CH,CHO (1%).
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TABLE 2

Kinetic Data for the Ethane Oxidation on KVO,/SiO,
in the Presence of 20% Water Vapour

Products Kinetic order
C,H, N,O
(a) (b) (c) (d)
C,H, 0.9 -0.75 1.2 0
CH,—CHO 0.9 0 0.6 0.6
CO 0.4 0.4 1.2 1.2
CO, 0.4 -0.75 1.3 1.3

Note. (a) The order up to 28% C,H, content at 803
K. (b) The order above 28% C,H; content at 803 K, the
N,O concentration was 40%. (c) The order up to 40%
N,O content at 803 K. (d) The order above 40% N,O
content at 803 K, the C,H¢ concentration was 20%.
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FiG. 5. (A) Temperature dependence of the selectiv-
ity for CH;CHO, C,H,, and CO, formation. The con-
centration of C,Hg, N,O, and water was 20, 40, and
20%, respectively. (B) The Arrhenius plots for ethane
consumption on KVO,/Si0; in the presence (a) and in
the absence (b) of 20% water vapour.
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F1G. 6. (A) The conversion of C,H¢, the CH;CHO
and C;H, selectivity, and (B) the amount of the prod-

ucts formed in C,Hg + N,O (1:1) pulse (20.8 wmol) on
KVO,/Si0, at 823 K.

On injection of a C,H, + N,O gas mixture
(10.4 pmol C,H, and 10.4 umol N,O) into
the KVO,/SiO, catalyst, CH;CHO forma-
tion was detected only in traces in the first
2-3 pulses. However, its amount gradually
increased and reached a steady value after
10-15 pulses, when the selectivity was
about 10%. A more significant amount of
C,H, was produced. Its selectivity reached
the maximum value, 36%, after only five
pulses. The CO, formation changed only
slightly as a function of the number of
pulses. These results are shown in Fig. 6.

When O, or N,O was admitted onto the
sample at 823 K after the above experi-
ments, only traces of CO, (0.018 wmol) were
detected, and the catalyst adsorbed about
3.9 pumol O,. Afterwards, the curve of
CH,CHO formation started from zero again

(Fig. 7, curve a). When the catalyst was
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reduced with five C,H, pulses (the O, deficit
was about 1.2 umol), in the first gas mixture
pulse somewhat more CH,;CHO was pro-
duced than on the untreated surface (curve
b), but much less than after 10 C,H + N,O
pulses. In the latter case, the amount of
CH,CHO was 6-8 times higher. The largest
initial value was obtained following the re-
duction of KVO,/SiO, with CO (curve ¢)
(the O, deficit was 6.3 umol, which corres-
ponds to a reduction of 5.9%). The amount
of CH,CHO formed in the first pulse was
only a little less than that on the untreated
surface in the 10th pulse. Similar behaviour
was observed for the formation of C,H,.

3. Oxidation of C,H, on Different Alkali
Metal VanadatelSiO, Catalysts

In subsequent measurements, the oxida-
tion of C,H, was investigated on the other
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F1G. 7. Amount of CO, (A) and CH;CHO (B) formed
in C,H, + N,O (1:1) pulses (20.8 umol) on clean (a),
with 104 pmol C,Hg (b), or with 20.8 umol CO reduced
KV0,/Si0, at 823 K. In the case of curve (a) the sample
was oxidized with N,O after the eighth pulse.
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F1G. 8. The selectivity of CH;CHO (A) and C,H, (B)
on different SiO,-supported alkali metal vanadates at
823 K in the absence of water. The concentration of
C,H;, and N,O was 20 and 40%, respectively.

alkali metal vanadates. The reaction was
carried out at 823 K, and the inlet gas mix-
ture contained 20% C,Hg and 40% N,O. The
same products were identified as on KVO,/
Si0,. At the beginning of the catalytic run
(10 min), the rate of C,H, consumption was
in the range 8—12% and, in contrast with the
situation on KVQO,, it decreased with time.
Changes in the selectivities for C,H, and
CH,CHO are illustrated in Fig. 8. The selec-
tivity of C,H, formation was the highest on
LiVO,/SiO, (40%) and it increased with
time. The lowest value of the selectivity was
observed on CsV0,/Si0O, and RbVO,/Si0O,
(16.5%). No significant decay occurred with
time except on NaVO;, the activity of which
decreased to a very low value after 2 h (1%
conversion). The sequence of CH,;CHO se-
lectivity was the opposite of this; the highest
initial value was measured on RbV0O,/SiO,
(15%) and the lowest (6.7%) on NaVO,/
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SiO,. It is important to note that the initial
activity of the catalysts could be regener-
ated by oxidation at 773 K. Some character-
istic data are given in Table 3.

When the reacting gas mixture contained
20% H,0 vapour, the activities of the cata-
lysts and the product distributions were
different (Fig. 9). The most important fea-
ture is that the selectivity of CH,CHO
production was markedly enhanced on
KV0O,;, RbVO;, and CsVO;, and remained
constant or even increased slightly with
time. The decay in the activity of the
catalysts was practically the same as ob-
served in the absence of H,O.

NaVO0,/Si0, was again an exception: in
this case the conversion was 11.3% in the
10th min, and only about 1% after reaction
for 6 h. The catalyst could not be reacti-
vated by either oxidation or reduction.
The BET surface area of the NaVO,/SiO,
catalyst, measured after the reaction, was
less than 2 m°/g. This feature was not
observed for the other catalyst samples.
When the temperature was lowered, the
conversion decreased, but the selectivity
for CH;CHO formation increased greatly.
In the case of CsVO;, a value of 60% was
attained at 781 K at a conversion of 1.4%.

4. Decomposition of N,O on Alkali
Metal Vanadates

For an interpretation of the effects of al-
kali metal vanadates on the partial oxidation
of ethane, it is very useful to know their
influence on the decomposition of N,O. We
have performed detailed kinetic measure-
ments, the results of which will be published
in a separate paper (22). The main observa-
tions pertaining to the present study are as
follows: on alkali metal vanadates sup-
ported on silica and activated in vacuum at
703 K, the decomposition of N,O occurs
at well-measurable rates above 620 K. The
products are N, and O, in a mol ratioof 2 : 1.
The reaction followed first-order kinetics.
Partial reduction at 673 K increased the rate
of decomposition for all catalyst samples.
Data for the catalytic activity of the vana-
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TABLE 3
The Rate of C,H, Consumption on Different Alkali Vanadate Catalysts at 823 K (Rates Measured at 10th Min)

Conv. In the absence of H,0O Conv. In the presence of 20% H,0
%) - - (%)
Weng Weyng Weng' Wczﬂsb
(umol/g) (s (umol/g) (s7h
V,04/8i0, 6.9 0.515 2.8 x 1073 5.2 0.375 2.04 x 1073
LivV0,/SiO, 10.2 0.94 7.1 x 1073 4.5 0.67 5.06 x 1073
NaVO0,/Si0O, 12.21 1.59 35.98 x 107? 113 1.86 42.09 x 10°°
KV0,/Si0O, 11.4 1.29 19.23 x 1073 9.2 1.15 17.14 x 1073
RbVO,/Si0, 8.58 1.17 19.85 x 1073 6.5 0.83 14.37 x 1073
CsVO0,/SiO, 10.6 1.38 38.27 x 107} 7.0 0.91 2522 x 1077

4 The rate related to the amount of the catalysts.
b The rate related to the amount of the surface V atoms.

dates are shown in Table 4. The maximum that the effect of alkali metal sulphate in-
activity was exhibited by NaVvO;. creased in the sequence Li-Na-K-Rb-Cs.
. The mobility of oxygen in V,05 was influ-

5. Decqmposztton of Ethyl Alcohol on enced in the same way.

Alkali Metal Vanadates TPR spectra of silica-supported vana-

Some exploratory measurements were datesareillustrated in Fig. 10. The hydrogen
also performed on the decomposition of eth- consumptions calculated from the TPR peak
anol. The aim was to establish the effects of areas are shown in Table 6, which also con-
alkali metal ions on the product distribution, tains characteristic data on the reduction.
and particularly on the ratio of ethylene and The onset temperature of the main reduction
acetaldehyde. Decomposition occurred stage increased, while the extent of the re-
above 520 K. The rate of the decomposition duction decreased somewhat in the se-
of C,H;OH decreased from Li to Cs meta- quence Li-Na~K-Rb-Cs. Nevertheless,
vanadates. The main product was acetalde- there were no significant differences in the
hyde (50-60%). A significant amount of eth- positions of the peak maxima, which lay in
ane (33-43%) was identified, which always the narrow range 933-953 K for all samples.
exceeded that of ethylene (3—-6%). Traces Inthe TPR spectra of Li and Na vanadates,
(~1%) of CH,, CO, and CO, were also de- low-temperature shoulders were observed.
tected. The ratio C,H /CH;CHO exhibited The average valency of vanadium after re-
a little variance with alkali ions. Some data duction is almost 3 for LiVO; and 4.4 for
are presented in Table 5. CsVO;. The reduction of V,0,/Si0O, started
in a somewhat higher temperature range,
but the peak maximum was practically the

As reduction and reoxidation of the sur- same as that for the alkali metal vanadates.
face of vanadates play an important role in
the catalytic oxidation of hydrocarbons, the DISCUSSION
temperature-programmed reduction of van- . .
adates was investigated. In previous stud- [+ Properties of Alkali Metal Vanadates
ies, the addition of potassium salts to V,0; Before a discussion of the catalytic re-
increased the extent of reduction of V,0,. sults, it is useful to summarize some of the
Monti et al. (23) found an increase by a important properties of alkali metal vana-
factor of 2 on addition of K,SO, to V,0s. dates, including their structures.
Klissurski and Abadzhijeva (24) observed Vanadates can form metavanadates and

6. Reduction of Vanadates
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FiG. 9. The selectivity of CH;CHO (A) and C,H, (B)
on different SiO,-supported alkali metal vanadates at
823 K in the presence of water. The concentration of
C,H;, N,O, and water was 20, 40, and 20%, respec-
tively.

polyvanadates. The two forms can be distin-
guished on the basis of their colours: alkali
metal metavanadates (MVO;) are usually
white, whilst coloured compounds are prob-
ably polyvanadates. In these compounds,
the amount of M, is less than that of V,05.
The colour of polyvanadates varies from
yellow through red to brown (/7).

LiVO; and NaVO; are monoclinic, with
pyroxene-like structures with the space
group C2/c (25), KVO;,RbVO;,and CsVO;,
are orthorhombic with the space group
Pbcem (26). According to Bubnova and Fila-
tova (27) KVO,, RbVO;, and CsVO; were
also monoclinic.

The alkali metal vanadates are built up
from chains of VO, tetrahedra connected by
alkali metal cations. Each VO, grouping has
two common oxygen atoms. In this struc-
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ture the V-0 distances differ significantly:
the oxygen atoms that are common are in-
volved in longer V--O bonds than the other
atoms; the O-V-0 angles differ from the
tetrahedral value (109°25).

This is in contrast with V,0s, where the
vanadium is in a bipyramidal environment.
The structure is characterized by the pres-
ence of a short V-0 bond (1.58 A for V,0s).
VO, tetrahedra are also found in the struc-
ture of V,0s, which contains relatively large
channels. Through these channels, O, can
pass into or out of the framework. The effi-
ciency of V,0s in oxidations is probably as-
sociated with these features. In the VO, tet-
rahedra there are two different V-O bond
distances. (In V°*, the 3d orbital is unfilled,
but the 4s and 4p orbitals are rather near,
and hybrid orbital formation is possible.)
Metavanadates are built up from such tetra-
hedra, but the hydrated metavanadates con-
sist of a bipyramidal structure with 5-coordi-
nation (28, 29).

Recently Mastikhin and co-workers (30)
used 'V and ®Si NMR to study the KVO,/
Si0, system. They found that the vanadium
near the surface is in an almost regular tetra-
hedral environment, but on interaction with
H,O it becomes octahedrally coordinated.
It was inferred that the reaction between the
vanadate and SiO, led to vanadium replace-
ment in the tetrahedral oxygen environment
(30).

The melting points of the alkali metal met-
avanadates lie in the temperature range
795-915 K, and change in the sequence Li
= Na > K < Rb < Cs. Accordingly, KVO;,
with the lowest melting point (795 K), can
melt on the surface of the support during
catalytic reactions at 823 K. The other meta-
vanadates melt without decomposition and
are stable up to 1200 K. It has been reported
that the heating of NaVO; to 720 K is accom-
panied by the release of O, and 3 Na,O -
V,0, - V,0s is formed; the colour changes
from white to brown (3/).

We have determined the number of sur-
face acidic and basic sites of the catalysts
(Table 1). It was found that the number of
acidic sites on SiO,-supported alkali metal
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TABLE 4

Characteristic Data for the Decomposition of N,O on SiO,-Supported V,0; and Alkali
Metal Vanadates at 713 K

k° kb ke
(10 min~' - g7 (107 -min™' - m™3) (107’ - min~! - Vi)

V,0,/Si0, 3.7 33 2.0
LiVO,/SiO, 6.9 8.1 5.2
NaV0,/Si0, 15.2 15.4 34.4
KVO,/Si0, 6.2 5.6 9.2
RbVO,/SiO, 3.5 37 5.9
CsVO,/SiO, 5.4 5.3 14.5

Note. k, first-order rate constant.

@ Related to the amount of the catalysts.

b Related to the BET surface area of the samples.
¢ Related to the amount of the surface V atoms.

vanadates decreased from Li to Cs, but the
differences between LiVO0,/SiO, and
NaVvQ0,/Si0, as well as between KV0,/Si0,
and RbVO,/Si0, were negligible. On V,0/
SiO, the number of acidic sites was about
25% higher than on LiVO,;/SiO,. The
amount of adsorbed or irreversibly bonded
CO,, which is characteristic for the number
of basic sites, increased significantly and
nearly linearly as a function of cation radius
from Li to Cs compounds.

2. Oxidation of Ethane on V,05/Si0,

We dealt earlier in great detail with the
oxidation of ethane on silica-supported va-
nadia (/2). With N,O as oxidant, the main

oxidation products were ethylene, acetalde-
hyde, CO, and CO, . Small amounts of CH,,
C,, and C, hydrocarbons were also identi-
fied. The selectivities for ethylene and acet-
aldehyde formation at 823 K (conversion
5.2%) were 57.5% and 5.1%, respectively.
With O, as oxidant, the same products were
observed, but the conversion was higher
and the selectivities lower.

3. Oxidation of Ethane on KVOs/Si0O,

General features. Qualitatively the same
oxidation products were found on alkali
metal vanadate catalysts as on the mixed
oxides. We discuss first the results obtained
on KVO;, which was studied in some detail.

TABLE 5

Some Characteristic Data for the Decomposition of C,H;OH on SiO,-Supported V,0;
and Alkali Metal Vanadates at 580 K

Conversion Selectivity (%) C,H,/CH;CHO
(%)
CH;CHO CH, CH,
V,05/510, 34.1 49.2 9.3 40.9 1.02
LiVO,/SiO, 16 56.7 31 38.4 0.73
NaVO0,/Si0, 15.1 47.8 6.0 438 1.04
KVO0,/8i0, 15.5 60.9 27 33.7 0.6
RbV0,/Si0, 12.5 54.2 2.8 41.4 0.82
CsV0,/Si0, 11.4 56.5 2.7 38.2 0.72
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arb. unit.

RbVUSISiOZ

KV[)SISIO2

NaVOy'Si0,

573 7;3 773 873 973 1073 K

FiG. 10. The temperature-programmed reduction
spectra of different alkali metal vanadates supported
on Si0,.

The basic differences between supported
V,0; and supported KVO; are: (i) there was
no or only negligible decay in the conversion
of ethane with time on KVO;, and as aresult
the ethane conversion on KVO, was a factor
of 1.8 greater than that measured on V,0s;
(ii) the selectivities of acetaldehyde and CO,
formation were considerably higher, and
those of ethylene and CO production were
lower.

Analysis of oxidation reaction data is gen-
erally based on the reduction—oxidation
mechanism proposed by Mars and van
Krevelen (32). The performance of an oxi-
dation catalyst is closely related to its ability
to take up and release oxygen. Catalysts
with good reducibility exhibit high activities
in full oxidation, but low selectivities in par-
tial oxidation. Whereas 0%~ or O species
play a dominant role in the former case, in
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the latter case O~ and O; can participate in
the oxidation process.

Mechanism of the oxidation reaction.
Previous studies on supported molybdenum
oxide catalysts strongly suggested that O~
is the oxidizing agent in the partial oxidation
of ethane (9). O~ is readily formed on van-
adia-based catalysts, too: there is convinc-
ing evidence of the formation of O~ in the
surface decomposition of N,O (/0). Note
that O~ is not produced under the same
conditions through O, adsorption (10). As
concerns the catalytic effect of silica-sup-
ported V,0; and vanadates, activated in
vacuum at 773 K, we found that the decom-
position of N,O is fast on all samples above
673 K (Table 4). It is very likely that the
active centres for the decomposition of N,O
are V** ions formed in the partial reduction
of V** during vacuum treatment at 673 K.
The occurrence of the following process can
be presumed:

V& + N,O=V* -0 +N, (la)
2V3F -0 =2V + 0, (1b)
A mild reduction of the vanadate catalysts
led to an enhancement of the rate of N,O
decomposition, possibly through an in-

crease in the concentration of V4*. Accord-
ingly, V**, and hence the V** — O~ surface

TABLE 6

Characteristic Data of the Temperature-Programmed
Reduction of the SiO,-Supported Alkali Metavanadates

Catalysts T, Tnax Oreact M,0 - V,0,

(K) (K) (umol/g)
V,0s 923 95§ 4,38
V,05/Si0, 865 940  122,1 38
LiV0O,/Si0, 772 938 192,9 3.2
NaVv0ySi0, 773 933 167,2 35

KVO,/Si0, 795 933 110 3.9
RbVO,/Si0, 830 953  100,5 4.1
CsVO,/Si0, 840 943 62,9 4.4

Note. T, the onset temperature of the main reduction
stage. Ty, the temperature of the TPR peak maxima.
O,cact» the amount of oxygen reacted.
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species, are considered to be active centres
in the partial oxidation of ethane.

In the oxidation of ethane, V** centres
can be initially produced by the dissociation
of V,0; and by the reduction of V** ion by
ethane at high reaction temperature, which
is very likely a nonselective step

14 V5* + 70 + CH—

14 V4 + 2CO, + 3H,0. (2)

On the V** ion the N,0 decomposes to yield
V3+ — O~ surface species (Eq. (1)). In the
subsequent steps, activation of the ethane
molecule occurs, which involves the re-
moval of a hydrogen atom by O~ to give the

ethyl radical (9, 10, 12):
CH, + O- = CH; + OH~ 3)

This surface species reacts further with O~
to form ethoxide:

CzHS + 0 = C2H5 - 0- (4)
which can decompose to ethylene
C,H; - O = C,H, + OH™ )

or react with H,O to produce ethanol

C2H5 - O— + HzO = C2H5 - OH + OH—
(6

or with OH groups to yield acetaldehyde

2V5* + CH, — O~ + OH-

= CH; — CHO + H,0 + 2V**. (7)

As more acetaldehyde is produced in the
decomposition of ethanol than hydrocar-
bons on alkali metal vanadates, the transi-
tory formation of ethanol is also favourable
for acetaldehyde production.

As regards the importance of these steps
in the present case, we can rely on the re-
sults of our supplementary measurements.
The pulse experiments indicated that C,Hg
exhibited little reactivity towards KVO; at
823 K (less than 0.5% of the ethane pulse
reacted with KVO;) and produced very few
V4* centres active in the decomposition of
N,O (less than 0.5% of the N,O pulse de-
composed). In other words, the reaction be-
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tween O?~ of KVO, and C,Hg, involving
among other processes the abstraction of a
hydrogen atom, is slow at 823 K. This is
in contrast with V,0s catalyst, where this
reaction occurred more easily at that tem-
perature (12). Treatment of KVO, with N,O
pulses at 823 K enhanced the extent of the
reaction of subsequent pulses of C,H, only
slightly. As N,O decomposes on KVO, at
823 K, this result means that the O~ pro-
duced in the decomposition is not stable on
KVO, at such a high temperature and de-
sorbs in the form of O,. This feature is in
harmony with the observation of Iwamatsu
et al. (10), whose ESR measurements dem-
onstrated that O~ is unstable on V,0,/Si0O,
above 373 K. The reaction between C,H,
and N,O on KVO, was greatly facilitated by
CO treatment at 823 K, very probably due
to the enhanced production of V**, and
hence to the formation of O~ centres. Inter-
estingly, the development of an active phase
of KVO, can also be achieved by the re-
acting gas mixture: after the admission of
five pulses of C,Hc~N,O onto the catalyst,
the same high activity and selectivity were
attained as observed following CO treat-
ment (Fig. 9). This suggests that in the oxi-
dation of C,H¢ a more reactive intermediate
is formed for the activation of the catalyst,
i.e., for the formation of V*+,

This species is very likely to be the ethyl
radical, which can reduce V°* to V4*. Ethyl
radical was detected by ESR measurements
following irradiation of MoQ,/SiO, catalyst
(33); it exhibited high reactivity even at low
temperature.

Attempts to detect C,H; — O~ species
during the oxidation by means of IR spec-
troscopy were hampered by the low trans-
mission of our silica-supported catalyst in
the region 1000-1200 cm™~!. However, as
C,H;OH was found among the reaction
products, and this adsorbs and decomposes
through C,H;O~ formation (34), we can
reckon with its existence on our catalyst
sample, too. Study of the decomposition of
ethanol on vanadate samples verified steps
5 and 7: acetaldehyde and ethylene were
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formed in large quantities. (Most of the eth-
ylene reacted with hydrogen, formed in the
alcohol decomposition, to give ethane.) The
increase in selectivity towards CH;CHO in
the selective oxidation of ethane in the pres-
ence of H,O (Table 3) may be accounted for
by reaction 5.

Since the decomposition of ethanol and
ethoxide to ethylene occurs on the acidic
sites of the catalyst, and this is greatly de-
creased from V,0s/SiO, to KVO,/SiO, the
difference in the selectivities of acetalde-
hyde and ethylene production on KVO; as
compared to V,05 may be associated with
this property of KVO;. In harmony with
this, the formation of CH,CHO in the de-
composition of C,H;OH was also more con-
siderable on KV0O,/Si0, than on V,05/Si0, .
The other products of the oxidation, CO,
and CO, are very probably produced in the
decomposition and/or oxidation of acetalde-
hyde. It may also be assumed that acetalde-
hyde is more stable on KVO; than on V,0s,
and therefore less CO is formed.

In the presence of water the selectivity of
acetaldehyde is greatly increased (Figs. 2,
8, and 9). This effect can probably be attrib-
uted to the increase of the concentration of
surface OH groups (Eq. (7)). We note here
that in the presence of water the value of the
activation energy for ethane conversion is
considerably higher than that measured in
the absence of water. In that context we
mention that the tetrahedral environment of
vanadium in KVO; becomes octahedrally
coordinated when it interacts with water
(30). This structural change can cause an
increase in the activation energy as was
found in the alcohol decomposition on tri-
and hexavanadates (15).

4. Comparison of the Catalytic Behaviour
of Alkali Metal Vanadates

In general, all the alkali metal vanadates
behaved similarly. In detail, however, there
were differences particularly in the stability
and selectivity of the catalysts. As regards
the conversion of ethane oxidation and the
rates relating to the number of surface V
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ions, there is no systematic change as a func-
tion of the size of alkali metal ions. There is
also no correlation between reducibility and
activity of the catalysts (Tables 3 and 6).

An enhanced selectivity towards acetal-
dehyde production relative to that on V,0;
was observed on all alkali metal vanadates;
moreover, the initial selectivity was higher.
The sequence of initial selectivity was
Cs = Rb > K > Na > Li. However, in
contrast with KVO;, the selectivity of acet-
aldehyde formation on the other vanadates
underwent a significant decrease and, as a
result, after 3—4 h the highest value was
measured on KVO; (Fig. 8). As mentioned
above, NaVO,; decomposed at the tempera-
ture of the reaction (which resulted in a dras-
tic loss in its catalytic performance), and
therefore its behaviour cannot be compared
with that of the other alkali metal vanadates.
As the number of acidic sites on the silica-
supported alkali metal vanadates decreased,
and the number of basic sites increased in
the sequence Li—-Na-K-Rb-Cs (Table 1),
the selectivity sequence for CH;CHO pro-
duction is very probably connected with
these properties.

As regards the selectivity of ethylene for-
mation, the highest value (45-47%) was
found on LiVO;. This was followed by K,
Rb, and Cs. Interestingly, the selectivity of
ethylene formation remained practically the
same during the 5-h catalytic run. From the
parallel changes of the acidic nature of the
catalysts and the selectivity of the ethylene
production (Tables 1 and 3) we may con-
clude that the ethylene formation proceeds
on the acidic sites of vanadates.

The above sequence of the selectivities of
alkali metal vanadates remained the same in
the presence of H,0O, with the significant
difference that the selectivity of CH,CHO
formation was markedly higher and did not
decay with time.
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