Supercritical Catalytic Dehydrogenation of

Toluene

Operation at above critical temperatures and pressures has
received considerable attention (Paulaitis et al., 1983) as an
extraction or separation process. This interest is based upon the
greatly increased solubility and improved mass transfer rates
obtained when solvents are at elevated temperatures and pres-
sures (Subramanian and McHugh, 1986). Much less has been
published on the effect of supercritical pressures and tempera-
tures on reactions, particularly heterogeneous catalytic reac-
tions. It has been demonstrated (Tilscher et al., 1981) that solid
catalysts can be regenerated by treatment with a solvent at
supercritical conditions. Also, Koll and Metzger (1978) have
shown that increased yields of polysaccharides can be obtained
by carrying out the decomposition of cellulose in a supercritical
solvent (e.g., acetone) rather than by pyrolysis. We find no
information on the effect of supercritical conditions on the rate
of a heterogeneous catalytic reaction. This note provides some
data on the PbO-catalyzed dehydrogenation of toluene to diben-
zyl and stilbene.

The gas phase reactions of toluene at 813 to 873 K and atmo-
spheric pressure with metal oxide catalysts have been reported
in several patents. Montgomery et al. (1976) found stilbene as
the primary product with dibenzyl and benzene as byproducts
using a Pb/A1,0; catalyst. The reactions were suggested to be
of the oxidative dehydrogenation type with the oxygen supplied
by the catalyst. Best results were obtained with catalysts con-
taining large amounts of PbO (up to 20 wt. %). Our objective
was to find out if toluene would react at the milder temperature
but higher pressure corresponding to close to critical conditions
(for toluene T, = 592 K, P, — 4.23 x 10° kPa).

Experimental Procedure

Figure 1 is a diagram of the apparatus. The essential feature
is a stainless steel tubular reactor (2.9 x 10~2 m ID) in which
was placed about 0.01 kg of catalyst particles. A nitrogen cylin-
der provided the pressure for flowing toluene through a pre-
heater coil wound around the reactor, and down through the cat-
alyst bed. The reactor assembly was surrounded by an electric
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heater. After pressure and temperature reduction, the effluent
stream from the reactor was continuously analyzed in a Perkin-
Elmer Lambda 4B UV/VIS spectrophotometer. Complete de-
tails of the apparatus are available elsewhere (Triday, 1986).

To operate the equipment, the system was first pressurized,
then the toluene flow started and the furnace turned on. All data
were taken at a flow rate of 3.33 x 10~" m®/s (at 101.3 kPa and
298 K). Concentrations in the effluent were calculated from the
absorbance measured after steady state was attained.

The catalyst was prepared by degassing a-alumina particles
(properties given in Table 1) in vacuum for two hours, soaking in
aqueous PbNO; solution, drying at 473 K for 24 h, and calcining
at 873 K for 2 h. The PbO content of the calcined material was
1.0%. Particles between 14 and 96 Tyler mesh (average particle
dia. = 1.097 x 107 m) were used to pack the reactor.

The absorbance measurements were converted to concentra-
tion by assuming that the only product was dibenzyl for the runs
at 643 K (T, = 1.09). A calibration curve of absorbance vs. con-
centration was measured for solutions of dibenzyl in pure
toluene at a wavelength of 360 nm. This curve was used with the
absorbance of the reactor effluent to establish the dibenzyl con-
centration. Concentrations were not determined for the runs at
453 K because the reactor effluent contains other products than
stilbene. Toluene used for the runs and for calibration was certi-
fied to be 99.99% pure.

Results

A typical curve of absorbance (at 360 nm) vs. time is shown in
Figure 2 for arunat 4.76 x 10’ kPa (P, = 1.13) and 643 K (T, =
1.09). The large peak at low times was always observed and is
probably due to the considerable change in physical propertics,
particularly density, that occurred during the dynamic heating-
up period before the constant temperature was reached (i.e., as
the temperature increased through 7). To evaluate the concen-
tration of dibenzyl, samples of effluent were collected at long
times where steady state was approached. These samples were
then analyzed in the spectrophotometer to obtain an absorbance
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Table 1. Properties of Catalyst Support A1,0;*

1) @ vt
) Surface area (N, adsorption), m?/g 165
@ Pore volume, m*/kg 0.33 x 1072
w[ 14 Avg. pore radius, A 60
" QOl® (13) Solid density, kg/m’ 3.07 x 10;
@ ®) r ¢ T Particle density, kg/m® 1.53 x 103
™ V5 gy V6 Buik density, kg/m’ 0.79 x 10°
) Avg. radius of particle, m 6.27 x 10~
® Porosity of particle, 8 0.503
(10)
*Morita and Smith (1978)
v2 vé4 O (12)
L IPT g
v3 air supply
vs. wavelength scan. A scan of a sample collected after 4,800 s
for the run shown in Figure 2 is shown in Figure 3. This figure
also shows a scan of a solution in toluene containing 4.5 g of pure
. - 3 . 3 . o
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Figure 2. Absorbance curve of reactor effluent at 360 nm.
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Figure 3. Scan of product sample taken at 4,200 s.
Run9: T = 643 K, P ~ 4.76 x 10° kPa
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Figure 4. Scan of product sample taken at 3,600 s.
Run21: T =453 K, P = 4.76 x 10° kPa
Table 2. Reproducibility of the Data
1 Temp. Press. Wavelength Dibenzyl
__—— Toluene K kPa x 10° nm Absorbance  Conc. kg/m’
643 1.72 360 0.35 21
643 1.72 360 0.30 19
643 4.76 360 0.87 42
o Xylenes 643 4.76 360 0.72 36
643 4.76 360 0.97 46
453 4.76 300 0.12 —
453 4.76 300 0.11 —

W\
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not suggest a high concentration of stilbene since its absorptivity

is very high in this region.

Figure 4 is a scan of a sample collected at ¢ = 4,200 s for a run

] at 4.76 x 10° kPa and 453 K. The spectrum of a very dilute solu-
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Figure 5. Chromatograph of sample of reactor effluent.
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tion (approx. 0.01 kg/m®) of stilbene in toluene is also shown.

The two curves are similar in the 250-300 nm range, but there
are no dibenzyl peaks at 360 nm or at 380 and 325 nm. These

qualitative analyses suggest that dibenzyl is the primary product

for the runs at the supercritical temperature (643 K) while
mostly stilbene is produced at 453 K.
Further evidence for the production of dibenzyl at 643 K was
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Figure 6. Effect of pressure on absorbance of reactor effluent at 300 nm.
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Table 3. Rates of Production of Dibenzyl

Press. Dibenzyl r
kPa x 10° Conc. kg/m’ (kmol/s - kg cat) x 10°
1.72 21 3.86
3.14 29 5.95
4.76 46 8.20

obtained from gas chromatographic analysis. Figure 5 shows the
chromatograph for a sample of reactor effluent from a run at
4.76 x 10°kPa and 643 K. The peak for dibenzyl is apparent at
a retention time of about 960 s (using a 30 m capillary column
[DB1] operated from 323 to 523 K with a 0.1 K rise per second).
The chromatograph for the toluene fed to the reactor was the
same as that in Figure 5 except for the dibenzyl peak. Stilbene
could not be separated since its retention time was essentially
the same as that for toluene.

For operating times up to 7 h, reasonably reproducible results
were obtained. This is seen by the absorbances for multiple runs
given in Table 2 for different temperatures and pressures. After
about 7 h the catalyst particles become black, and after a longer
period of operation appreciable amounts of carbonaceous mate-
rial were observed on the inside wall of the reactor.

To see if supercritical conditions affected the rate of reaction,
continuous runs were made at 643 K, increasing the pressure
after steady state was reached from 1.72 x 10° kPa (P, = 0.41),
t03.20 x 10° kPa (P, = 0.76), and to 4.76 x 10° kPa (P, = 1.13).
Figure 6 shows that the absorbance increased for each pressure,
although unavoidable variations in operating conditions caused
extraneous peaks in the curve. The first large peak is due to the
temperature passing through the critical value; the subsequent
peaks and dips are primarily the result of changing the pressure.
Pressure changes always caused an immediate change in flow,
which in turn resulted in temporary temperature fluctuations.
When steady state was again approached, the temperature
could be held constant within +1 K. Despite the fluctuations,
the data show that the absorbance increased with pressure; aver-
age values are listed in Table 3. Shown also are rates of produc-
tion of dibenzyl estimated from the differential reactor equa-
tion:

9(C. - 0),
pa2te =P

m,

(1)

Scans of samples of the reactor effluent taken during opera-
tion at different pressures were essentially identical. Thus, the
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product composition did not change with pressure, in contrast to
the results at the two temperatures.

Conclusions

In the present work we have investigated the PbO-catalyzed
dehydrogenation of toluene at subcritical and supercritical tem-
peratures and pressures. The results show that the rate of pro-
ducing dibenzyl more than doubled when the pressure was
increased from a subcritical to a supercritical level (P, = 1.13).

This occurred at a supercritical temperature, 643 K, consider-
ably lower than the temperatures at which the reaction has been
studied in the gas phase at atmospheric pressure with the same
catalyst. Also, it is interesting that the reaction product included
considerable stilbene when the temperature was lowered to 453
K at the same supercritical pressure.
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Notation

A = absorbance
C, = dibenzyl concentration, kmol/m?; (C,), refers to reactor effluent
m, = mass of catalyst in reactor, kg
P = pressure, kPa
P, = critical pressure
P, = reduced pressure
Q = volumetric flow rate at 101.3 kPa and 298 K, m*/s
r = rate of production of dibenzyl, kmol/s - kg cat
T = temperature, K
T, = critical temperature
T, = reduced temperature
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