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The catalytic oxidation of ethane, propane, 2-methylpropane, butane, pentane, and cyclohex-
ane has been studied over Mg;(VO,),—-MgO, Mg,V,0,, and (VO),P,0;. These reactions produced a
wide range of products ranging from alkenes, dienes. anhydrides, acids, and carbon oxides. Broadly
speaking. the major products were dehydrogenation products over Mg;(VO,),, combustion products
over Mg,V,0,, and oxygen-containing organic products over (VO),P,0;. although there are excep-
tions to this broad generalization. From the product selectivities, the moles of oxygen consumed
per mole of alkane reacted could be calculated. These were the average oxygen stoichiometries for
the reactions. They had values of about unity for ethane oxidation over VPO, about two when
oxidative dehydrogenation was the predominant reaction, and about four for the other reactions
studied. The selectivity patterns in terms of the formation of dehydrogenation products versus
oxygen-containing products including carbon oxides were explained by assuming that there existed
a selectivity-determining step, which could be the reaction of the surface alkyl species or the
adsorbed alkene before its desorption. The formation of oxygen-containing products would be
facilitated if the surface alkyl or adsorbed alkene could interact with the vanadium ions in two
adjacent VO, units such that it could easily react with the reactive oxygen in the V-O-V bridge.
The results of ethane oxidation, however, could not be explained simply by this model. and other

factors needed to be considered.

INTRODUCTION

It has always been intriguing to attempt
to understand the selectivity patterns in ca-
talytic oxidation of hydrocarbons. Over the
years, various proposals have been for-
warded to explain the changes in selectivi-
ties and vields for different reactions over
various catalysts. A summary of these pro-
posals can be found in various review arti-
cles and monographs (/—4). However, it is
fair to say that none of the proposals is satis-
factory in terms of being able to explain all
available data. It is likely that because of the
very different conditions under which the
data were collected, the nature of the factors
that determine selectivity is so different that
it may range from the extent of secondary
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reactions, to the relative rates of desorption
of different products, to the probability of
attack at various parts of a surface interme-
diate by reactive oxygen species.

From the studies of selective oxidation of
light alkanes, it is apparent that the observed
product distribution depends not only on the
nature of the catalyst but also on the nature
of the alkane (5-/9). However, these reac-
tions also share some common features.
One of these features is that the breaking of
the first C—H bond appears to be the rate-
limiting step (/0, 13). Another is that in the
oxidation of butane over vanadates, the re-
ducibility of the catalyst is important in
determining selectivity for oxidative dehy-
drogenation: the more reducible the solid is,
the less selective the catalyst is (20-22).
This trend can also be interpreted in terms
of the strength of the metal-oxygen bond:
the weaker the metal-oxygen bond in the
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solid is, the lower the selectivity is (23).
However, this correlation does not appear
to apply to the oxidative dehydrogenation
of propane (/8).

One would expect that if the nature and
the reactions of the surface intermediate in-
volved in the selectivity-determining step
are known, the selectivity pattern can be
understood. For example, if the oxidation
of different light alkanes involves similar se-
lectivity-determining steps, it is possible
that the reducibility of the oxide could be a
factor in determining selectivity in all these
reactions. In this study, an attempt was
made to identify the factors necessary to
explain the selectivity data for different al-
kanes on three catalysts: Mgy(VO,),,
Mg,V.,0,, and (VO),P,0,. The active sites
in these vanadates are presumably made up
of VO, units bonded in different manners.
This paper reports the result of this study.

EXPERIMENTAL
Catalyst Preparation

VPO—The catalyst was prepared by the
recipe of Busca et al. (5). About 15 g of V,0q
(Aldrich 99.6+ %) was refluxed for 3 h with
constant stirring in a mixture of 60 mL of
benzyl alcohol and 90 mL isobutyl aicohol.
After stirring overnight at room tempera-
ture, 16.7 g of orthophosphoric acid crystals
(Aldrich 99%) were added, and the solution
was stirred at reflux for two hours followed
by suction-filtering. The resulting rich, light-
green powder was dried for 24 hours at
157°C. The catalyst was activated by heating
to 400°C for 24 h in a flow of 2% butane,
21% oxygen, and the balance helium. X-ray
diffraction patterns (XRD) were collected
with a Rigaku Powder Diftfractometer using
Cu Ka, > radiation with a Ni filter. The XRD
of this sample showed only vanadyl pyro-
phosphate ((VO).P,O,) as the crystalline
phase. The BET surface area was 28 m/g,
and the bulk P/V ratio was 1.1 as determined
by inductively coupled plasmon spec-
troscopy.

The VMgO catalyst was prepared as in
(6) by adding a hot aqueous solution of
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NH,VO, to an appropriate amount of solid
MgO. This slurry was concentrated into a
thick paste by evaporation of excess water.
After drying in air at 80°C, the resulting solid
was crushed and calcined in air at 550°C
for 6 h. The sample consisted of only two
phases identifiable by XRD, Mg(VO,), and
MgO, and its composition was determined
by atomic absorption to be equivalent to 40
wt% V,0; and 60 wt% MgO, and contained
about 0.004 wt% K (7).

The Mg,V,0; was prepared as in (7) by
adding an appropriate amount of aqueous
ammonium metavanadate solution to MgO
to result in a solid of 69 wt% V,0, and 31
wt% MgO. The resulting slurry was dried,
and the solid was ground and calcined in air
at 550°C for 6 h. The XRD of this sample
showed only the Mg,V,0, phase.

Reaction Studies

The activity and selectivity of the catalyst
were measured in a fused silica microreac-
tor. The temperature of the catalyst bed was
monitored with a thermocouple in the center
of the bed. The catalyst was supported by
quartz wool, and the parts of the reactor
before and after the catalyst bed were filled
with quartz chips. Without a catalyst, there
were no detectable conversions of hydro-
carbons. For VPO, the steady-state reaction
data was obtained using a feed of 2% hydro-
carbon, 219 oxygen, and the balance he-
lium. For both VYMgO and Mg, V,0,, the cat-
alysts were pretreated in 60 mL/min oxygen
for 1 h at 540°C before reaction. The reactant
feed was 4% hydrocarbon, 8% oxygen, and
88% helium.

The products were analyzed by on-line
gas chromatography using combinations of
columns. For the pentane reaction over
VPO, the analysis was performed with
a VZ-7 column (Alltech, ¥ x 20" for
hydrocarbons and carbon dioxide, a 13X
molecular sieve column (3" = {’) for car-
bon monoxide and oxygen, and a Porapak
QS column ¢ x 15') for oxygenates in-
cluding phthalic anhydride and maleic an-
hydride. The Porapak QS was used with
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the following temperature program: 150°C
for 5 min, 40°C/min to 190°C and held there
for 10 min, then 30°C/min to 250°C and
held there for 20 min. For the butane,
propane, and 2-methylpropane reactions, a
Graphpac GB column (3" x 10’) was used
for analysis of oxygenates (maleic anhy-
dride, acetic and acrylic acids) with the
following temperature program: 2 min at
120°C, 15°min to 190°C, and 14 min at
190°C. For the ethane reaction, Porapak Q
was used to separate ethene and carbon
dioxide. For all reactants except pentane,
carbon monoxide and oxygen were sepa-
rated by a Carbosphere column (Alltech,
¥ ox 6,

The conversion and selectivity were de-
fined as

yin;

Z,-y,'”i

Selectivity for product P;, §; = (1)

Conversion of alkane A, X =
Eiyi”i

—_—=> ()
Yalla t+ 2,-)’(”1

where y; and y, are the mole fraction of
product P; and alkane A, respectively, n;
and n, are the number of carbon atoms in
each molecule of product P; and alkane A,
respectively, and all the terms were to be
evaluated for the exit stream. The moles of
O, consumed per mole of alkane feed, R,
was calculated as

Ro
= EIX S; (0, stoichiometry toform P,). (3)

The oxygen stoichiometries to form product
P, are listed in Table 1 for the products of
interest here. It was assumed that in all of
these reactions, any hydrogen not bound to
the organic products would be present as
water, and there was no molecular hydrogen
in the product. Although the experimental
setup was not equipped to detect water or
hydrogen quantitatively, the validity of this
assumption could still be tested by monitor-
ing the oxygen conversion. This was per-
formed for many experiments using the two
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TABLE 1

Oxygen Stoichiometry in Reactions of Alkanes to
Various Products

05 consumed/
HC consumed
CyHy + 1120, - C,Hy + H,0 0.5
CyH,, + 7120, — 2C0, + 3H,0 3.5
CyHg + 1205 = CyH, + Hy0 0.5
CiHg + 20, — CH,=CH—CHO + 2H,0 2.0
CyHg + 20, 3/2CH,;COOH + H,0 2.0
CyHy + 50y — 300, + 4H,0 5.0
CyHyg 4 120, > C4Hy + HyO 0.5
CyHyg + 320, » CH,=C{CH;)CHO + 2H,0 1.5
CyHyy + 520, — 2CH;COOH + H,0 2.5
CyHyp + 71204 — CiH04¢ + 4H,0 3.5
CyHyy ¢+ 1320, — 4C0, + SH.O 6.5
CiHjz + 120, — CHyy + H-O 0.5
CiHyy + 53160, — SBCyH,0, + 19/4H,0 3.3
CeHys + 17740, — SHCH,04° + 19/4H,0 4,25
CHix + BO, — SCO, + 6HL0 8.0
CeHppt + 1205 — CeHyo? t HaO 0.5
CeHjpa 4 320, — CHe® + 3H,0 ]
CeHpy 90, = 6CO, + 6H,0 9.0

“ Maleic anhydride.
# Phthatic anhydride.
© Cyclohexane.

4 Cyclohexene.

“ Benzene.

Mg vanadate catalysts. Within the relatively
large uncertainties due to low oxygen con-
versions, the measured and calculated rates
of oxygen agreed.

RESULTS
VPO

Some typical product distributions for the
oxidation of C, to Cs alkanes over the VPO
catalyst are shown in Table 2. These data
have been reproduced with at least two dif-
ferent preparations of the catalyst. In the
test of each hydrocarbon, the catalyst was
first activated as described in the Experi-
mental section until a steady production of
maleic anhydride was achieved before the
reactant feed of the desired hydrocarbon
was introduced. Thus the catalyst always
started at the same state.

The VPO catalyst was quite selective for
the oxidative dehydrogenation of ethane.
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TABLE 2

Representative Product Distributions for Alkane Oxidation over V—P—0O

Reactant Reaction WiF¢ %X’ %% Selectivity®
T¢°C)
cO  CO, CH,
C.H, 305 5.3 2.4 12 7 81
315 5.3 3.0 14 7 79
325 5.3 3.9 15 7 78
345 6.5 6.2 5 7 77
335 5.3 6.0 19 6 75
325 6.4 5.7 22 7 72
350 6.4 8.0 26 7 67
365 6.4 12 31 7 62
375 8.3 16 38 8 54
365 8.6 15 35 9 54
385 8.3 2 45 8 47
400 10.8 27 46 9 45
425 54 27 46 9 45
CO Cco, C.H, C:H, Ac Ar
C;H; 300 9.9 8.0 62 26 4 0 7 1
325 9.9 13 67 24 2 0 S 0
335 9.9 18 66 24 2 4 4 0
350 9.9 30 64 25 2 3 4 2
CcO €O, CH, Ac At Mthe MA
2-methyl 275 10.2 6.5 34 27 i 28 I | 8
propane 300 10.2 14 33 35 0 22 | 0 8
325 10.2 26 31 40 0 18 | 0 9
CO CO, C,H, C;H, Ac Ar MA
CHy 300 7.5 70 16 10 2 I 7 2 64
325 7.5 17 19 14 2 1 6 1 60
350 7.5 31 22 14 2 1 4 { 59
375 7.5 49 13 1 1 ] 1 58
400 7.5 74 15 1 1 | 0 S
co  Co, MA  PA
CH, 325 47 7.0 2 15 19 44
325 9.5 14 21 12 27 39
328 13.5 20 8 i 22 49

“ Weight of catalyst/reactant flow rate, 10* g-min/mol alkane.

b 2% Conversion.

“ AC = acetic acid, Ar = acrylic acid, MA = maleic anhydride, Mthc = methacrolein, PA = phthalic anhydride.

Ethene was the major product up to 22%
conversion of ethane. Carbon oxides were
the only other products, and no oxygenated
organic compounds were detected. The se-

lectivity for dehydrogenation decreased
with increasing conversion. By comparing
data obtained at different temperatures but
about the same conversion, it was con-
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cluded that the selectivity was much less
a function of temperature than conversion.
The selectivity to CO increased with in-
creasing conversion, at the expense of eth-
en¢, whereas that for CO, increased only
slightly.

The relatively high selectivity for oxida-
tive dehydrogenation observed here for eth-
ane differed from the results reported earlier
in which carbon oxides accounted for over
90% of the products (8). It was not clear
what caused the differences between the
two investigations, since the catalysts ap-
peared to behave similarly with other re-
actants. The reasons for the different obser-
vations were not investigated. A more
recent paper using a VPO catalyst of a
higher P/V ratio of 1.15 reported high selec-
tivities for ethene at low conversions (/7).

The oxidation of propane over this cata-
lyst produced mostly carbon oxides. Less
than 13% of the products were organic spe-
cies, which comprised of propene, acetic
and acrylic acids, and ethene. The selectivi-
ties for carbon oxides changed little in the
range of low conversions. These results
were similar to those reported earlier with
only minor differences (8). In that report,
carbon oxides accounted for over 90% of the
products, and propene was the predominant
selective product.

Similar to propane, the oxidation of
2-methylpropane also produced carbon ox-
ides predominantly. However, there was a
noticeably higher selectivity to acetic acid.
Some maleic anhydride, but virtually no de-
hydrogenation products were detected. The
appearance of maleic anhydride might be
due to isomerization of 2-methylpropene,
before its desorption, to butene followed by
oxidation, since the surface of the VPO cata-
lyst 1s acidic (/2), and acid-catalyzed iso-
merization of this type is commonly known
(24).

The product distribution for butane oxida-
tion over VPO was similar to the literature
reports (8, 13). The selectivity to maleic an-
hydride was at 60-64% up to 50% conver-
sion, that for CO, was between 10 and 15%,
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consumption and alkane consumption for the VPO cat-
alyst.

and small amounts of ethene, propene, and
acrylic acid were also formed. There was a
significant amount of acetic acid detected
(4-7%) at less than 30% conversion, which
decreased to 19 at higher conversions.

For pentane oxidation, phthalic anhydride
and maleic anhydride were the main prod-
ucts, similar to observations reported in the
literature (8, /2). The other products ob-
served were CO and CO,. No benzoic acid
was detected. The selectivities for phthalic
and maleic anhydride decreased at higher
temperatures. The CO/CO, ratio was found
to be around 1.5-1.7, while the literature re-
sult showed more CO, than CO (8, /2).

The moles of oxygen consumed per mole
of alkane feed were calculated using eqn.
(3), the stoichiometric numbers of Table 1,
and the product distributions and conver-
sions such as those shown in Table 2. These
rates are plotted in Fig. 1 as a function of
alkane conversion. They fall into two groups
with the data for ethane in one group and
the rest in another.
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TABLE 3

Product Distributions for Alkane Oxidation over VMgO

Reactant Reaction W/F¢ Z%Conv. % Selectivity
7(°C)
CcO co, C.H,
C,H, 500 1.4 5.2 28 49 24
540 1.4 15 30 49 21
560 1.4 21 34 45 22
CO CO, C;H,
C Hy S00 0.6 8.4 14 24 62
500 1.2 16 17 31 52
540 1.2 25 20 30 48
CcO CO, C.Hy
2-methyl propane 475 0.27 4.0 6.9 22 71
500 0.38 8.0 10 26 64
500 0.53 12 14 33 53
CcO CO, C,Hy C,H
C,H,, 475 0.27 4.1 9 22 Ss 14
500 0.36 7.5 11 22 49 19
475 0.71 10 11 21 42 21
500 0.60 15 11 24 39 24
510 0.60 19 14 20 34 22
CcO CO, C¢H " C.H,"
cCH,, 484 0.14 8.4 3 14 47 36
484 0.17 1 3 13 44 4]
484 0.51 21 4 15 27 54

“ Weight of catalyst/reaction flow rate, 10} g-min/mol alkane.
b ¢C,H,: cyclohexane; C,H,,: cyclohexene: C,H,: benzene, C,H,: 2-methylpropene.

¢ Butenes and butadiene.

VMgO

Table 3 shows the representative product
distributions for the oxidation of ethane
(10), propane (9, 14), 2-methylpropane (/0),
butane (6, /0), and cyclohexane (/1) over
the VMgO catalyst taken from various re-
ports. In general, dehydrogenation products
were the dominant products, especially at
low conversions, except in the oxidation of
ethane. In the latter case combustion prod-
ucts dominated.

The moles of oxygen consumed per mole

of alkane feed were plotted in Fig. 2 as a
function of alkane conversion. The data for
the different alkanes followed a common
trend, including ethane in spite of its differ-
ent selectivity for dehydrogenation.

Mg,V,0,

The representative product distributions
for ethane, propane, 2-methylpropane, and
butane over Mg,V,0, are presented in Table
4. The data for propane, 2-methylpropane,
and butane were taken from published re-
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ports (7, 10). Except with propane, where
there was significant dehydrogenation, this
catalyst produced mostly carbon oxides
with these alkanes in the temperature range
of 475-560°C.

The moles of oxygen consumed per mole
of alkane feed are plotted in Fig. 3. The data
followed two groups of behavior. Those for
ethane and propane followed one group, and
those for 2-methylpropane and butane fol-
lowed another.

DISCUSSION

The results presented in Tables 2-4
clearly show that even for this limiting set
of light alkanes, the selectivity depends on
both the reactant and the catalyst, as one
would expect. In particular, the types of
selective oxidation products are very differ-
ent on the different catalysts. For example,
dehydrogenation products are the major se-
lective products over the Mg vanadates.
Very little oxygenates are produced. In con-
trast, oxygenates are the selective products
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over VPO, and very little dehydrogenation
products are formed, except in the case of
ethane. This difference among the catalysts
is not likely due to the difference in reaction
temperatures. For example, at higher tem-
peratures, VPO becomes much more of a
combustion catalyst than a dehydrogenation
catalyst (/3).

In spite of the wide variations in the na-
ture of products and selectivities, it is very
interesting to observe that the moles of oxy-
gen consumed and of hydrocarbon con-
sumed show simple relationships (Figs.
1-3). Since the axes of these plots are rela-
tive rates of oxygen and alkane consump-
tion, the slope of the line from the origin
passing through each data point is the aver-
age number of oxygen molecules consumed
per alkane molecule reacted to form that set
of products, that is, the weighted average
oxygen stoichiometry (AOS) for that set of
products. If the reaction is highly selective
and produces only one product, the slope
of the line will be the same as the oxygen
stoichiometry for the reaction to produce
that product. The values of these oxygen
stoichiometries are shown in Table 1. Thus
for dehydrogenation products, the slope
would be 0.5 for all alkanes. For total com-
bustion to CO, and H,O, the slope would
range from 7/2 for ethane to 9 for cyclohex-
ane. In general, the greater is the slope, the
greater is the selectivity to oxygen-con-
taining products.

The slopes of the lines from the origin
passing through the data points increase
with increasing conversion in all the plots.
This is expected because the selectivity to-
ward combustion products increases with
increasing conversion due to secondary re-
actions such as combustion of selective oxi-
dation products. Therefore, in order to sim-
plify interpretation, only the data at low
conversions (and the corresponding initial
slopes of these plots) will be considered fur-
ther. These initial slopes are the AOS for
the formation of primary products and will
be referred to as the initial AOS. Their val-
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TABLE 4

Representative Product Distribution for Alkane Oxidation over Mg,V,0,

Reactant Reaction WIF¢ %Conv. Z%Selectivity
7(°C)
co co, C,H,
C,H, 540 6.3 3.2 49 21 30
560 6.3 5.1 48 20 32
571 6.3 6.5 53 22 25
CO CO, C;H,
C;H, 475 11.4 10 27 18 56
500 11.4 16 33 21 46
510 83 1 27 18 55
540 8.3 13 26 20 54
cO CO, C.Hy
2-methyl propane 502 3.6 6.8 39 36 2§
500 4.4 8.0 41 37 22
540 3.6 11 44 38 17
cO CO, C,Hy C,H¢
CyHy, 500 3.7 6.8 33 33 31 3
540 3.2 11 40 34 2§ |
503 9.0 18 44 39 15 2

“ Weight of catalyst/reacted flow rate, 10° g-min/mole alkane.

b C,Hy: 2-methylpropene.
“ C,Hy: butenes; C;H,: butadiene.

ues are listed in Table 5 together with the
predominant initial products.

There are a number of interesting obser-
vations illustrated in these tables and in
Figs. 1-3:

(1) Table 5 shows that dehydrogenation
products are the only predominant selective
oxidation products over VMgO and
Mg,V,0,, whereas oxygen-containing or-
ganic products are the predominant selec-
tive oxidation products over VPO except in
the case of ethane.

(2) The value of the initial AOS falls into
three groups (Table 5). Its value is about
unity for the oxidation of ethane on VPO,
about two for all other reactions in which
dehydrogenation is the predominant prod-
uct, and about four for all other reactions

in which the principal products are either
oxygen-containing organic molecules or
combustion products.

(3) Ethane seems to behave differently
from other alkanes on VMgO and VPO.

(4) The products from propane and
2-methylpropane are quite different on
Mg,V,0,. The principal reaction is dehydro-
genation for propane but it is combustion
for 2-methylpropane.

(5) Significantly more acetic acid is pro-
duced from 2-methylpropane on VPO than
on Mg,V,0,.

In the following, we will attempt to pro-
vide an explanation for these data.

General Assumptions

The data in this study were obtained with
the three catalysts at near optimal condi-
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tions in terms of selectivities. The selectivi-
ties at a particular conversion change only
slightly with changing temperature or partial
pressures of reactants. Centi and Trifiro re-
ported that the activity of VPO in pentane
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oxidation as well as the product selectivity
were similar for a feed of 21 or 33% oxygen
(8). Likewise, the conversion of butane over
VPO increased only slightly when the oxy-
gen in the feed increased from 1-30%, while
the selectivity to maleic anhydride was inde-
pendent of the partial pressure of oxygen
(25). A comparison of the data in this study
with those in the literature (/3, 25) also
showed that the maleic anhydride selectiv-
ity at low butane conversions was little af-
fected when the butane concentration in the
feed was lowered from 2 to 1.1%, although
a further decrease to 0.32% lowered the se-
lectivity from 60 to 40%. The effects of oxy-
gen partial pressure in the oxidation of eth-
ane, propane, and 2-methyipropane over
VPO were investigated in this study and the
results are shown in Table 6. The data
showed that the selectivities changed little
with oxygen partial pressure. There was no
change in the nature of the dominant
products.

Published results also showed that on
both the VMgO and the Mg, V.0, catalysts,
changing the O,/alkane ratio in the feed by
a factor of four resulted in only small
changes in the primary product distribution
(7, 9). In particular, the nature of the pri

TABLE 5

Summary of Number of VO, Units in the Active Site the Molecule Readily Interacts with, [nitial Average
Oxygen Stoichiometry (AQS), and Characteristic Products

Catalyst Reactant No. of VO, Initial AOS Predominant
units accessible product

Ethane 1(VOy) 1.0 = 0.04 Ethylene
Propane 2 3.6 0.1 cO

VPO 2-Methylpropane 2 4.6 = 0.1 CO
Butane 2 4.0 = 0.1 Maleic anhydride
Pentane 2 4.6 + 0.1 Maleic and phthalic anhydride
Ethane 1 (VO,) 2.5 + 0.05 CO,
Propane 1 2.0 = 0.05 Propene

VMgO 2-Methylpropane 1 2.1 = 0.05 2-Methylpropene
Butane { 2.5 £ 0.05 Butenes
Cyclohexane i 2.1 £ 0.05 Cyclohexene
Ethane 1 (VO,) 2.1 £0.05 CO

Mg.V,0, Propane 1, 2 with difficulty 2.1 £0.05 Propene
2-Methylpropane 1, 2 with difficulty 4.1 = 0.1 CO,
Butane 2 3.9+ 0.1 CO,
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TABLE 6

Effects of Partial Pressure of Oxygen on Activity and Selectivity for
Ethane, Propane, and 2-Methylpropane Oxidation over VPO

0,/C, Ethane Propane 2-Methyl-
Ratio” propane
2 8 1.2 7 1.1 8
T (°C) 345 365 345 350 345 325
Conversion % 16 16 28 25 19 26
W/F” (g min/ml) 0.17 0.16 0.16 0.12 (c}
Selectivity %
CO, 8 9 26 25 38 31
CO 33 35 58 64 45 40
Ethene 58 S6
Acetic acid b 4 4 18
Acrylic acid 3 2 2 1
Maleic anhydride 5 1 10 9

¢ Alkane concentration is kept at 29%.
¢ Wt. catalyst/total flow rate, g-min/ml.
¢ Comparison of activity is not being made for this case.

mary products remained the same. In addi-
tion, pulse reaction studies over VMgO (21)
and VPO (26) using butane pulses without
oxygen showed that the product selectivi-
ties in at least the first few pulses were simi-
lar to those in steady-state reactions. Thus
these catalysts at steady state are in a nearly
stoichiometric state. Furthermore, X-ray
diffraction studies of catalysts after used in
the oxidation of butane have established
that the bulk phase of the crystals did not
change. No new phases could be detected.
Thus only the (VO),P,0, phase was de-
tected in the VPO catalyst (13, 27-29), only
Mg, (VO,), and MgO in the VMgO catalyst
(6), and only Mg,V,0; in that catalyst (7).

In the following discussion, it is assumed
that the exposed surfaces of the catalysts
are represented by the low index crystal
planes of Mgi«(VO,,, Mg,V,0,, and
(VO),P,0,. In particular, it is assumed that
the active sites of these catalysts involve
VO, units on the surface that are bonded in
the same manner as in the bulk structures
(30-32). Thus the active sites on Mgy(VO,),
are isolated VO, tetrahedra such that all the
oxygen ions are bridged between a V and a
Mg ion. For Mg,V.0,, the active sites are

V.0, units that can be viewed as pairs of
corner-sharing VO, tetrahedra. A schematic
drawing of these sites are shown in Fig. 4.

For the VPO catalyst, it is well estab-
lished that a stoichiometric vanadyl pyro-
phosphate is somewhat less selective than
one with a slight excess of phosphorus (13,
33). Furthermore, there appears to be an
enrichment of phosphorus at the surface
(13, 27, 34, 35). However, the exact nature
of the excess phosphorus is still unknown.
Since the emphasis of the discussion here is
on the local bonding structure of the VO,
units, it will be assumed that the local struc-
ture of the active site is not affected by the
excess phosphorus. In a highly selective cat-
alyst, only the (VO),P,0, phase has been
detectable (13, 27-29). The average valence
of vanadium in a VPO catalyst after use is
about 4.1 (13, 27). This is consistent with
the fact that vanadyl pyrophosphate is the
major phase, and the mechanism proposed
in the literature that the V ions in this cata-
lyst undergo redox cycles (V(IV) < V(V))
during the reaction (/3, 36, 37). Even when
the catalyst is initially VOPQ,, it is slowly
converted to vanadyl pyrophosphate in a
reaction mixture (38). Since XPS investiga-
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F1G. 4. Schematic drawing of the active sites: (A)
VO, unit in Mgy(VOy),, (B) V;05 unit in Mg,V,0;. and
(C) V504 unit in (VO),P,04. Open circles are O ions and
filled circles are V ions.

tion of used catalysts only detected small
concentrations of V(V) on the surface, and
V(V) on the surface of an air-calcined sam-
ple was converted to V(IV) after reaction
(27, 35), we assume that most of the vana-
dium ions in the surface of a working cata-
lystisinthe V(IV) state, and that the charac-
teristic of the active site involved in the
selectivity-determining step (to be dis-
cussed in detail later) can be represented by
the V,0, units made up of pairs of distorted
edge-sharing VOs square pyramids found in
(VO),P,0, (28), as is shown in Fig. 4.

In this V,0 unit, there is one V=0 along
the axial direction for each of the V ions.
Opposite this V=0 is a weak (long) V-0
bond between V ions of different layers. For
the present discussion, this weak bond is
assumed to be inconsequential. There are
also two oxygen ions bridging the two V
ions in the V,0; unit. These two oxygen ions
are also bonded to phosphorus ions as they
are the apex of the PO, vnits. There is no
direct experimental evidence that identifies
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which of these oxygen ions participate in
the redox cycle of an oxidation reaction.
However, in the study of the oxidation of
B-(VO),P,0; to B-VOPO, using *0, it was
established by following the peak shifts in
the Raman spectra that the labeled oxygen
is incorporated in the P-O-V bridging bond
(39). Since there is direct evidence based
on isotopic studies showing that bridging
oxygen are involved in selective oxidation
on molybdates (40), and bridging oxygen
has been implied to be involved in other
systems (6, 41/), we will assume that the
oxygen in the V-O-V bridge is involved in
the reaction of the selectivity-determining
step, although there are hypotheses that the
vanadyl oxygen (V=0) is involved (42, 43).

It should be emphasized that the active
sites under consideration are those involved
in the step that determines selectivity (the
nature of which is discussed later). It is pos-
sible that in steps subsequent to the selectiv-
ity-determining step, the surface species
might react with other surface oxygen spe-
cies in the active site or migrate to other
active sites to complete the overall reaction.

The results of studies of deuterium iso-
tope labeling and of effect of substituents on
the reactivities of alkanes suggest that the
rate-limiting step is the breaking of the first
C-H bond (10, 26). 1t was observed here
that at 500°C, the relative rates of reaction
of propane : butane : 2-methylpropane were
1:1.3:1.9 over VMgO and 1:1.5: 1.4 over
Mg,V,0,. The similarity of the relative rates
over the two oxides suggests that the rate-
determining steps on these catalysts are sim-
ilar. Thus it will be assumed that for all the
reactions considered here, the rate-limiting
step is the breaking of the first C—H bond to
form an adsorbed alkyl species.

Scope of Interpretation of Data

Although it would be very interesting to
be able to explain the production of each
product, the task is beyond our current un-
derstanding of the reactions, in spite of the
fact that only primary products are being
considered. To reduce the problem to a
more manageable one, we use the initial
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AOS values to classify the sets of products
into two groups, excluding those from eth-
ane: one set in which dehydrogenation prod-
ucts are dominant and for which the initial
AOS values are about two, and another in
which oxygen-containing products are dom-
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inant and for which the initial AOS values
are about four. The latter includes both or-
ganic molecules and carbon oxides in the
set.

With this classification, the simplified re-
action scheme can be represented as:

alkane — alkyl — dehydrogenation products

oxygen-containing products

4)

[0] (oxygenates and CO,).

An alkane molecule is first activated by
breaking a C—H bond to form an alkyl spe-
cies. This species can lose another hydrogen
and desorb as a dehydrogenation product,
or react with a surface lattice oxygen to form
a C-0 bond and eventually an oxygen-con-
taining product. The reaction of the alkyl
species is the selectivity-determining step
under consideration. It should be noted that

the same conclusions will result if we as-
sume that the selectivity-determining step is
the reaction of the adsorbed alkene. In that
case, a dehydrogenation product is formed
if the adsorbed alkene desorbs, and an oxy-
gen-containing product is formed if it reacts
further to form a C-O bond. Then the reac-
tion of the adsorbed alkene is the selectivity-
determining step:

desorb
alkane — adsorbed alkene —— dehydrogenation products

(O]

We will attempt to explain the selectivity for
the two sets of products. At low conver-
sions, it is reasonable to assume that the
reactions of the selectivity-determining step
are irreversible. If this step is the reaction

oxygen-containing products
(oxygenates and CO,).

of an alkyl species, the chemical reactions
may be represented as follows. Dehydroge-
nation products would be formed if the alkyl
species reacts by breaking another C-H
bond at the B-position:

H
|

M—O—M + *—CH,—CH,—R — M—O—M + CH, = CHR + *. (6)

In this equation, * represents a surface ion
in the adsorption site, and is assumed to be
a V ion. Alternatively, if the alkyl species
reacts not only by breaking a C—H bond,

but also by forming a C-O bond, then an
oxygen-containing product would be pro-
duced:

M—O—M + s—CH,CH.R + x> M OM + * + x—H. (7)
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If the selectivity-determining step is the re-
action of the adsorbed alkene, the
*—CH,CH,R species will be replaced by an
adsorbed alkene.

Effect of Reducibility of Active Site

Since one branch of the selectivity-de-
termining step involves the formation of a
C-0 bond, the reducibility of the active site
may be an important factor. An inspection
of the summary data in Table S shows that
reactions that lead to high initial AOS occur
on catalysts that have pairs of VO, units as
active sites, that is, V,0, and V,0; groups.
In these active sites, there are oxygen ions
bridging two easily reducible vanadjum
ions. These oxygen ions should be much
more easily removed from the lattice than
other oxygen ions. Thus these active sites
can form C-0O bonds easily, which would
lead to the formation of oxygen-containing
organic molecules or combustion products.
In contrast, there are no oxygen ions bridg-
ing two vanadium ions in Mg,(VO,),. Thus
the lattice oxygen ions in this catalyst are
much less reactive, and the tendency for this
catalyst to form C-O bonds is lower, and
dehydrogenation products are dominant on
this catalyst.

That the ease of removal of lattice oxygen
is an important factor in determining selec-
tivity for oxidative dehydrogenation of bu-
tane over vanadates has been demonstrated
using orthovanadates of cations of different
reduction potentials (22) and using sup-
ported vanadia catalysts (23). This correla-
tion of selectivity with the presence of reac-
tive lattice oxygen fits most of the data in
Table 5, but it does not explain the data for
ethane or propane. To explain the data for
propane, an additional factor of the effect of
the size of the molecule compared to the
active site is considered.

Effect of Size of Reactant Molecules

The selectivity-determining step involves
the reaction of a surface alkyl species or an
adsorbed alkene. The reaction between this
species and the surface reactive lattice oxy-
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F1G. 5. Schematic drawing of geometry for (A) an
ethyl species and (B) a propyl species.

gen is facilitated if the hydrocarbon interme-
diate is bonded to both vanadium ions of the
linked VO, units such that the hydrocarbon
species is being held close to the surface
oxygen. This is possible only if the molecule
is sufficiently large to do so. The separation
of the vanadium ions in the active sites can
be estimated from crystallographic data.
For the V,0; unit in Mg,V,0,, the separa-
tion is 0.339 nm (3/7); for the V,04 unit
(VO),P,05, it is 0.319 nm (32). The separa-
tion of V ions in adjacent VO, units in
Mg,(VO,), on a low index plane is 0.37 nm
(30). Using a value of 0.072 nm for the ionic
radius of V'* (44) and a covalent radius of
0.07 nm for C (45), the V-C bond length is
estimated to be 0.14 nm. Using this V-C
bond distance, the V-V separation in an
active site needed to bond with a surface C,
and a C, species can be estimated (Fig. ).
From this, it can be seen that the C; species
could readily bond with the two V ions in
the active site of (VO),P,0,, but could do so
only with difficulty with those in Mg,V,0.
Based on this, one would argue that propane
would react on Mg,V,0- as if the active sites



SELECTIVITY PATTERNS IN ALKANE OXIDATION

are isolated VO, units, like in Mg;(VO,),,
whereas it would react like the larger hydro-
carbons on (VO),P,0,. This is indeed ob-
served. The exact nature of the C; species
is not used in this geometric argument, al-
though it could possibly be an allyl species.
The schematic drawings in Fig. 5 also shows
that the ethyl species is too small to interact
with two V ions simultaneously in any of the
three oxides.

The manner in which a C; carbon chain
bonds to the active site could explain the
much larger production of acetic acid from
2-methylpropane than from propane on
(VO),P,0;. From Fig. 5b, it can be seen
that when a branched C, species bridges the
adjacent VOjs units in (VO),P,0,, the methyl
group in the middle carbon is not interacting
with the surface. This configuration is con-
ducive to the formation of acetate group
when the two carbon-carbon bonds of the
C, unit are cleaved by reaction with the lat-
tice oxygen. This explains the substantial
production of acetic acid observed on this
catalyst.

The difference between propane and
2-methylpropane on Mg,V,0, cannot be ex-

CPH, H
| |
C°H,
| |

% *

In these species, a reaction in which a
CP-H bond is broken would lead to dehy-
drogenation. However, breaking a C*—H
bond or cleaving a C*-C*? bond would lead
to degradation products. The statistical
probability of these three processes is pro-
portional to the number of these bonds in
the species, which are shown in Table 7.
They show that these species only differ in
the relative number of C#~H bonds. If the
C*~H and the C-C bond react with equal
probability, whereas the C#~H bond reacts
somewhat faster, combustion would be

CBH:;—_CH—'CBH}
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plained by the size of the C, chain. We pro-
pose that although with difficulties, a C, spe-
cies still has a finite probability to interact
with both vanadium ions in a V,0; unit to
lead to the formation of combustion prod-
ucts. This probability is twice as large for
2-methylpropene than propane, which may
account for the lower selectivity for dehy-
drogenation for 2-methylpropane on this
catalyst.

Oxidation of Ethane

The behavior of ethane is different from
the other alkanes. It is the only alkane that
undergoes significant dehydrogenation on
the VPO catalyst, as well as the only one
for which combustion is the predominant
reaction on VMgO. We offer a phenomeno-
logical explanation of this behavior. Since
the active site on VMgO is an isolated VO,
unit, various alkyl species should react in a
similar manner. One can compare the possi-
ble reactions of ethyl, propyl, and
2-methylpropyl species statistically by
counting the number of various types of
bonds in each species:

CAH,
\
CPH,—C*—CPH,
|

#

more likely for ethane than for the other
alkanes. Since the reaction conditions, es-
pecially temperatures, on the two Mg vana-
dates are similar, this argument about eth-
ane should apply to Mg pyrovanadate also
to account for the low dehydrogenation se-
lectivity observed on this oxide.

For the VPO catalyst, for some unknown
reasons, which may be related to the much
lower reaction temperature, the Cf~H bond
breaks much more readily than the C*—H
bond, and dehydrogenation becomes the
dominant reaction. For the higher alkanes,
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TABLE 7

Number of Various Types of Bonds in an Alkyl Species

Species Number Normalized value
CP—H C*—H Cc—C CA—H C*—H c—C
Ethyl 3 2 1 6 4 2
Propyl 1 2 6 i 2
2-Methylpropyl 9 0 3 6 0 2
the formation of 1,3-diadsorbed species is CONCLUSION

very favorable that dehydrogenation is not
an important reaction any more.

Oxygen-Containing Organic versus
Combustion Products

The model presented above of the reac-
tion of the surface alkyl species (or adsorbed
alkene) in the selectivity-determining step
does not distinguish the formation of oxy-
gen-containing organic or combustion prod-
ucts. However, organic products are formed
on VPO, whereas combustion products are
formed on Mg vanadates. The difference
may be due to the different tendencies of the
lattice oxygen to either break a C—H bond
and form a C-O bond or break a car-
bon-carbon bond (mostly likely a C=C
bond) and form C-0O bonds.

One possible difference is the tempera-
ture of reaction. The higher reaction temper-
atures over Mg vanadates favors combus-
tion to oxygenate formation. Another
possible difference could be the nature of
the oxygen ions. Haber has proposed that
nucleophilic oxygen tends to form C-O
bonds only and electrophilic oxygen tends
to break C=C bonds (46). In the stoichio-
metric compounds of Mg orthovanadate and
Mg pyrovanadate, the V ions are in the +5
oxidation state, whereas in (VP),P,0;, the
V ions are in the +4 state. Therefore, it is
likely that the electron density of the oxygen
ions in VPO is higher than in the Mg vana-
dates, and they are more nucleophilic. Thus
the tendency for VPO to form oxygen-con-
taining organic compounds is higher.

In this study, the selectivities in the oxida-
tion of C, to C¢ alkanes were compared over
three vanadate catalysts: Mgy(VO,),-MgO,
Mg,V.,0,, and (VO),P,0,. The selectivities
for dehydrogenation, formation of oxygen-
containing organic products, and combus-
tion depended on the hydrocarbon and the
catalyst. The selectivity pattern can be ex-
plained assuming that the selectivity-de-
termining step for all the reactions is either
the reaction of the alkyl species or the ad-
sorbed alkene. Except for ethane, the be-
havior of the alkanes can be understood by
considering if the active site contains reac-
tive lattice oxygen which are oxygen ions
bridging two easily reducible vanadium cat-
ions, and if the size of the surface intermedi-
ate in this crucial step allows it to bond to
both vanadium ions in the active site such
that it can be readily attacked by the reactive
lattice oxygen. The formation of oxygen-
containing products, including carbon ox-
ides, is the favored reaction if these condi-
tions are met. Otherwise, dehydrogenation
should be the predominant reaction. Such
an interpretation makes use of the concept
of site isolation and the effect of metal-oxy-
gen bond strength on the selectivity (23, 47,
48). However, these general considerations
need to be supplemented by other factors
to explain the finer details of the results,
including the reactions of ethane. They are
insufficient to explain the formation of oxy-
gen-containing organic products versus car-
bon oxides. To distinguish these products,



SELECTIVITY PATTERNS IN ALKANE OXIDATION 241

additional criteria and/or selectivity-de-
termining steps are needed.
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