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The oxidative dehydrogenation of propane was studied on a V-Mg-O catalyst for possible gas-
phase reactions initiated by the desorption of reactive intermediates from the catalyst surface. It
was found that the conversions of propane at 556 and 570°C in the void volume positioned immedi-
ately downstream of the catalyst were higher than those in the same void volume positioned
upstream of the catalyst, and much higher than those in the absence of the catalyst. The propane
conversion due to postcatalytic reactions increased with the weight of the catalyst wafer, the
propane/oxygen partial pressure, and the propane/oxygen ratio. That this conversion was much
higher in the presence than in the absence of a catalyst was due to the heats of reaction generated
on the catalyst surface and gas-phase reactions of propane Initiated by the desorption of free
radicals or reactive intermediates from the catalyst surface. It was also established that at 585°C
there were few reactions due to the oxidative pyrolysis of methane, ethene, or propene. These
results strongly suggested that the overall reaction mechanism consisted of a heterogeneous, a

heterogeneous—homogeneous, and a homogeneous reaction pathway.

INTRODUCTION

Radical species have long been proposed
as possible intermediates in a number of
catalytic hydrocarbon oxidation reactions.
Recently, there has been increasing evi-
dence that some of these radical species
may desorb into the gas phase to initiate
homogeneous reactions (/). Latyshev and
Popova have reported that in the butene ox-
idation on a copper oxide catalyst, the gas-
phase temperature downstream from the
catalyst was higher than the surface reac-
tion temperature, presumably due to a
heterogeneous—homogeneous reaction (2).
Other workers have reported that different
reaction products were obtained depending
on the postcatalytic volume in butene oxi-
dation on Fe-Sb-0 (3) and propene oxida-
tion on Bi-Mo-0O (4-6) under conditions
where few reactions occurred in the ab-
sence of a catalyst. Direct detection of de-
sorbed radicals by EPR has been achieved
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using the matrix isolation technique in the
oxidative coupling of methane on Li/MgO
(7) and propene on Bi,O; catalysts (8). In
these reactions, a C—-H bond is first broken
to form a methyl or a s-allyl species, re-
spectively. These species can either remain
on the surface to react further or desorb
into the gas phase as radicals and further
react to form the stable products.

It has been reported earlier that V-Mg-—
O catalysts are selective for the oxidative
dehydrogenation of light alkanes, espe-
cially propane and butane (9, 10). At low
conversions, selectivities of 70-80% for de-
hydrogenation products were obtained. In
the case of butane, a selectivity of over 50%
was obtained even at high conversions. It
was suggested that the reaction proceeds
via the formation of an alkyl species. For
propane, this involves the breaking of pri-
marily a methylene C-H bond to form an
adsorbed propyl radical and a surface OH
group. In this aspect, the proposed reaction
mechanism is similar to other reaction
mechanisms proposed for the oxidative
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coupling of methane (7) and propene (8,
11). It became interesting to investigate if
the phenomenon of radical desorption also
occurred on the V-Mg-O catalysts for the
oxidative dehydrogenation of light alkanes.
Here we report the results of such an inves-
tigation.

The technique used in this study involved
adding a postcatalytic volume after the cat-
alyst. If the reaction was entirely heteroge-
neous, the reaction intermediates would re-
main adsorbed on the surface and react
further to yield the final products before de-
sorption. The presence of a void volume
(hereafter, termed postcatalytic volume) af-
ter the catalyst bed should not affect the
conversion or product selectivity of the
reaction. If the reaction involved a hetero-
geneous~homogeneous pathway, some sur-
face reaction intermediates would desorb
into the postcatalytic volume and react fur-
ther in the gas phase. Consequently, the
presence of a large postcatalytic volume
would increase the conversion and possibly
change the product distribution. Therefore,
by determining the conversion and product
selectivities in both the presence and the
absence of the postcatalytic volume, the
importance of the heterogeneous—homoge-
neous pathway could be evaluated.

EXPERIMENTAL
Catalyst Preparation

MgO was prepared by precipitation from
a magnesium nitrate (Aldrich Chemicals,
ACS grade) solution with ammonium car-
bonate (Alfa Products, ACS grade). The
precipitate was suction-filtered and washed
with doubly distilled water. The pH of the
final filtrate was near 7. The solid was then
dried at about 80°C overnight, followed by
calcination in air at 700°C for 3 h. The BET
surface area as measured by N, adsorption
was 28 m?/g.

V-Mg~O catalysts were prepared as fol-
lows: An appropriate amount of NH,VO;
(Johnson Matthey, 99%) was dissolved in
hot doubly distilled water. This solution
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was added in small portions to a crystalliza-
tion dish containing a predetermined
amount of MgO. The excess water from the
resultant slurry was evaporated on a stir-
ring hotplate. This step was repeated until
all the vanadate solution was added. The
slurry was concentrated on the hotplate
into a thick paste form. This paste was then
dried at about 80°C overnight. The dried
solid was calcined in air at 580°C for 6 h.
The catalyst used in this study was labeled
19V-Mg-0 and its composition as deter-
mined by atomic absorption spectroscopy
was 19 wt% V,0s and 81 wt% MgO. The
BET surface area was 48 m?/g.

Zn0O was prepared by precipitation from
a zinc nitrate (Aldrich, ACS grade) solution
with sodium carbonate (Alfa Products,
ACS grade). The precipitate was suction-
filtered and washed with distilled water.
The cake was dried in air at about 80°C
overnight and then calcined in air at 400°C
for 6 h. The BET surface area was 10 m?/g.

Self-supporting catalyst wafers were
made by pressing 0.033 g of the powder
with a hydraulic press at 7 MPa pressure.
They were used instead of loose powder so
that desorbed species could desorb into the
postcatalytic volume directly without hav-
ing to pass through a layer of supporting
quartz wool. The diameters of the wafers
were 14 mm, and the thicknesses were less
than 1 mm. Wafers of different weights
were obtained by cutting equal parts from
both the top and the bottom of a wafer using
a sharp razor blade. Wafers of 0.016, 0.021,
and 0.027 g were used.

Experimental Apparatus

A quartz reactor with an inner and an
outer diameter of 15.5 and 17 mm, respec-
tively, was used in a horizontal position.
The catalyst wafer was positioned upright
in a specially designed quartz holder inside
the reactor as shown in Fig. 1. A short
quartz cylinder (inner and outer diameters
were 13 and 14 mm, respectively and a
length of 25.4 mm) with four fingers at-
tached to one end of the cylinder was used
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F1G. 1. Schematic diagram of the reactor.

as the holder for the catalyst wafer. On one
side of the catalyst wafer the reactor vol-
ume was packed with a 3-mm layer of
quartz wool followed by quartz chips. An
about 2.5-cm length of the reactor on the
other side could be left empty as the void
volume. Since the reactant feed could be
controlled to enter the reactor from either
end by a 4-way Carle valve, this void vol-
ume could act as either a precatalytic (be-
fore the catalyst wafer) or a postcatalytic
(after the catalyst wafer) volume. The re-
mainder of the reactor was packed with
quartz chips. The same void volume was
used without a catalyst wafer to obtain ox-
idative pyrolysis resuits.

Quartz chips were found to be very effec-
tive radical quenchers. In an empty reactor
(volume = 63.2 = 0.2 ml), a propane con-
version of 90% was observed at 570°C using
a feed of 4 vol% propane, 8 vol% oxygen,
and the balance helium and a total flow rate
of 100 ml/min. When the reactor was
packed with quartz chips, the propane con-
version was reduced to about 1%. There-
fore, in all the experiments any unused por-
tion of the reactor volume was packed with
quartz chips to minimize unwanted gas-
phase reactions.

The temperature outside the reactor was
measured by a thermocouple positioned
such that the tip touched the outside wall of
the reactor at the position of the catalyst
wafer. The thermocouple was used as input
to the temperature controller. The tempera-

ture on the outside of the reactor along the
position of the void volume was maintained
constant to within *+1.5°C. Unless speci-
fied, the temperatures referred to here are
the temperature readings on the outside
wall of the reactor. The radial and axial
temperature profiles in the void volume in-
side the reactor were determined using
chromel-alumel thermocouples. The ther-
mocouple tips were directly exposed to the
reaction mixture, and the wires were insu-
lated with MgO packed in a stainless-steel
sheath. The radial temperature profile was
measured by three thermocouples posi-
tioned at the center of the void volume, at
the wall of the catalyst holder, and roughly
in between these two thermocouples. The
axial temperature profile was measured by
moving the thermocouples inside the reac-
tor from nearly touching the catalyst wafer
to the end of the void volume.

The reaction feed was 4 to 8 vol% pro-
pane (Linde, CP grade), 8 to 16 vol% oxy-
gen (Linde, hydrocarbon free grade), and
the balance helium (Linde, Zero grade).
The flow rate was 100 ml/min unless indi-
cated otherwise, and the furnace tempera-
ture was set at 556 and 570°C. The reaction
products were analyzed by on-line gas
chromatography. Two columns were used
in parallel to separate the products: an 8 ft
X g in. carbosphere column at 40°C to sepa-
rate oxygen, carbon monoxide, and meth-
ane, and a 12 ft X % in. tetraglyme coated on
Chromosorb P column at 0°C to separate
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F1G. 2. Product selectivities (C; basis) and conversions of oxidative pyrolysis of propane at 570°C as
a function of residence time. C;Hy/O,/He = 6/12/82.

the hydrocarbons. Hydrogen and water
were not analyzed.

RESULTS
Oxidative Pyrolysis

The oxidative pyrolysis of propane with-
out catalyst was investigated at reaction
temperatures of 556 and 570°C and at resi-
dence times up to 2.4 s. Residence times
were obtained by dividing the volume of the
reaction zone (5.6 = 0.2 ml) by the volu-
metric flow rate of the feed measured at
reaction temperatures. The actual resi-
dence times of the gases in the reaction
zone were slightly less, depending on the
conversion, since there was an increase in

the number of moles of gas because of the
oxidative pyrolysis reactions. The resi-
dence times were varied by changing the
flow rate. Figure 2 shows the product distri-
bution as a function of residence time at
570°C. Below about 45% conversion or 3.5
s residence time, propene and ethene were
the major products. The minor products
were methane and carbon oxides. No eth-
ane, oxygenates, or C4 hydrocarbons were
detected. The carbon balance in all the re-
action runs was within =3%. As the resi-
dence time increased, the selectivity to pro-
pene decreased, while the selectivities to
the other products increased. A similar
trend was also observed at 556°C as shown
in Fig. 3.

80
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F1G. 3. Product selectivities (C; basis) and conversions of oxidative pyrolysis of propane at 556°C as
a function of residence time. C;Hy/O,/He = 6/12/82.
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TABLE 1

Oxidative Pyrolysis of Propane in a Void Volume of 5.6 ml

Temperature
556°C 570°C

Feed (C;H;: O,: He) 4:8:88 6:12:82 8:16:76 4:8:88 6:12:82 8:16:76
C;H; conversion (%) 2.8 3.8 8.7 8.1 14.6 231
0O, conversion (%) 1.5 1.8 2.0 2.5 2.7 6.5
Carbon product distribution (% C;Hjg basis)

CO 0.5 1.2 2.3 1.2 5.7 5.5

CO, 2.6 4.0 2.4 0.8 1.5 1.8

CH, 2.7 3.4 2.8 6.2 6.3 6.5

C,H, 13.8 14.2 14.4 19.8 19.0 21.6

C;H¢ 80.4 79.2 78.1 71.9 67.5 64.7

The effect of the partial pressures of pro-
pane and oxygen was studied at 556 and
570°C. The propane concentration was in-
creased from 4 to 8 vol% while maintaining
the O,/C;H; ratio at 2. As expected, the
conversion increased with the partial pres-
sure of propane and oxygen as shown in
Table 1 for reaction temperatures of 556
and 570°C, respectively.

The reaction temperature had a pro-
nounced effect on the reaction kinetics and
induction period. As shown in Figs. 2 and
3, the induction time decreased from about
1.2 to 0.4 s as the temperature was in-
creased from 556 to 570°C. The reaction
rate increased by a factor of about 3 as the
temperature was increased from 556 to
570°C as shown in Table 1. The product
distribution was only slightly affected by
the temperature. For a given conversion,
propene selectivity decreased slightly and
ethene selectivity increased slightly as the
temperature increased.

Catalytic Activity of V-Mg—0O Catalyst

To determine the activity of the catalyst
wafer without contribution from gas-phase
reactions, the reactor was filled with quartz
chips up to the catalyst wafer. In this ar-
rangement, any radicals desorbed from the
catalyst into the gas phase would be
quenched immediately by the chips. The
major products of the reaction were pro-

pene, CO, and CO,. Ethene was the minor
product. Ethane was not detected. The car-
bon balance in all the reaction runs was
+3%. Thus little or no oxygenates were
formed. Column 1 in Tables 2 and 3 lists
some sample product distributions obtained
at 556 and 570°C. At 10% conversion, the

TABLE 2

Conversion and Selectivity of Catalyst Wafer (1),
Void Volume (2), Precatalytic Volume + Catalyst Wa-
fer (3), and Catalyst Wafer + Postcatalytic Volume
(4), T = 556°C, Weight of V-Mg-O Catalyst Wafer =
0.021 g

1 2 3 4

Feed composition C;Hg: O,: He = 6:12:82 vol%

C3H, conversion (%) 10.8 3.8 167 22.5
0O, conversion (%) 10.9 1.3 149 136
Carbon product sel. (%)
CcO 14.4 0.2 149 110
CO, 28.1 4.0 20.8 134
CH, 0.5 3.4 2.6 2.9
C,H, 1.4 132 8.9 13.1
C;H¢ 556 792 3528 596
Feed composition C;Hg: O,: He = 8:16:76 vol%
C;Hj; conversion (%) 11.3 8.7 249 328
O, conversion (%) 10.2 2.0 23.0 19.1
Carbon product sel. (%)
Cco 17.6 23 136 122
CO, 30.2 2.4 202 119
CH, 0.8 2.8 1.5 2.9
C,H, 1.3 144 11.3 146
C;Hq 50.1 78.1 534 584
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TABLE 3

Conversion and Selectivity of Catalyst Wafer (1),
Void Volume (2), Precatalytic Volume + Catalyst Wa-
fer (3), and Catalyst Wafer + Postcatalytic Volume
4), T = 570°C, Weight of V-Mg-O Catalyst Wafer =
0.021 ¢

1 2 3 4

Feed composition C;Hg: O,: He = 6:12:82 vol%

C;H; conversion (%) 15.2 146 332 462
O, conversion (%) 15.7 27 237 27.1
Carbon product sel. (%)
CO 15.3 5.7 18.0 163
CO, 28.6 1.5 208 9.8
CH, 1.7 5.3 5.1 6.2
C,Hy 38 190 152 228
C;H, 50.6 68.5 40.9 44.9

Feed composition C;Hg: O,: He = 8:16:76 vol%

C;H; conversion (%) 170 23.1 423 693
0, conversion (%) 12.0 6.5 419 387
Carbon product sel. (%)
CO 15.4 5.5 207 214
CO, 26.2 1.8 17.1 8.5
CH, 1.3 3.5 4.5 5.4
C,H, 45 186 17.2 27.4
C;H¢ 52.6 70.7 40.5 373

selectivity for propene using a wafer was
about 10% lower than that using a powder
catalyst (10, 12). The conversion of pro-
pane increased as the partial pressure of
propane was increased from 4 to 8 vol%
while the C;Hg/O, ratio was maintained
constant at 1/2. Assuming that the rate of
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reaction was independent of the oxygen
partial pressure as reported earlier (10), the
reaction order in propane partial pressure
was calculated to be 0.6, which is consis-
tent with the results reported earlier (10).

Precatalytic Volume and V-Mg—-O
Catalyst

The conversions and the product selec-
tivities in the precatalytic volume arrange-
ment were determined at 556 and 570°C us-
ing a feed that contained 4 to 8% propane
and a fixed ratio of oxygen to propane of 2.
Column 3 in Tables 2 and 3 shows the typi-
cal results obtained at 556 and 570°C, re-
spectively. Also shown in these tables are
the activities of the catalyst wafer (column
1) and of the void volume (column 2), which
were determined individually.

V-Mg-0 Catalyst and Postcatalytic
Volume

The conversions and product selectivi-
ties for the postcatalytic volume arrange-
ment were determined. Column 4 of Tables
2 and 3 shows the typical results obtained at
556 and 570°C, respectively. The major
products were C;Hg, C,Hy, CHy4, CO, and
CO,. Ethane was not found. The carbon
balances in all the reaction runs were +3%.
Thus little or no oxygenates were formed.
At 556°C or higher, the propane conver-
sions in this arrangement (Xp.) were

140
120{
C3/02/He
_. 1001 —u— 4888
ot — 6/12/82
804 —a— 8/16/76
60-
40

T L
0.016 0.021

-
0.027

Weight of Catalyst Wafer (g)

F1G. 4. Extent of enhancement (E) as a function of the weight of catalyst wafer at 570°C.
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FiG. 5. Extent of enhancement as a function of pro-
pane concentration at 570°C. Oxygen concentration =
8%, 0.021 g catalyst.

higher than the precatalytic volume ar-
rangement (X,.) under otherwise identical
conditions.

The extent of enhancement in the con-
version of propane, E, can be defined as

E (%) = )—(B—‘X———Xﬂ—e x 100,
vol

where X, is the propane conversion in the
void volume which was determined inde-
pendently (column 2 in Tables 2 and 3). It
was found that E increased with the weight
of the catalyst wafer, the partial pressure of
propane and oxygen, and the propane/oxy-
gen ratio as shown in Figs. 4 and 5. No
enhancement was observed at 540°C.

Temperature Measurements

The axial temperature profile at the cen-
tral position in the void volume was mea-
sured in both the precatalytic and the post-
catalytic volume arrangements using a feed
of 6% propane, 12% oxygen, and the bal-
ance helium, a 0.021 g catalyst wafer, and a
reaction temperature of 570°C. The results
are shown in Figs. 6 and 7. In the absence
of the catalyst wafer, a temperature rise of
about 4°C was detected in the void volume
due to the oxidative pyrolysis reactions.
For the ZnO catalyst in the precatalytic vol-
ume arrangement, a temperature rise of
about 20°C was observed near the wafer,
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F1G. 6. Axial temperature profile measured from the
position of the catalyst wafer in the void volume in the
precatalytic arrangement. 0.021 g of V-Mg-O cata-
lyst, 570°C, C;Hs/O,/He = 6/12/82.

which decreased gradually to about 4°C
away from the wafer, which was the tem-
perature rise due to the oxidative pyrolysis
reactions. The temperature profile was sim-
ilar in the postcatalytic volume arrange-
ment, except that the magnitude of the tem-
perature rise was slightly higher. For the
V-Mg-O catalyst, the rise was about 11°C
near the wafer and decreased gradually to
about 4°C away from the wafer. Again, the
magnitude of the rise was slightly larger in
the postcatalytic than the precatalytic vol-
ume arrangement.

Figure 8 shows the radial temperature
profile in the postcatalytic arrangement us-
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FiG. 7. Axial temperature profile measured from the
position of the catalyst wafer in the void volume in the
postcatalytic arrangement. 0.021 g of V-Mg-~O cata-
lyst, 570°C, C;Hgy/O,/He = 6/12/82.
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Fic. 8. Radial temperature profile measured from
the center to the wall of the reactor in the postcatalytic
volume arrangement. Same conditions as those in
Fig. 7.

ing the V-Mg-0 catalyst. The temperature
in the central position was always the high-
est, whereas that near the holder wall was
the lowest. The difference between the two
positions near the catalyst wafer was 5°C,
which decreased to only 1°C at the end of
the void volume. The temperature profile
was similar in the precatalytic volume ar-
rangement, except that the magnitude of
the difference near the catalyst wafer was
4°C.

ZnO Catalyst

The catalytic activity of ZnO catalyst
was determined at 570°C using a feed of

TABLE 4

Conversion and Selectivity of Catalyst Wafer (1),
Void Volume (2), Precatalytic Volume + Catalyst Wa-
fer (3), and Catalyst Wafer + Postcatalytic Volume
4), T = 570°C, feed (CsHg: O,: He = 6:12:82 vol%),
Weight of ZnO Catalyst Wafer = 0.0984 g

NGUYEN AND KUNG

C;Hs/O,/He = 6/12/82. The propane con-
version and the product distribution are
shown in column 1 of Table 4. The selectiv-
ity to carbon oxides was about 90%. Other
minor products were propene and ethene.
Also shown in Table 4 are the results in
which the ZnO catalyst wafer was used in
the precatalytic (column 3) and postcata-
Iytic (column 4) volume arrangements.
Combustion was still the primary reaction
in these arrangements, but the selectivities
for ethene and propene were higher than
those in the absence of the void volume. It
should be noted that the conversion in the
precatalytic volume and the postcatalytic
volume arrangements were similar; that is,
there was no enhancement in conversion.

MgO Catalyst

The conversion and product distribution
for a 0.05-g MgO catalyst wafer were deter-
mined at 570°C with a feed of C;Hg/O,/He
= 6/12/82. The results are shown in Table 5.
In the absence of the void volume, the se-
lectivity to carbon oxides was 61%, while
the selectivity to propene was 30%. Other
minor products were ethene and methane.
Within experimental error, the conversions
in both precatalytic and postcatalytic vol-
ume arrangements were similar (Table 5).
Thus like ZnO, MgO did not cause any en-
hancement in the conversion.

TABLE 5

Conversion and Selectivity of Catalyst Wafer (1),
Void Volume (2), Precatalytic Volume + Catalyst Wa-
fer (3), and Catalyst Wafer + Postcatalytic Volume
4), T = 570°C, feed (C;Hs: O,: He = 6:12: 82 vol%),
Weight of MgO Catalyst Wafer = 0.050 g

1 2 3 4

1 2 3 4

C;H; conversion (%) 10.2 146 326 32.1
0O, conversion (%) 14.6 2.7 55.0 332
Carbon product sel. (%)
CO 39.7 5.7 145 10.1
CO, 49.9 1.5 522 372
CH, 0 53 1.0 3.7
C,H, 6.5 19.0 18.7 18.2
C;Hg 39 685 13.6 30.7

C;H; conversion (%) 120 146 30.8 31.6
0, conversion (%) 14.8 2.7 28.7 28.7
Carbon product sel. (%)
cO 8.5 5.7 128 6.8
CO, 52.2 1.5 246 209
CH, 2.6 5.3 4.9 5.9
CH, 6.3 19.0 17.5 228
C;H, 30.4 68.5 40.2 436




GASEOUS RADICAL GENERATION BY V-Mg-O CATALYST

DISCUSSION
Oxidative Pyrolysis

The results of the oxidative pyrolysis of
propane are shown in Figs. 2 and 3. The
conversion curves in these figures show the
presence of an induction period, which is
much shorter at the higher temperature.
The presence of an induction period is often
found in chain reactions, which has been
proposed for this reaction (/3). In the pro-
posed mechanism, the initiation steps are
(13)

C3Hg ol 'C2H5 + CH3 (l)
’CH3 + C3H8 d CH4 + 'C3H7 (2)
‘CHs + C3Hg — C;Hg + -C3H;  (3)
and the major propagation steps are
‘C3H; + O; — C3Hg + -HO;, 4)
‘C2H5 + Oz s C2H4 + HOZ (5)
'C3H7 d C2H4 + CH3 (6)
‘HO; + ‘-HO; — H,0, + O, )]
H02 + C3H8 d HzOz + 'C3H7 (8)
C;Hgz + O; —» ‘HO; + -CsHy )
H,0, — 2-OH (10)
C3H8 + -OH — ‘C3H7 + H20 (11)
The above mechanism explains the prod-
uct distribution obtained in this study. It
has been observed that the major products
are propene and ethene at low conversions.
The selectivity to alkenes decreases as con-
version increases, but for the same conver-
sion, it is higher than the values obtained in
reactions over ZnWQO, (/4) or over V-Mg-
O catalysts (/0). It is also higher than pyro-
lysis in the absence of oxygen (/3). The
product distributions obtained here are sim-
ilar to those reported by Layokun (/3) and
Taylor and Kulich (/5).
Catalytic Activity of V-Mg-0 Catalyst

The product selectivities and the reaction
orders using a wafer were similar to those
obtained using a powder catalyst. The
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slightly lower selectivities for propene
could be due to consecutive reactions of
propene formed inside the wafer.

For the catalyst wafer made with 0.021 g
of powder, an ‘‘effectiveness factor’” was
determined to be about 80-85% from the
ratio of the catalytic activity of the wafer
and the activity of the catalyst powder hav-
ing the same weight.

Zn0O Catalyst

As shown in Table 4, ZnO is not a selec-
tive oxidative dehydrogenation catalyst.
The major products are CO and CO;. This
is consistent with the results reported by
Takami and co-worker (/4). In the precata-
lytic and postcatalytic volume arrange-
ments, the propane conversions were 32.6
and 32.1%, respectively, 7.8 and 7.3%
higher than the conversions expected on
the basis of the independent measurements
of the wafer and the void volume. If the
wafer and the volume acted independently,
the total conversion should be 24.8%. The
increases are attributed to the effect due to
the heat of reaction, as is discussed later.

MgO Catalyst

As shown in Table 5, MgO is not a selec-
tive oxidative dehydrogenation catalyst.
The major product is CO,. Propene is pro-
duced with a higher selectivity than on ZnO
but is much lower than on V-Mg-O. In the
precatalytic and postcatalytic volume ar-
rangements, the propane conversions were
30.8 and 31.6%, respectively. These values
are 4.2 and 5.0% higher than the conver-
sions expected on the basis of independent
measurements of the wafer and the void
volume. If the wafer and the volume acted
independently, the total conversion should
be 26.6%. The increases are also attributed
to the effect due to the heat of reaction as
discussed in the next section. This is con-
sistent with the results of Lunsford and co-
workers, who have shown that MgO cata-
lysts are relatively inactive as alkyl radical
generators (16).
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TABLE 6

Conversions of Catalyst Wafer (1), Void Volume (2), Precatalytic Volume +
Catalyst Wafer (3), and Catalyst Wafer + Postcatalytic Volume (4) and Extent of

Enhancement (5) for 0.021 g V-Mg-0O

Catalyst Wafer

Feed T (°C) 1 2 3 4 5
(C3H8 : OZ: He) Xcat (%) Xvol (%) Xpre (%) Xposl (%) E (%)
4:8:88 570 11.0 8.1 22.4 28.6 77
6:12:82 570 15.2 14.6 33.2 46.2 89
8:16:76 570 17.0 23.1 42.3 69.3 117
4:8:88 556 7.7 2.8 12.3 15.6 118
6:12:82 556 10.8 3.8 16.7 21.5 152
8:16:76 556 11.3 8.7 24.9 32.8 91
4:8:88 540 14.0 13.6 0

Precatalytic Volume—V-Mg—-0O Catalyst
Arrangement

In the precatalytic volume arrangement,
the reactant feed first enters the void vol-
ume where oxidative pyrolysis occurs. The
reaction mixture then passes over the cata-
lyst wafer. If the void volume and the cata-
lyst wafer acted independently, the total
conversion should be the sum of the con-
versions due to the void volume and due to
the catalyst wafer. However, as shown in
Table 6, the observed total conversions are
consistently higher than the sum of the con-
versions of the catalyst wafer and the vol-
ume. This behavior is also observed using
ZnO or MgO as the catalyst (Tables 4 and
5). Since the catalytic properties of these
oxides are quite different, e.g., the product
distributions are different, it is likely that
the above observation is due to the heat of
reaction and not desorption of reactive in-
termediates that would induce reactions in
the gas phase. This is substantiated by the
following example.

In the experiment using C;Hg/O,/H, = 6/
12/82 at 570°C and 0.021 g of V-Mg-O, the
temperature in the void volume was found
to be higher than the outside furnace tem-
perature as is shown in Fig. 6. The tempera-
ture was as high as 582°C near the catalyst
wafer and decreased gradually away from it
to about 574°C. The conversion of propane

in this experiment was 33.2%, which was
3.4% higher than the expected conversion
of 29.8% if the wafer and the void volume
acted independently at 570°C. At 570°C, the
conversion in the void volume without the
catalyst was 14.6%, and it was 19% if the
temperature was 585°C. Thus a void vol-
ume hotter by 15°C would resuit in an
increase in conversion of 4.4%. Since the
void volume in the precatalytic volume
arrangement was not uniformly hot, the
increase in the total conversion would be
less than 4.4%, as was observed.

One would expect the thermal effect to
be much more significant with the ZnO cat-
alyst than with the V-Mg-O catalyst, since
the major products of the reaction on ZnO
are carbon oxides, and the combustion re-
action has a higher rate of heat release into
the gas phase than dehydrogenation reac-
tions. Indeed, the temperature rise near the
Zn0 catalyst wafer was 21°C (Fig. 6), much
higher than that detected when V-Mg-O
was used, and the total conversion was
32.6%, which was 8% higher than the sum
of the independent conversions of the cata-
lyst and the volume of 24.6%.

In view of these results, it is concluded
that the total conversion in the precatalytic
volume arrangement is due to the contribu-
tion of the conversion on the catalyst and
the conversion in the void volume at an ele-
vated temperature. There is no need to as-
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TABLE 7

Propane Conversions and Product Distributions in the Separate Reactor
Arrangement? (0.021 g Catalyst, C;Hg/O,/He = 6/12/82)

Catalyst®* Cat + Vol Cat + Vol

Void volume temperature (°C) 570 585
C;H; conversion (%) 15.4 27.9 33.9
0O, conversion (%) 13.6 18.1 29.6
Carbon product distribution (% C;Hjg basis)

cO 21.1 11.1 17.9

Co, 27.4 12.3 17.7

CH, 0 49 2.5

C,H, 3.3 14.1 14.1

C;H, 48.2 58.8 45.5

a Catalyst wafer in the first reactor, void volume in the second reactor.

5 No void volume in the second reactor.
¢ Catalyst wafer at 570°C.

sume any desorption of radicals from the
catalyst that could induce reactions in the
void volume.

Postcatalytic Volume Arrangement with
V-Mg—0O Catalyst

In the postcatalytic arrangement, the
feed first reacts on the catalyst wafer before
it enters the void volume, where oxidative
pyrolysis occurs. In this arrangement, if the
catalyst wafer and the postcatalytic volume
behave independently, the total conversion
should be the sum of the conversion due to
the void volume and that of the catalyst wa-
fer. However, as shown in Table 6, the ob-
served conversions are consistently higher
than the sum of the conversions of the void
volume and the catalyst wafer. They are
also higher than X,.. There are three possi-
ble explanations for the high value of Xp..
It could be a result of heats of reaction gen-
erated on the catalyst surface, reactions of
alkenes or other products with propane, or
reactions of propane initiated by the de-
sorption of free radicals or other highly
reactive intermediates into the gas phase.

The effect of the heat of reaction was ex-
amined as follows. In the experiment using
C3;Hg/Os/He = 6/12/82 at 570°C and 0.021 g
of V-Mg-O catalyst, the temperature pro-

file inside the reactor void volume was mea-
sured. The temperature in the void volume
was found to be higher than the outside fur-
nace temperature as shown in Fig. 7. If the
effect is entirely due to this increase in tem-
perature in the void volume, the same con-
version should be obtained if the catalyst
wafer and the void volume are separated so
long as the temperature of the void volume
is reproduced. To accomplish this, a series
of experiments were run using two reactors
in series. The first reactor contained only
the catalyst wafer at 570°C and no void vol-
ume. The second reactor contained only
the void volume and its temperature was
independently adjusted. In these experi-
ments, the products from the catalyst wafer
obtained at 570°C in the first reactor were
first quenched to room temperature and
then sent to the second reactor. The second
reactor was then heated to an outside fur-
nace temperature of 570 or 585°C. The
results of these experiments are shown in
Table 7. At 570°C, the total propane con-
version was 27.9%. This conversion was
comparable to the sum of the conversions
of the catalyst wafer and the void volume
shown in Table 6. At 585°C the total pro-
pane conversion was 33.9%. This 6% in-
crease in propane conversion represents
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the result of heating of the void volume
due to the heat of reaction released from
the catalyst. It also represents the maxi-
mum increase in propane conversion
caused by the thermal effect, since the high
temperature is maintained throughout the
second reactor in this control experiment
and does not fall off at one end as in Fig. 7.

The results of these control experiments
using separate reactors also exclude the
second possible explanation that the high
Xpost Values are due to reactions of alkenes
or other products with propane. No sub-
stantial reactions due to the oxidative py-
rolysis of methane, ethene, or propene oc-
curred at 585°C. Temperatures above 625°C
are required for methane oxidation (7), and
above 630°C for propene (/7). On the other
hand, thermal effect can account for the
high Xp.s values for ZnO and MgO. On
these two catalysts, the total conversions in
the precatalytic volume and the postcata-
lytic volume arrangements are similar. This
is consistent with the similar temperature
profiles in both arrangements for ZnO as
shown in Figs. 6 and 7. For the thermal
effect, the direction of flow of reactants
should not be important, which is what has
been observed.

It is likely that the enhancement of the
propane conversion in the postcatalytic
volume arrangement is due to gas-phase re-
actions induced by the desorption of reac-
tive intermediates from the V-Mg-O cata-
lyst. The extent of enhancement (E) as
defined represents the percentage increase
in the rate of propagation excluding that
due to thermal effects in the postcatalytic
volume above the rate of oxidative pyroly-
sis in the absence of the catalyst. It is im-
portant to emphasize that the thermal effect
has been corrected for in the calculation of
E by taking the difference between the con-
versions in the precatalytic and the post-
catalytic volume arrangements. If E is zero,
then the rate of propagation in the postcata-
lytic volume is identical to the rate of prop-
agation in the void volume at the same tem-
perature in the absence of a catalyst, which
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would indicate that there are no radicals de-
sorbed from the catalyst surface into the
gas phase. If E is greater than zero, it would
indicate that some radicals are generated by
the catalyst and desorbed into the gas phase
to enhance the propagation reaction in the
postcatalytic volume.

If radical desorption occurs in the post-
catalytic volume arrangement, the extent of
enhancement should increase with the
amount of radicals desorbed, which de-
pends on the weight of the catalyst wafer,
and the propane/oxygen partial pressure
and temperature. Indeed, E increases gen-
erally with increasing weight of the catalyst
wafer as shown in Fig. 4. Also, E increases
when the C;Hg/O, feed is increased from
4/8 to 8/16 as well as when the partial pres-
sure of propane is increased (Fig. 5).

From the activities and product distribu-
tions obtained in the postcatalytic volume
arrangement (column 4 of Tables 2 and 3)
and the corresponding data for the catalyst
wafer, the selectivity of product a formed in
the postcatalytic volume (S,,) can be calcu-
lated:

S = (SaX)post - (SaX)cat
® Xpost - Xcat ' '

These values are shown in Table 8. When
these product selectivities are compared
with those obtained in the oxidative pyroly-
sis at the same conversions, it is found that
at 556°C, the product distributions are very
similar, as shown in Table 8. At 570°C, the
selectivities to CO, CO,, and CH, are simi-
lar. However, the selectivities to ethene are
higher, while those to propene are lower
than those of oxidative pyrolysis. These
differences can be attributed to the higher
reaction temperature, 582°C, in the post-
catalytic volume due to the reactions on the
catalyst wafer than the reaction tempera-
ture in oxidative pyrolysis which is close to
574°C. It has been reported that in oxida-
tive pyrolysis the selectivity to ethene in-
creases while that to propene decreases as
the reaction temperature is increased (I3).
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Reaction Mechanism and Nature of
Desorbed Radicals

Previously, we proposed that the break-
ing of a methylene C—H bond in propane to
form an adsorbed propy! species and a sur-
face OH group is the first step of the reac-
tion (10, 11). The adsorbed propyl species
can react further by rapid breaking of a sec-
ond C-H bond at the neighboring carbon,
resulting in the formation of propene which
then desorbs from the surface. In addition
to the formation of propene, propyl species
also form carbon oxides on the surface.
This mechanism applies to reactions at tem-
peratures below 556°C. However, as the
results in this study show, above this tem-
perature, a heterogeneous—homogeneous
reaction pathway must be considered in ad-
dition to the surface reactions.

The fact that the product distributions
obtained in the postcatalytic volume are
similar to those obtained in the oxidative
pyrolysis reactions suggests that the reac-
tions in the postcatalytic volume proceed
according to the chain reaction mechanism.
It also indicates that the free radicals de-
sorbed from the surface are similar to those
generated in the oxidative pyrolysis reac-
tions. These reactive species include alkyl
and -OH which are known to be effective
radical propagators at high temperatures.
From the data presented, however, it is im-
possible to identify which radicals are de-
sorbed. We are attempting to model the re-
actions in the postcatalytic volume with the
hope of answering this question. Results of
the modeling study will be reported later.

In conclusion, we have shown that above
556°C reactive intermediates are desorbed
from the V-Mg-O catalyst during oxida-
tive dehydrogenation of propane. These de-
sorbed intermediates result in further reac-
tion of propane in the gas phase. Thus the
overall reaction mechanism of propane oxi-
dation on V-Mg-O catalyst consists of het-
erogeneous, heterogeneous—homogeneous,
and homogeneous reaction pathways at re-
action temperatures above 556°C.
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TABLE 8

Comparison of Product Distributions due to Reac-
tions in the Postcatalytic Volume in the Presence of
V-Mg-0 Catalyst and the Oxidative Pyrolysis (0.021
g Catalyst)

Postcat. Oxidative Postcat. Oxidative
volume pyrolysis volume pyrolysis
Reaction temperature: 556°C
C3Hg/Oy/He 6/12/82  6/12/82 8/16/76  8/16/76
C3Hs conv. (%) 17.8 17.8 21.5 21.5
Carbon prod-
uct distribution
(% C;Hj basis)
CcO 7.9 10.0 9.3 12.0
CO, 0 0 2.3 0
CH, 5.1 4.0 4.0 3.0
C,H, 23.8 19.0 21.6 21.0
C3H, 63.2 67.0 62.8 64.0
Reaction temperature: 570°C
C;Hs/0,/He 6/12/82  6/12/82 8/16/76  8/16/76
C;3Hg conv. (%) 31.0 31.0 54.3 54.3
Carbon product selectivity (%)
Cco 16.0 15.5 23.4 23.0
CO, 0.1 1.0 2.5 2.0
CH, 8.5 5.0 6.8 6.0
C,H, 33.4 25.5 35.2 26.5
CiHg 42.0 53.0 32.1 425
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