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The catalytic oxidation of ethylbenzene with sulfur dioxide gives styrene in high
vields (90% selectivity at 95% ethylbenzene conversion) over a number of catalysts.
Catalyst activity declines due to coke formation but activity can be restored by air
regeneration. The reaction rate increases almost linearly with pressure, with a simi-
lar increase in coke formation. Water retards the rate. Both ethyl groups in the
diethylbenzenes can be converted to vinyl groups but the ortho-divinylbenzene is
very rapidly cyclized to naphthalene. Alpha-methylstyrene is produced from iso-
propylbenzene in only 60-70% selectivity due to side reactions. Toluene is converted
to a solid product containing both sulfur and oxygen. 1,5-Cyclooctadiene, 1,59-
cvclododecatriene, and 1,24-trivinylevclohexane are not converted to vinylic ben-
zenes in high selectivity, due to competing reactions.

INTRODUCTION As the following thermodynamic data indi-

The catalytic oxidation of certain olefins cate, the equilibrium constant, Kp, of this

with molecular oxygen proceeds with good reaction becomes increasingly favorable to

selectivity and is fairly well understood ethylbenzene formation with increasing
(1), but the corresponding oxidation of temperature:

ErnyrBeNzENE DEHYDROGENATION THERMODYNAMICS (9)

Temp (°C) 316 427 482 538 599 649
AH (keal/mole Etg) 21.92 21.99 21.98 21.95 21.91 21.84
logiKp 2496 4.661 5.493 6.216 6 861 7 413

alkylaromatics, which should be similar The heat of reaction, AH, shows that the
according to the reactivities of the C-H reaction is appreciably endothermic but
bonds, is not particularly selective, due to practically constant with temperature. It
dealkylation and complete combustion is less endothermic than the similar sulfur
(2). The use of sulfur dioxide instead of dioxide dehydrogenation of alkanes to
oxygen as a milder oxidant has been shown form olefins, which for butane dehydrogena-
to give much higher yields in certain sys- tion to butylene is approximately 25 keal/
tems (3), and the oxidative dehydrogena- mole at 400°C.
tion of alkylaromaties using sulfur dioxide
proceeds with remarkably high yields (4).
This report summarizes some further in-
vestigations of the oxidation of alkylaro- The exploratory studies reported here
matics with sulfur dioxide. were carried out using equipment and
The overall reaction for the dehydrogena-  techniques described earlier (3). A fixed
tion of ethylbenzene to styrene with sulfur 1aq of catalyst was used in a small quartz
dioxide can be written as reactor at atmospheric pressure with a flow
3CH.CH + SO, 2 3CH,CH, + HS 4+ 2H,0.  system. A more detailed study of ethyl-
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benzene oxidation was made using a larger
stainless steel reactor described below. The
vapor effluent from the reactors was moni-
tored and analyzed using a mass spectrom-
eter. GHSYV refers to the total feed gas
hourly space velocity (volumes of feed,
calculated at STP, per bulk volume of
catalyst per hour).

The more detailed studies of ethylben-
zene oxidation were made with a calcium-
nickel phosphate catalyst which was pre-
pared as follows: 413.4g of Ca(NOs),-
4,0 and 72.7g of Ni(NO;). 6H:0 were
dissolved in about 2 liters of water. An am-
monium phosphate solution was then pre-
pared by dissolving 264.2 g of (NH,),HPO,
in about 2 liters of water and the calcium-—
nickel nitrate solution was added slowly
with stirring while also adding ammonium
hydroxide (1 cone NH,OH:1H,0) to main-
tain the pH at about 8. The pale green
precipitate was filtered and washed with
water, then dried at 115°C. The light ivory-
colored dry material was crushed and
screened to 10-20 mesh size, and finally
calcined for 2 hr at 500°C.

Ethylbenzene, sulfur dioxide, and argon
were metered separately and fed through
heated lines to a fixed bed reactor contain-
ing 20 em® (4.60g) of catalyst in a 12-in.
bed. All gases and liquids were fed to
rotameters at 100 psig and flow rates were
controlled following the rotameter. The large
reactor was of 1144-in. i.d. stainless steel,
33-in. long. Into this was inserted an
aluminum liner %%-in. o.d. XX 0.058-in. wall
thickness flared at one end to make a flange
at the bottom to seal between the steel
tube and the take-off fittings. This alumi-
num liner extended the whole length of the
reactor tube. The catalyst was loaded from
the reactor bottom around a 34-in. o.d.
aluminum thermowell sleeve and held in
place with Pyrex glass wool and aluminum
spacers above and below the bed. This use
of aluminum liners ensured that the reac-
tant gases in normal flow through the re-
actor did not contact steel except by slow
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diffusion. Bed temperatures were measured
by four thermocouples spaced at intervals
down the bed in a stainless steel thermo-
well running up the center of the reactor
from the bottom inside the aluminum
thermowell sleeving. The reactor was
heated by a four-section furnace controlled
by four thermocouples taped to the outside
wall of the reactor. The hot effluent vapors
were sampled continuously at about 200°C
in a mass spectrometer. All data in this re-
port are based on the analyses of these hot
vapors before cooling below about 200°C.
On cooling to room temperature further re-
action occurs, for example, between prod-
uct hydrogen sulfide and excess sulfur
dioxide to form sulfur. The main product
stream after passing through the condenser
and liquid-gas separator was put through
a water spray chamber. Product gases,
finely divided (aerosol) solids, and wash
water were then released to drain and vent
through a Grove back-pressure regulator.
This wash chamber was found to be neces-
sary to remove finely divided sulfur, formed
on cooling the product gases, which passed
as a smoke through the various trapping
stages and deposited in the Grove regulator,
frequently causing the regulator to mal-
function. Water for the spray stage was
pressured to 100 psig. Pressures were mea-
sured using brass or stainless steel Bourdon
tube-type gages. Pressures given are those
measured at the top of the catalyst bed.
During operation at “atmospheric” pres-
sure in this unit, a pressure drop of about
0.5 atm existed across the reactor. Since
the outlet pressure was atmospheric these
runs were made at an effective pressure of
about 1.25 atm.

“Coke” deposited on the catalyst during
these reactions unfortunately was not mea-
sured in most cases. In a few runs with
ethylbenzene where the coke make was
measured it averaged 3-5% of the ethyl-
benzene converted.

In the data which follow, conversion was
calculated as:

100 (total C atoms in all products)

total C atoms in all products + C atoms in unreacted feed’
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for the hydrocarbon feed materials, and
similarly based on S atoms for sulfur di-
oxide conversion. Selectivity was calculated
as:

100 (C atoms in given product)
total C atoms in all products

REsuLTs

Ethylbenzene

The oxidative dehydrogenation of ethyl-
benzene to styrene with sulfur dioxide over
selected catalysts proceeds extremely well.
The only by-product of significance, other
than a small amount of combustion, is
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benzothiophene, which is formed by a sub-
sequent reaction of the styrene. Single-pass
yields (conversion X selectivity) of styrene
well over 80% can be obtained. Results
with caleium-nickel phospliate are given
in Table 1. Best results are obtained at
about 550°C since operation at lower tem-
peratures results in more benzothiophene at
the same conversion. Conversion-selectivity
data at 550°C are shown in Figure 1. Se-
lectivity to styrene is well above 90% until
very high conversions are reached, where
benzothiophene starts to be formed. These
data do not include coke formation and so
are probably 3-5% higher than when coke
is included. The catalyst gradually loses

TABLE 1
OxIDATION OF ETHYLBENZENE WITH SULFUR DI1oxIpE ovER CALCIUM-NICKEL PHOSPHATE
Coke not included; silica reactor.

Selectivity (%)

Press (atm) Conv (%) C:Hs
Time Temp + GH:,O C8; + CO8
(Inln) CSH!O SO2 GHSV (OC) SO2 CgHm C3H3 CsHGS + CsHs + COQ + CO
10 0.12 0.29 500 450 5 4 68 1 4 24
25 0.12 0.29 500 450 13 36 88 5 1 5
40 0.12 0.29 500 450 15 58 80 14 1 4
55 0.12 0.29 500 450 14 61 79 13 1 5
70 0.12 0.29 500 450 16 54 83 10 1 4
100 0.12 0.29 500 450 14 45 82 9 1 5
145 0.12 0.29 500 450 12 38 85 6 2 4
205 0.12 0.29 500 450 10 32 88 5 0 4
10 0.09 0.45 600 500 27 99 70 24 0 5
25 0.09 0.45 2000 500 24 76 91 4 0 3
22 0.14 0.14 2100 500 24 47 96 3 0 0
52 0.14 0.14 2100 500 15 30 97 1 0 1
82 0.14 0.14 2100 500 13 24 93 1 0 1
97 0.14 0.14 2100 500 11 21 94 1 0 1
25 0.12 0.29 930 550 23 94 87 10 0 2
55 0.12 0.29 930 550 18 92 91 5 1 2
145 0.12 0.29 930 550 19 92 91 4 2 2
295 0.12 0.29 930 550 19 86 91 2 2 2
340 0.12 0.29 930 550 21 81 90 3 3 2
10 0.09 0.45 6600 550 21 64 93 3 0 2
25 0.09 0.45 6600 550 19 47 92 1 0 3
40 0.09 0.45 6600 550 19 38 92 0 0 4
55 0.09 0.45 3300 550 20 68 92 2 0 3
70 0.09 0.45 3300 550 19 64 91 2 0 4
10 0.14 0.14 17000 550 12 22 97 1 0 0
25 0.14 0.14 17000 550 7 12 96 0 0 1
40 0.14 0.14 17000 550 5 8 91 0 1 1
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TABLE 2
OXIDATION OF ETHYLBENZENE WITH SULFUR DIioximg
Coke not included, silica reactor; Pegr,, = 0.09 atm; Pgo, = 0.45 atm.

Selectivity (%)

Conv (%)
Time Temp C:Hs + C:HO C8, + COS
(min) GHSV °C) SO. CsHyy CsHy CsH,S + CeH, + CO; + CO
Caleium phosphate
10 3400 450 8 57 87 2 6 5
40 6700 500 10 53 90 2 5 2
87 5000 550 15 77 85 6 5 4
Vanadium phosphate
57 700 500 6 27 82 2 9 7
85 300 550 17 85 74 13 5 8
120 700 600 16 93 73 17 5 4
150 1000 600 10 71 80 9 7 5
Indium phosphate
7 1700 450 6 22 60 30 3 7
45 700 500 9 70 84 9 3 4
60 700 550 9 86 82 11 3 4
90 1400 600 10 80 87 7 3 3
Bismuth phosphate
7 1700 450 7 32 79 12 6 4
25 1700 500 7 48 89 6 3 3
32 1700 550 8 64 90 5 2 3
47 1700 600 11 93 85 11 2 2
Chromium phosphate
20 300 450 5 19 76 3 8 14
35 300 500 7 54 83 7 5 5
50 700 550 7 64 86 7 2 4
65 1000 600 9 66 88 5 4 3
Cobalt phosphate
7 1700 450 10 50 73 22 2 3
25 1700 500 11 79 91 4 2 3
40 3400 550 10 70 93 3 1 1
55 5100 600 13 79 93 2 2 2
70 3400 600 15 97 87 8 2 4
Bismuth-iron phesphate
20 700 450 7 64 88 6 2 4
50 1000 500 9 76 93 3 2 3
65 1700 550 12 92 92 4 1 2
85 3400 600 16 98 86 8 2 5

activity with time, due to coking, but the
activity is restored by air regeneration.
Figure 2 shows catalyst activity with time
at two temperatures. At 450°C there ap-
pears to be an induction period, followed
by a fairly rapid decline. However, at

550°C the induction period is apparently
absent or quite short and activity declines
only slowly for a period of over 4 hr. Sev-
eral other phosphate catalysts were ex-
amined and the results are given in Table
2. All of these catalysts are quite good for
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Fia. 1. Oxidation of ethylbenzene with sulfur dioxide over calcium-nickel phosphate at 550°C; coke not

included.

this reaction. Calcium-nickel phosphate,
bismuth-iron phosphate and cobalt phos-
phate are particularly outstanding.
Catalyst deactivation and regeneration.
Since the catalyst loses activity during
operation, it was necessary to determine

how reproducible was the activity varia-
tion with standard atmospheric pressure
operation, and how complete was regener-
ation, before other operating variables
could be investigated in the larger reactor.
Figure 3 shows the good reproducibility ob-

F1c. 2. Activity change with time for calcium-nickel phosphate catalyst; coke not included.
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Fic. 3. Catalyst activity variation after regeneration; 555°C, atmospheric pressure; coke not included.

tained for the variation of ethylbenzene
conversion with operating time for a feed
of 70 ml/min of ethylbenzene, 330 ml/min
of sulfur dioxide, and 270 ml/min of argon
at about 555°C over 20 em® of calcium-
nickel phosphate. Run 74 was made on the
fresh catalyst, 77 was made after regener-
ation in a stream of “air” (Ar/O, 200 ml/
min) at 420-450°C, 83 was made after 4
dehydrogenation-regeneration cycles, while
97 was made after 11 such cycles.

In a study of the influence of coke
deposition on the activity of heterogeneous
hydroisomerization catalysts, Van Zoonen
(6) found that, under constant operating
conditions, as the catalyst became coked
the conversion of olefin decreased according
to the square root of the process time fol-
lowing catalyst regeneration. In Fig. 4
some of the atmospheric pressure data ob-
tained here are plotted in this form at con-
stant pressure and temperature and appear
to fit the relationship fairly well. The num-

bers alongside each curve indicate the num-
ber of test-regeneration cycles to which
the catalyst had previously been subjected.
The data of both Figs. 3 and 4 indicate that
the activity of the catalyst was slowly de-
creasing with each test-regeneration cycle,
but such activity loss could probably be
slowed by carrying out the catalyst regen-
eration more frequently and at low tem-
perature to cause less local hot spotting.
Surface area determination by nitrogen
gas adsorption after outgassing at 500°C
showed that the surface area of the catalyst
had decreased from the 109 m?/g of the
fresh catalyst to 39 m?/g after 12 dehydro-
genation-regeneration cycles (i.e., imme-
diately after regeneration following run
97). The data of Fig. 3 are re-plotted in
Fig. 5 as the variation of the selectivity to
styrene with ethylbenzene conversion level
and shows that the selectivity to styrene
holds up well to high ethylbenzene conver-
sions. It also confirms that the selectivity



F1c. 4. Catalyst aging during testing for dehydrogenation of ethylbenzene to styrene, 555°C.

to styrene does not fall as the conversion
of ethylbenzene decreases due to catalyst

“coking.”

Following each dehydrogenation run the

Selectivity to Styrene, %

Fia. 5. Selectivity variation with conversion of ethylbenzene; coke not included.
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catalyst was cooled to about 450°C and
regenerated in a stream of 80% Ar-20%-

0. at 200 ml/min for about 4 hr. The prog-
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ress of the regeneration was followed by
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F16. 6. Catalyst regeneration in argon—oxygen at 500°C following run 90.

continuously analyzing the gases leaving
the reactor with the mass spectrometer
using Ar-O, instead of air so that analysis
for CO (m/q = 28) was possible. A typical
regeneration is shown in Fig. 6 as the vari-
atien of peak intensities of the mass spec-

trometric analyses corresponding to the
various oxidized products relative to the
mass 40 peak intensity of argon. Instru-
ment sensitivity per mole relative to the
argon mass 40 peak was: SO,, mass 64,
0.515; CO,, mass 44, 0.572; O,, mass 32,
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Fic. 7. Variation of catalyst activity with the number of regeneration-process cycles; coke not included.
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Fic. 8. Effect of added wate. in feed gases on dehydrogenation of ethylbenzene; 555°C, coke not included.

0.647; CO, mass 28, 0.844. Hence relative
concentration is given by (relative peak
intensity) / (relative molar  sensitivity).
During regeneration much heat was evolved
and “hot spot” temperatures about 50°C
above that of the rest of the catalyst bed
developed and passed down through the
catalyst bed. The peak at mass 32 observed
during the initial stages of the regeneration
is probably due to sulfur in the efluent
gases, not to oxygen, since it passed through
a maximum. The 32 peak due to oxygen
began to rise rapidly coincident with the
“hot spot” zone reaching the bottom of
the catalyst bed. In Fig. 6, the discontinuity
in the curves at 3-hr regeneration time
represents an overnight shutdown, with
oxygen flow off and the catalyst maintained
at 500°C overnight in a static argon atmos-
phere; regeneration was continued the fol-
lowing morning. In the brief study of
process variables which follows, a standard
regeneration procedure was adopted of

maintaining the hot spot temperature in
the bed at about 500°C with 200 ml/min
of 80% Ar-20% O, flowing over the cata-
lyst, and continuing the regeneration until
the carbon dioxide 44 peak was about 1%
of the argon 40 peak.

Slight variation in the regeneration tem-
perature and oxygen flow rate suggested
that the time required for complete regen-
eration of the catalyst could probably be
shortened by increasing the oxygen flowing
over the catalyst if the heat evolved could
be dissipated sufficiently rapidly to main-
tain the hot zone temperatures at about
500°C. The hot zone temperature in the
apparatus used here could readily be con-
trolled by varying in combination the fur-
nace temperature and the oxygen supply
rate. In the regeneration shown in Fig. 6,
3.7g of carbon was removed as carbon
oxides from the 20 em® of catalyst.

The ultimate life of the caletum-nickel
phosphate ecatalyst under these conditions



166

ADAMS AND JENNINGS

100
I
g O
§ __.O_.o_.o_Q_.D.._._‘._.__._.o._.
3
2 90f—
> [m]
3 u
= |
»
v
L) T D N
100
Run 82
0o
Run74 (No Water, 555°C)
3 [ I
S~
5 ———
) —-—
14
L
>
z
=3
19
.,
E —_————— - O -
$ 40—
2
=
=
O s55°C
20— O 590-600°C
Y I M AN N NN N N B B
1 2 3 4 5

Time, hours

Fic. 9. Effect of 19, water vapor on dehydrogenation of ethylbenzene; 555°C, coke not ineluded.

was not established. Figure 7 shows the
loss in activity of the catalyst, measured
by its activity under the standard atmos-
pheric pressure operation conditions at the
end of 1 hr of operation following regener-
ation, as a function of the number of re-
generation-process cycles to which it had
been subjected. Such lifetime data is ex-
tremely limited, but appears to resemble
that found for the similar commercial cata-
lyst used for butylene dehydrogenation in
the presence of steam in the Dow process
(6). In that process, a similar catalyst has
a life of about 6 months, enduring oper-
ation and regeneration with air and steam
at 650°C in continual 30-min process-30-
min regeneration ecyeling.

Effect of water vapor on the dehydro-
genation. No special precautions were
taken to dry the cylinder argon and sulfur
dioxide used in the standard atmospheric
pressure operation of the reaction, yet ad-
dition of only 1% water to the feed gases

significantly inhibited the oxidation re-
action. This sensitivity to the presence of
water added to the feed gases is shown in
Fig. 8, which includes the best line through
the data of run 74 of Fig. 3 for comparison.
Water was added to the feed by saturating
the argon diluent stream with water at a
controlled temperature. In run 80, the feed
gases of the standard composition of 10%
ethylbenzene and 50% sulfur dioxide at
the standard total gas hourly space velocity
(GHSV) of 2010 contained 15% added
water during the first 35 min of operation
as indicated along the time axis. On re-
moving water from the feed the catalyst
recovered most of its activity almost im-
mediately, but then lost activity with time
much faster than when the catalyst had
not been exposed to added water vapor.
Even low water concentrations inhibited
the reaction (Fig. 8), but water had only
a slight effect on the selectivity to styrene.
Figure 9 shows the inhibiting effect of 1%
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Fic. 10. Effect of operating pressure on dehydrogenation of ethylbenzene; coke formation not ineluded.
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after catalyst regeneration.

water added continuously to the feed gases
during run 82. Raising the temperature
from 555 to 590°C more than compensated
for the inhibiting effect of 1% water,
however.

Effect of operating pressure. The effect
of varying the operating pressure on the
dehydrogenation of ethylbenzene at about
555°C with a constant feed composition of
10% ethylbenzene, 50% sulfur dioxide,
and 40% argon at different space velocities
is shown in Fig. 10. The rate of dehydro-

2

genation increases almost proportionally
with the increase in total pressure, but the
catalyst loses activity more rapidly at the
higher pressures. Increasing the operating
pressure has very little effect on the prod-
uct composition as the variation of selec-
tivities to styrene and benzothiophene with
ethylbenzene conversion level in Fig. 11
shows. The selectivity values in the figures
do not include losses to coke formation,
which averaged about 4% selectivity to
coke.
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Tic. 13. Effect of cumulative conversion on rate of reaction at different pressures and space velocities.
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The two lower selectivity values ob-
tained at 6.3 atm pressure were obtained
shortly after decreasing the gas space ve-
locity (see Fig. 10) and may be spurious
results. The effect of pressure on the rate
of the reaction is presented somewhat more
meaningfully in Fig. 12 as the variation of
the absolute ethylbenzene conversion per
pass relative to the total amount of ethyl-
benzene converted since regeneration of the
catalyst. At atmospheric pressure and 3
atm pressure operation, the rate of dehy-
drogenation is almost directly proportional
to the absolute pressure and the catalyst
activity loss is directly proportional to the
total amount of ethylbenzene which has
been dehydrogenated over the -catalyst
since regencration. These relationships are
shown more clearly in Fig. 13 where C is
the fractional conversion of ethylbenzene,
G is the total gas hourly space veloeity and
Py is the operating pressure at the head of
the reactor (before the catalyst). In most
cases at 3 and 6.3 atm a 5-10 psig pressure
drop existed across the catalyst bed. Plot-
ting the data in this manner assumes that
the absolute rate of conversion of ethylben-
zene is independent of the space velocity
and directly proportional to the total pres-
sure for a constant feed composition. The
close agreement between the data at differ-
ent pressures supports this assumption, al-
though small systematic deviations do
occur.

Loss to coke formation was only a small
fraction of the ethylbenzene converted as
the data of Table 3 indicate. The amount
of coke deposited on the catalyst was de-
termined from the area under the curves of
the mass peaks due to CO, and CO relative
to the argon 40 mass peak as in Fig. 6,
knowing the argon flow rate over the cata-

WITH SULFUR. II.
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lyst. This amount of carbon was then re-
lated to the total amount of ethylbenzene
converted as determined by mass spec-
troscopic analysis, using again a graphical
method of integration. The operating pres-
sure appears to have little effect on the
selectivity to coke deposition.

The data of Table 4 give typical values
for the formation of styrene from ethyl-
benzene and have been corrected for coke
formation assuming that the selectivity to
coke was independent of the ethylbenzene
conversion level. The hydrogen sulfide ob-
setved in the exit streams, expressed as the
fraction of that expected from the equation

3CﬁH502H:, + SOZ —
3CsH;C.H, + H.S + 2H,0,

(1)
(with similar equations for the by-prod-
ucts) gives some idea of 8 lost in sulfiding
the catalyst or as sulfur before analysis by
the mass spectrometer. The summed selec-
tivities to C; and Cg in Table 4 consisted
mainly of toluene and benzaldehyde, very
little benzene being formed.

Summation, The oxidative dehydrogena-
tion of ethylbenzene with sulfur dioxide
gives high selectivity (~90%) at high
ethylbenzene conversions (909%) at operat-
ing pressures from atmospheric to about
6 atm, and the rate of conversion of ethyl-
benzene 1s proportional to the operating
pressure. However, the catalyst gradually
becomes coked, and the loss in activity of
the catalyst for dehydrogenation due to
coke formation appears to be directly re-
lated to the amount of ethylbenzene con-
verted. As a result, the catalyst requires
regeneration more frequently when oper-
ated at higher pressure, but throughput is
greater at the higher pressures.

TABLE 3
ErrucT oF PrRESSURE ON SELECTIVITY TO STYRENE AND CokE ForRMATIONS

Selectivity (%)

Operating Duration of test Moles Et- Av Et-benzene
pressure (psig) (hr) benzene flowed Conv (%) Styrene Coke
0-5 5.5 1.03 74 92 5
30 3.1 1.83 51 92 3
80 2.0 4 60 90 4
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TABLE 4
OXIDATION OF ETHYLBENZENE WITH SULFUR DIOXIDE
Temp, 550°C; Feed: 1 CsH,o; 4.7 SO,; 3.9 Ar,

Selectivity (%*)

C8S;

Total Conv (%) C:Hs + COS H.S

press Operating + CHO +CO: (Y%of

Run (atmabs) GHSV time (hrt) CgH,, SO: GHg GCgHeS + CH; + CO  theory)
74-1 1.5 2010 0.25 89 7.3 90 3 1 1 96
-2 1.5 2010 0.75 85 8.4 92 2 0.5 1 67
-3 1.5 2010 1.25 80 6.3 86 3 4 2 100
—4 1.5 2010 3.0 73 7.5 92 1 1.5 1 50
90-1 3.4 6030 0.15 78 6.1 90 2 4 1 52
-2 3.4 6030 0.3 68 5.7 92 1.5 3 1 88
-3 3.4 6030 0.53 67 6.2 92 1.5 2 1 98
94-1 6.6 14070 0.12 62 8.5 90 2 2.5 1 66
-2 6.6 14070 0.25 51 6.3 89 2 3 1 109
—4 6.6 14070 0.43 41 4.7 89 1.5 4 1 110

s Coke included as in Table 3.
b Time ‘“‘on stream” since latest regeneration.

Diethylbenzenes

The dialkylbenzenes were examined to
see to what extent an additional alkyl
group would be oxidized after another
alkyl group had reacted. A mixture (ap-
prox. 50% of each) of meta- and para-

diethylbenzenes was oxidized over calcium
phosphate at 500°C. GLC analyses indi-
cated that the two isomers reacted at the
same rates. Results are given in Tables 5
and 6 and in Fig. 14. No reaction occurs
in the absence of the sulfur dioxide oxidant

100

80

60

Selectivity, %

40

20

0 ]

Ethylvinylbenzenes

Divinylbenzenes

L ]

!

40

60 100

Diethyibenzenes Conversion, %

Fic. 14. Oxidation of meta-para mixture of diethylbenzenes with sulfur dioxide over calcium phosphate at

500°C.
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TABLE 5
OXIDATION OF META-PARA MIXTURE OF DIETHYLBENZENES WITH SULFUR DIOXIDE
Calcium phosphate, 500°C; Py, = 0.15; Pgo, = 0.42. Coke formation not measured and neglected
in calculations.

Selectivity (%)

Naphthalene
CwHu  Ethylvinyl-  Divinyl-  Vinylbenzo- 4 styrene CS8; 4+ COS

Run GHSV  conv (%) benzenes benzenes thiophene + benzene -+ CO: + CO
87-2 5300 52 61 28 2 6 3

-3 3500 30 83 10 1 2 4

—4 3500 71 48 44 0 5 4
88-2 3500 88 18 62 1 11 8

-3 3500 69 47 40 4 5 3

—4 3500 48 66 24 4 3 3

-5 3500 27 83 10 3 2 3

-8 3500 22 85 5 2 2 5

-7 3500 16 85 4 1 4 6

-8 3500 14 82 3 1 5 8

-9 3500 11 81 2 2 6 9

TABLE 6

OXIDATION OF META-PARA MIXTURE oF DIETHYLBENZENES WITH SULFUR DIOXIDE
Calcium phosphate, 500°C, Pc,m,, = 0.04; Pso, = 0.48; coke formation not measured and neglected
in calculations.

Selectivity (%)

Naphthalene
CpHys  Ethylvinyl-  Divinyl- Vinylbenzo- 4 styrene €S, + COS
Run GHSV conv (%) benzenes benzenes thiophene  + benzene - CO: 4 CO
Catalyst Regenerated
88-11 3100 90 10 61 2 15 13
-12 3100 94 9 55 9 13 15
~-13 3100 94 12 54 8 12 14
-14 3100 91 17 52 7 11 13
-15 3100 86 27 47 5 10 11
-16 3100 78 38 41 3 8 11
-17 3100 63 52 29 2 5 11
99-2 3100 94 9 61 6 14 10
-3 3100 88 25 54 4 9 8
—4 4700 65 49 38 3 5 5
-5 4700 53 61 29 1 4 5
-6 4700 44 69 22 1 3 5
-7 4700 37 73 18 1 2 6
-8 4700 31 78 13 0 2 7
—9e 4900 6 89 3 1 7 0
-10 4700 30 79 12 0 2 7
-11 4700 26 80 11 0 2 8
-12 4700 27 81 10 0 2 8

¢ No 80, fed.
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(see run 99-9 of Table 6), indicating that
the reaction is a true oxidation and not
simply dehydrogenation. The ethyl groups
are easily converted to vinyl groups and
the second ethyl group reacts about as fast
as the first, so that high yields of ethyl-
vinylbenzenes cannot be obtained. Selectiv-
ity to divinylbenzenes is about 60% at di-
ethylbenzene conversions of 90% or more.
By-products, including benzothiophene
types, are low. Coke formation was not
measured here and hence the selectivity
values given here represent upper limits.
Catalyst activity declines quite rapidly
with time (Fig. 15) indicating that coke
formation is greater than with ethylben-
zene. Activity decline is greater with in-
creasing hydrocarbon partial pressure.
Ortho-diethylbenzene was oxidized over
caleium phosphate and the results are
given in Table 7. Figure 16 shows conver-
sion selectivity plots for the principal
products formed. KEthylvinylbenzenc 1is
formed rapidly and quite selectively, but
it reacts further, so that high yields are
not obtained. Ortho-divinylbenzene is
formed but it is very rapidly converted to

ADAMS AND JENNINGS

naphthalene. The steady-state selectivity
to divinylbenzene is only about 9% over a
wide range of conversion. Selectivity to
naphthalene of almost 80% is obtained at
about 95% conversion, but catalyst activity
again declines very rapidly with time
(Fig. 17).

Isopropylbenzene

The oxidative dehydrogenation of iso-
propylbenzene to a-methylstyrene was not
as selective as that of ethylbenzene. Table
8 gives results with a caleium phosphate
catalyst at various temperatures. e-Methyl-
styrene is the major product but selectivity
is only 60-70%, primarily due to losses to
acetone and phenol. No thiophenol 1is
formed. The cause of these side reactions
may be due to cracking of cumene to phenyl
and isopropyl radicals which then abstract
oxygen atoms from sulfur dioxide. It 1is
doubtful that these results are caused by
peroxide impurity in the feed since the
cumene was fed by saturating a helium
stream bubbled through the thermostated
liquid. Appreciable quantities of peroxide
would not be expected to be volatized.

TABLE 7
OXIDATION OF ORTHO-DIETHYLBENZENE WITH SULFUR DIOXIDE
Calcium phosphate; coke formation not measured and neglected in calculations.

Selectivity (%)

Press (atm) Ethyl- CS:, + COS

Temp  CpHis vinyl-  Divinyl- Naph-  Styrene + CO,

Run CyH;y 80 GHSV (°C) Conv (%) benzene benzene thalene + benzene + CO
101-2 0.04 0.48 3100 510 94 2 3 78 5 12
-3 0.04 0.48 6200 510 75 26 9 59 2 4
-4 0.04 0.48 6200 510 60 39 8 47 1 3
102-2  0.04 0.48 6200 510 85 20 9 66 2 4
-3 0.04 0.48 6200 510 63 38 9 39 1 3
—4 0.04 0.48 6200 510 44 56 9 31 1 3
-5 0.04 0.48 6200 510 35 64 8 23 1 4
-6 0.04 0.48 6200 510 29 68 8 18 1 5
103-2 0.05 0.32 10400 570 68 32 6 60 0 2
-4 0.05 0.32 10400 555 26 72 8 18 0 2
-5 0.05 0.32 10400 555 21 76 7 14 0 3
-6 0.05 0.32 10400 555 18 79 7 11 0 3

« No vinylbenzothiophene detected.
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Diethylbenzene Conversion, %

PCyo= 0.04 atm, GHSV = 3100

Pcm'— 0.15, GHSV = 3500

Time, hours

Frc. 15. Time dependence of caleium phosphate catalyst activity in sulfur dioxide oxidation of (meta +

pare) diethylbenzenes at 500°C.

sec-Butylbenzene

This eompound was oxidized with sulfur
dioxide over molybdenum sulfide at 450
and 500°C in an attempt to form 3-vinyl-
benzothiophene. Although calibration data
were not available for accurate analyses,
large amounts of phenylbutene and a com-
pound of molecular weight 160 (vinylben-

zothiophene or phenylthiophene) were
formed. NMR analysis of the solid prod-
uct indicated that this last material was
phenylthiophene and not vinylbenzothio-
phene. Thus the thiophene ring is formed
easier from a linear C, chain than from
fusion of a C, chain with a phenyl ring.
This is suported by the fact that butadiene

TABLE &
OXIDATION OF ISOPROPYLBENZENE WITH SuLrFur Dioxipg
Calcium phosphate; Pegr;, = 0.15; Pso, = 0.42; coke not measured and neglected in caleulations.

Selectivity (%)

CGHO C8; + COS

Temp Conv + CeHs + CO,

Run GHSV (°C) (%) CHy,, GCHgS GHeS CHO C,HO + CgH; + CO
84-1 7000 250 7 18 0 0 25 40 9 7
-2 7000 500 40 72 1 0 5 16 1 4
-3 2800 500 63 72 1 0 5 16 3 5
—4 2800 550 68 65 3 0 6 16 3 7
-b 1400 550 67 68 1 0 7 18 1 4
-6 1400 600 68 69 1 0 7 17 3 4
-7 350 600 82 63 2 0 5 17 7 7
-8 350 600 81 60 10 2 5 16 3 5
-9 350 600 76 59 3 0 5 24 3 5
-10 350 600 56 62 6 0 6 16 4 5
-11 350 600 59 61 0 0 7 21 4 5
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Fia. 16. Oxidation of ortho-diethylbenzene with sulfur dioxide over calcium phosphate.

formed from butane goes rapidly to thio-
phene (3), while styrene formed from
ethylbenzene may accumulate to very high
levels before benzothiophene starts to form
to any appreciable extent.

Toluene

The sulfur dioxide oxidation of toluene
over vanadium oxide has been reported by

Strickland and Bell (7). Below 330°C,
benzaldehyde was formed in very low
yields, while at higher temperatures, ben-
zoic acid was formed quite well. We ex-
amined the sulfur dioxide oxidation of
toluene over calcium-nickel phosphate, but
practically no products volatile at 200°C
were found. At 475°C and 45% toluene
conversion the only gaseous product de-

100

80—

60—

40—

Diethylbenzene Conversion, %

20—

PC,y= 0.04 atm., GHSV = 6200

| !

2 3

Time, hours

Fie. 17. Time dependence of calcium phosphate catalyst activity in sulfur dioxide oxidation of ortho-

diethylbenzene at 510°C.
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tected was water. No trace of benzoic acid
was observed, although its volatility would
have been sufficient to be detected. Some
solid material was scraped from the product
lines and found to be partially soluble in
acetone. The acetone-insoluble portion was
completely soluble in carbon disulfide and
its melting point indicated it was sulfur.
The yellow, recrystallized, acetone-soluble
portion had a melting point of about
122°C and elemental analysis indicated
(C:H;0),8; (oxygen by difference). It is
not certain to what extent this material
represents the bulk of the condensed prod-
ucts from the toluene reaction. At any
rate, no clean reaction to any volatile prod-
uct, like benzaldehyde, benzoic acid, or
dibenzyl, is produced. Adding ammonia to
the feed stream, to alter the reaction or to
divert any intermediate, gave 62% toluene
conversion at 475°C with selectivities of
23% to benzonitrile, 3% to thiophenol, 3%
to combustion products and 71% to non-
volatile material,

1,5-Cyclooctadiene

It is known that 1,5-cyclooctadiene re-
arranges thermally to vinyleyclohexene.
Oxidation of cyclooctadiene with sulfur
dioxide over calecium—nickel phosphate was
carried out at 500-550°C to see if styrene
could be made in high selectivity. Styrene
was the major product but the reaction was
not clean. At 550°C, GHSV = 690, and
1009% cyeclooctadiene conversion, the se-
lectivity to styrene was 40%; benzothio-
phene, 3% ; ethylbenzene, 7% ; thiophene,
4%: benzene, 5% butadiene, 24%; com-
bustion products, 3%; and coke, 15%.
Other conditions, including lower conver-
sion, resulted in lower yields of styrene.
The biggest sources of selectivity losses
were butadiene and coke, both of which
probably result from “thermal” reactions
of the rather unstable cyclooctadiene.

1,5,9-Cyclododecatriene

This compound thermally isomerizes at
460°C to 1,24-trivinyleyelohexane. Cata-
lytic oxidation of the cyclododecatriene
over calcium-nickel phosphate at 400-
500°C was carried out to see if trivinyl-
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benzene could be made. The main gaseous
carbon produet was vinylnaphthalene,
formed by ring closure of the ortho-divinyl
segment (see Diethylbenzenes above). The
maximum yields of this compound was less
than 10%, the majority of the feed going
to nonvolatile material. Small amounts of
the intermediate dehydrogenation products
were formed. No sulfur-containing products
or butadiene were formed.

1,2 4-Trivinylcyclohexane

The sulfur dioxide oxidation of 1,2/4-
trivinyleyclohexane was also examined
with calecium-nickel phosphate at 450—
550°C. Very severe losses to nonvolatile
material oceurred, with only small (about
5% yield) amounts of trivinylbenzene and
vinylnaphthalene formed. It is possible
that the desired reactions occurred but
that the trivinylbenzene product is just too
reactive at these temperatures.

DiscussioN

Although no detailed study of the ki-
netics of these reactions was made, it is
apparent from the data for ethylbenzene
that the mechanism is complex. The vari-
ation of the rate of ethylbenzene conversion
with pressure (Fig. 12) suggests an overall
first-order relationship, but the effect of
added water (Fig. 8) suggests inhibition
by products must also occur. The data of
Fig. 12 suggest that these dependences are
not simply related to reactant concentra-
tion and conversion level, however, for
large variation in space velocity (and
hence also in conversion level) have little
effect on the absolute rate of hydrocarbon
conversion within experimental error. This
suggests that the rate of reaction is not
dependent on the hydrocarbon concentra-
tion and that a balance exists between con-
version and inhibition. Possibly the rate
of reaction is proportional to the concen-
tration of some S species generated by the
reaction and inhibited by water, which is
a product of reaction. In a recent report
(8) on the oxidative dehydrogenation of
similar hydroearbons with hydrogen sul-
fide and oxygen or sulfur oxides, several
highly reactive sulfur species were con-
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sidered to be the intermediates responsible
for the dehydrogenation. The reactive sul-
fur species, such as S, S;, or SH, would be
formed in situ by Klaus-type reactions,

2H2S + SOz g 2H20 + 3S,

and react with the hydrocarbons to re-
generate hydrogen sulfide:

Perhaps similar reactions occur when
sulfur dioxide alone is fed with a hydro-
carbon. In the early stages of reaction over
a fresh oxide catalyst (Table 9), appreci-
able combustion to carbon oxides occurs
which decreases with operating time as the
catalyst surface is reduced. The amount of
H,S found in the product gases increases
as the catalyst surface becomes reduced,
but the H,S/styrene molar ratio never
reached the theoretical value of 0.33, due
to side reactions to high sulfur content
“combustion” products such as carbon di-
sulfide. It is probable that sulfur dioxide
reacts with the reduced surface to form
reactive sulfur species on the catalyst
similar to those mentioned above (and pos-
sibly also 80), which “sulfide” the surface
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and react with the hydrocarbon to generate
hydrogen sulfide. Hydrogen sulfide gener-
ated in this manner could then react fur-
ther with sulfur oxide species at the cata-
lyst surface to regenerate the reactive
intermediates. Similar reactions may also be
occurring in the gas phase, but probably
at a slower rate.

The addition of molecular oxygen to this
hydrocarbon-sulfur dioxide feed appears
to serve no useful purpose other than as a
means to attain a thermal balance. As the
data of Table 9 show, oxygen added to the
feed reacted rapidly to completion but
actually inhibited the overall hydrocarbon
conversion even though the reaction tem-
perature was higher, due to combustion
heat. This inhibition is probably due to
the extra water formed by the combustion
reaction. Some benzaldehyde was formed
but carbon oxides with corresponding water
formation account for practically all of
the oxygen, most of it going to carbon
dioxide with about 20% going to carbon
monoxide. Comparison of the H.S/styrene
ratios with and without added oxygen sug-
gest that some oxygen also reacted with
H.S. The results reported by Vadekar and

TABLE 9
VariaTioN of Probuct DistriBurioN witd Time aNDp Errkcer oF OXYGEN ADDITION
Bismuth iron phosphate catalyst (2Bi: Fe:3P); reactant flow: 30He, 6 ethylbenzene, 3080;.

Conv (9) Selectivity to (9%)®
H,S/
Time (min) Temp (°C) FEthylbenzene Styrene Benzaldehyde CgHS  CO 4 CO.  styrene
5 545 97 71 2.2 7 5 .085
14 540 96 90 0.2 8 0.1 074
25 540 96 92 0.4 6 0.1 .104
40 540 96 93 0.4 6 0 .156
55 540 95 93 0.4 6 0 .198
70 540 96 92 0.5 6 0 .229
95 540 97 91 0.6 7 0 .243
60: Added to feed gases—completely converted
11 556 89 79 0.2 9 9 .088
i9 556 85 82 1.3 6 9 107
32 556 79 81 1.0 4 10 134
47 556 78 82 1.5 4 9 .149
62 556 76 82 1.2 3 10 .159
77 556 74 81 1.0 3 11 .166
95 556 74 80 2.0 3 11 171

a Losses to “ecke” not included.



OXIDATION WITH

Pasternak (8), however, suggest that at
high H,S concentrations, added oxygen re-
acts preferentially with the H.S rather
than with the hydrocarbon as long as the
oxygen/hydrocarbon and oxygen/H.S ratios
were held below or about unity. They re-
port hydrocarbon combustion occurs for
oxygen/H,S ratios much above 1.5:1. Our
data of Table 9 fit a scheme in which the
added oxygen reacted rapidly to completion
in the early part of the reactor to form
mostly carbon oxides and water, with the
80, dehydrogenation reaction occurring
slower and later in the reactor. Water
formed in the combustion reaction probably
inhibited the sulfur dioxide dehydrogena-
tion reaction, so accounting for the lower
overall ethylbenzene conversion and the
correspondingly  lower  benzothiophene
selectivity.

The strong inhibition observed, when
small amounts of water vapor are added
to the reactant gases (Figs. 8 and 9), is
difficult to explain since considerably
larger amounts of water are produced by
the dehydrogenation reaction. Since the in-
hibiting effect is not rapidly reversible,
some adsorbed species must be involved
which probably is not water only, since
the rate of catalyst deactivation with time
is accelerated when small amounts of water
are added to the feed (Fig. 8). This sug-
gests that water accelerates the formation
of “coke” or polymer material which
slowly accumulates to poison the catalyst
surface.

In deriving an equation to describe the
kinetics of coke deposition on the catalyst,
Van Zoonen (5) assumed a first-order de-
pendence for both the reaction rate and
coke deposition, and also that poisoning
was due to the reactants having to diffuse
through an increasing thickness of coke on
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the surface. Our data fit such an analysis
quite well, as is shown by plotting ethyl-
benzene conversion versus the square root
of the process time (Fig. 4) or versus the
cumulative amount of ethylbenzene con-
verted over the ecatalyst (Fig. 13). Such
an analysis, however, does not differentiate
between a side reaction of ethylbenzene or
further reaction of a product as the source
of coke deposition. In several instances
when the amount of coke was determined
by ecareful burn-off during regeneration in
a dilute oxygen stream, calculation indi-
cated that sufficient coke had been de-
posited to fill the pores of the catalyst to
completely cover its surface, yet the cata-
lyst still showed good activity for ethyl-
benzene dehydrogenation. This suggests
either high mobility through the coke layer
or that the coke itself had appreciable
catalytic activity.
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