November, 1983] © 7983 The Chemical Society of Japan

NOTES

Bull. Chem. Soc. Jpn., 56, 3503—3504 (1983) 3503

Production of Ethylene and Propylene by the Vapor-phase Catalytic
Oxidative Dehydrogenation of Butane with Carbonyl Sulfide

Masamichi AkmMoTto,* Takashi Sakarani, and Etsuro EcHicova
Department of Chemical Engineering, Tokyo Institute of Technology, Ookayama, Meguro-ku, Tokyo 152
(Received May 24, 1983)

Synopsis. Ethylene and propylene were produced
at high vyields, additionally to butenes and butadiene, by
the vapor-phase oxidative dehydrogenation of butane with
COS over SiO,, Al,O,, MgO, and TiO, catalysts at 873—
923 K. The results of kinetic and mechanistic studies indi-
cate that ethylene and propylene are produced by the oxi-
dative dehydrogenation through a homolytic mechanism
followed by p-scission of the carbon-carbon bond.

Carbonyl sulfide undergoes catalytic decomposition
by either of the following two reactions.!)

COS - CO +8S, 8-S, (x=2, 4, and 8), (1)
2C0S — CO, + CS,. @)

Since the dissociation by the first reaction evolves
reactive sulfur atoms, many studies have been made
on the use of COS as an oxidant for the oxidative
dehydrogenation of lower paraffinic hydrocarbons and
alkyl-substituted ~aromatics.2®  Some mechanistic
studies have also been reported.®% In our recent
study on the vapor-phase oxidative dehydrogenation
of ethylbenzene by COS over SiO,, ALLO,, MgO, and
TiO, catalysts, we showed that the role of the metal
oxide catalysts is to decompose COS to CO--S, the
formed sulfur (maybe sulfur atom) then dehydro-
genating ethylbenzene in gaseous phase.? We also
showed that in addition to the thermocatalytic mecha-
nism proposed by Haas and KhalafallaV COS is
decomposed to CO+-S by the action of the reduction
sites.?> In the present paper, we report the production
of ethylene and propylene by the vapor-phase catalytic
oxidative dehydrogenation of butane with COS and
discuss the mechanism of the formation of these two
olefins. The catalytic oxidative dehydrogenation of
ethane, propane, and isobutane with COS has been
reported.3¥ However, no studies have been reported
on the catalytic oxidative dehydrogenation of butane
with COS and hence no results have been reported
of the formation of ethylene and propylene by the
catalytic oxidative dehydrogenation with COS.

Experimental

Vapor-phase catalytic oxidative dehydrogenation of hydro-
carbons was carried out using a conventional flow fixed-

bed reactor under atmospheric pressure. The shape of
reactor and method of reaction were the same as those in
our previous paper.”) Purchased COS of greater than 97.5
% purity and research grade paraffinic hydrocarbons(puri-
ty>999,) were used without further purification. The cata-
lysts (32—60 mesh) were prepared by the calcination of
their corresponding metal hydroxides at 1073 K (873 K for
TiO,) in air for 5 h. The surface areas determined by the
conventional B.E.T. method were 167 m2?g-! (SiO,), 178
m? g1 (ALO;), 40 m?g—! (MgO), and 48 m2g-1 (TiO,),
respectively. The gaseous reaction products (paraffins, ole-
fins, COS, CO, CO,, and H,S) were analyzed by gas chro-
matography using propylene carbonate (40 wt% on C-22,
17.0 m, room temperature), Porapak R(2.0 m, 363 K), and
molecularsieve 13X (1.5 m, room temperature) as separating
columns. Carbon disulfide was not analyzed.

Results and Discussion

Table 1 summarizes the catalytic results obtained
in the oxidative dehydrogenation of butane with COS
at 873 K. No reaction took place when the mixture
of butane and N, (butane 30.0 vol9%,) was fed over
these four metal oxide catalysts at 873 K. However,
such olefins as ethylene and propylene were produced
additionally to butenes and butadiene with an ac-
companying formation of H,S when COS was added
to the reacant mixture (Table 1. The yield of H,S
is not presented for the sake of simplicity). Both the
conversions of butane and COS decreased with time,
due to the formation of carboneceous materials at the
surface of the catalysts, and leveled off after a pre-
liminary period of 5h. However, it is evident that
ALO; had the greatest catalytic activity at the initial
stages of the reaction among these four metal oxide
catalysts (Table 1,A). This greatest initial catalytic
activity of Al,O, correlates its greatest concentration
of the reduction sites reported in our previous paper?),
suggesting the preferential role of the reduction sites
in the catalytic decomposition of COS to CO-S.
For some catalytic results, the conversion of butane
was greater than the yield of sulfur (=[conversion of
COS] x [COS decomposition to CO-S]) (Table 1,
Si0,-A,B, MgO-B, and TiO,-B). It seems that sulfur
was also evolved by the catalytic decomposition of

TaBrLe 1. REsuLTs OF THE CATALYTIC OXIDATIVE DEHYDROGENATION OF BUTANE BY COSB‘)
Conversion/%, " Yield/%, Selectivity/%,
Catalyst —— CO:) %%Tgl’%j‘“m ——
n-C,H,, COS ° CHppip® CH, C;H; C,olefins® C,H,+C;H; olefins
T AD  45.8  49.2 41.1 6.7 4.4 24.3 9.4 62.7 83.2
§io, {B°> 29.8 47.9 37.0 3.1 2.9 151 7.9 60.4  86.9
(AD 534 96.5 97.7 48 2.2 143 155 30.9 59.9
ALOs g0 26,6 42.0 61.4 2.7 1.4 7.3 135 32.7 83.5
A»  29.2  63.4 69.9 2.7 1.6 9.6 5.9 38.4 58.6
MSO"’{Bc) 124 104 64.4 1.3 05 45 2.7 0.3 62.1
Tio. [AY 470 813 94.2 41 2.0 13.0 12.1 31.9 57.7
10, {Bc) 189 14.7 73.5 1.0 1.0 45 6.3 2901 62.4

a) Reaction temperature: 873 K. Feed: 100 NTP cm?® min—! (n-C,H,, 30.0 vol%, COS 30.0 vol%, N, 40.0 vol%).

Contact time: 11.2 g-catalyst-h-g-mol-1.
g-mol-1. e) CHy+C,He+C;H;. f) n-CHg+ C,H,.

b) At 10min. c) At steady state.

d) Contact time: 3.7 g-catalyst-h-
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CH,-CH, —— CH,CH,

+2H. -H. .
CH,CH,CH,CH,; «—— 2-C,;H; — allylic intermediate
+H-

isomerization

CS, formed during the catalytic oxidative dehydro-
genation of butane by COS, as already seen in the
reaction of ethylbenzene by COS.%

The most important finding that Table 1 provides
is that cthylene and propylene were produced addi-
tionally to butenes and butadiene in the catalytic
oxidative dehydrogenation of butane by COS. The
combined yield of ethylene and propylene was high,
18.0—28.7Y, (selectivity 60.4—62.7%) and 8.7—16.5
% (30.9—32.7%), over SiO, and ALO, catalysts,
respectively, and the total selectivity to olefins was
also high, 83.2—86.99%,, over SiO, catalyst. It is to
be noted that the yield of propylene was always greater
than that of ethylene for all of the catalysts employed
(Table 1). At 923 K, the combined yield of ethylene
and propylene over SiO, catalyst determined after a
preliminary period of 10 min increased to 60.3%, (se-
lectivity 64.19%,) whereas that of butenes and butadiene
remained nearly unchanged, 8.29,. In contrast to
the reaction of butane, no such olefins as ethylene
and propylene were produced when #rans-2-butene was
similarly reacted at 873 K (e.g., SiO, catalyst, con-
version 48.19,, total yield of butenes 33.29,, and
yield of butadiene 10.09%,).

In the oxidative dehydrogenation of butane by COS
over SiO, catalyst at 873 K, the reaction order in
butane was unity and that in COS was 0.2—0.3.
Assuming the first order kinetics for the oxidative
dehydrogenation of paraflinic hydrocarbons, the rate
constant for the oxidative dehydrogenation of ethane,
propane, and isobutane by COS over SiO, catalyst
was determined at 873 K using an integral reactor
(Table 2). The rate constant £ for the paraffinic
hydrocarbons follows the order: ethane<propane<
isobutane. The order of the reactivity of these hydro-
carbons is much more obvious when the value of the
rate constant £ is normalized to one most-reactive
hydrogen (&', Table 2). That is, the reactivity of
hydrogen for the oxidative dehydrogenation by sulfur
follows the order: primary hydrogen < secondary
hydrogen< tertiary hydrogen. This order of the reac-
tivity of hydrogen correlates the value of the C-H
bond dissociation energy (Table 2). As reported pre-
viously by Haag and Miale, we may thus conclude
that the oxidative dehydrogenation of these paraffinic
hydrocarbons by sulfur proceeds through a homolytic
mechanism. On the other hand, no formation of
olefins other than isobutene in the reaction of isobutane
(Table 2) indicates that no a-scission of the carbon-
carbon bond took place during the oxidative dehy-

[-=

CH,-CH-CH=CH,
TABLE 2. SUMMARY OF THE RATE CONSTANTS FOR THE
CATALYTIC OXIDATIVE DEHYDROGENATION OF LOWER
PARAFFINIC HYDROCARBONS BY COS®

& Number and type B.D.E.© Conversion kO ke
Paraffin of hydrogen® kJ mol! % x102  x10?
C.H, 6p 410 22.3 2.25 0.38
C,H, 2s 395 23.9 2.44 1.22
i-CHyo 1t 380 24.9 2.56 2.56

a) Catalyst: SiO,. Reaction temperature: 873 K. Feed: 100 NTP cm?® min-!
(paraffin 30.0 vol%, COS 30.0vol%, N, 40.0vol%). Contact time: 11.2g-
catalyst-h-g-mol-1. Product: C,H;—C,H,, C;H—>C,Hy, i-C;H,;o—i-C;H,. b), c)
For the weakest C-H bond. C-H bond dissociation energy (B.D.E.): Ref. 6.
d) g-mol (g-catalyst-h-atm)-1. e) Normalized to one most-reactive hydrogen.

drogenation of paraffinic hydrocarbons by COS at
873 K.

Based on the above findings made in the present
work, we propose the following reaction scheme for
the oxidative dehydrogenation of butane by COS over
these metal oxide catalysts. The oxidative dehydro-
genation of butane by sulfur takes place mainly in
gaseous phase and it proceeds more preferentially via
an intermediate In, than »ia the another In,, as indi-
cated by the relative reactivity of the hydrogens (Table
2). The greater yields of propylene than ethylene
and no formation of these two olefins from trans-2-
butene found in the present work (Table 1) support
this reaction scheme. The hydrogenation of hydro-
carbon species does not take place extensively as seen
in the small values of the combined yield of methane,
ethane, and propane (Table 1). The hydrogens used
for the hydrogenations must have been supplied from
HS, (maybe x=1 and/or 2). The mechanism of the
formation of carboneceous materials at the surface of
the catalysts remains unknown.
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