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LETTERS TO THE EDITORS

On the Possible Reaction Scheme of Aromatization in Catalytic
Reforming

The possible pathway(s) of aromatization
of alkanes have been much disputed during
the 50 years since the first discovery of the
reaction (1), and especially since the devel-
opment of catalytic reforming (2). An inge-
nious and instructive two-dimensional
scheme has been developed by Mills et al.
(3) to describe how bifunctional catalysts in
reforming operate: this chart attributed de-
hydrogenation reactions to metallic, isom-
erization reactions (including ring closure)
to acidic functions. Although this reaction
scheme can be found in most textbooks and
is claimed to be the most probable mecha-
nism under industrial conditions which pro-
vides the best matching with kinetic studies
and industrial observations (4), continuous
work on the mechanism of reforming indi-
cates that the scheme may not be perfect
and comprehensive. The possible reactions
have been critically reviewed and evaluated
by Parera et al. (5) in a recent issue of the
Journal of Catalysis. The authors propose
an extended version of the original chart of
Mills et al. So far this represents the most
extensive mechanism for reforming, includ-
ing such reactions as hexane skeletal isom-
erization, methylcyclopentane ring open-
ing, etc., which were conspicuously
missing from the original version. A re-
markable novelty of the improved scheme
is that it proposes a new reaction for Cs ring
formation, namely the ring expansion of
methylcyclopentadiene to cyclohexadiene.

However, we feel that even the improved
scheme has a serious shortcoming, the
complete disregard of direct C4-cyclization
of open chain hydrocarbons. Increasing ev-
idence suggests that this may be the major
pathway of aromatization on laboratory (6—

8) and industrial (9-10) samples. The most
recent example (using conditions simulat-
ing those of commercial reforming) has just
been published in the same issue of the
Journal of Catalysis (11). The reaction se-
quence hexane — hexene — hexadienes —
hexatriene — cyclohexadiene — benzene
was supported by radiotracer experiments
(12) and by reacting hexenes, hexadiene,
and hexatriene isomers in the presence of
various amounts of hydrogen on Pt-black
(13) as well as on alumina-supported Pt and
Pd (14, 15). Cis-hexatriene always trans-
formed into benzene very rapidly. The for-
mation of small amounts of cyclohexadiene
was confirmed by radiotracers (/2d). Other
Cs-cyclics  (cyclohexane, cyclohexene)
must have been formed by hydrogenation
of the latter. In the presence of gas phase or
surface hydrogen more hydrogenation
products (hexadienes, hexenes, and hex-
ane) than benzene (13, 15) are formed from
trans-hexatriene. Small amounts of hydro-
gen in the system promotes trans = cis
isomerization (via half-hydrogenated inter-
mediates). Without this process, polyenes
would be stuck to the surface in geometries
as they were produced and their further de-
hydrogenation and polymerization/conden-
sation would give coke. There is only one
triene geometry favorable for cyclization
(cisoid conformation of cis-hexatriene),
therefore, the statistical probability of coke
precursor formation is much higher than
that of benzene precursor formation. This
is reflected by the deactivation rate of a Pt-
catalyst by various hydrocarbons: this is al-
most nil with the cis-hexatriene reactant
and considerable with all other n-Cq feeds
(13). That is why elongated polyenes have
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been suggested as possible coke precursors
(7). This carbonization pathway was fur-
ther experimentally verified (16): the rate of
carbon accumulation on the surface was
higher with any open-chain Cg reactant than
with benzene (/6). Adding a second metal
like Sn to Pt/Al,O; enhanced its relative
rate.

We see one serious logical error in the
reasoning of Parera et al. (5): They regard
the metallic function as being poisoned by
sulfur, therefore, they consider bifunctional
reactions only. However, the function of
the metal is dehydrogenation, and they re-
gard (in our view, correctly) dehydrogena-
tion of cyclopentanes and cyclohexanes on
the metallic function as unhindered pro-
cesses. If, however, these hydrocarbons
are able to be hydrogenated and dehydroge-
nated, then the hexane — hexenes — hex-
adienes — hexatriene reaction sequence
must also be operative. Adding an inactive
alloying element (such as gold) to platinum
stops the aromatizing entirely while its de-
hydrogenation activity still exists (/7).
Thus, we feel that alkane dehydrogenation
[either without desorption of its unsatu-
rated products or with their appearance in
the gas phase (18)] cannot be neglected.

The metal-catalyzed cyclization step:
(cis-hexatriene or, eventually, cis-cis-2,4-
hexadiene, giving cyclohexadiene) would
occur on ensembles of up to three Pt-atoms
(19). Sulfidation may deactivate these; then
either thermal cyclization of trienes occur
(9)—which is rather rapid even with trans-
hexatriene above 450°C (/3)—or, when-
ever possible, bifunctional cyclization steps
will prevail. In addition to the step n-hex-
ene — methylcyclopentane (Reaction (6) in
Ref. (5)), other C;s ring closure steps like
hexadiene — methylcyclopentene may also
occur. The formation of methylcyclopent-
1-ene from hex-1-ene (/2a), hexadiene iso-
mers, and trans-hexa-1,3,5-triene (20) over
Pt-black was shown earlier. Dienes and tri-
ene also gave methylcyclopentadiene(s).
When catalyst deactivation decreased the
benzene yield to about half of that observed
on the fresh catalyst, the amount of Cs-cy-
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clic unsaturated products was nearly dou-
bled, their yield then being about 1/10 (with
hexa-1,5-diene feed, 1/3) of the benzene
yield. The formation of methylcyclopenta-
diene from hexatriene over Pd on—possi-
bly acidic—alumina was reported (15). The
yield of unsaturated vs saturated Cs-cyclics
from toluene over Pt/AlL,O; increased with
temperature (27). These may be produced,
e.g., by the cyclohexadienyl route Cs-cycli-
zation (22): which, perhaps, may take place
on single metal atoms of a deactivated cata-
lyst:

=P~ <<

but they should be enormously accelerated
by acidic sites.

In light of this, we propose a modified
scheme for catalytic reforming (Fig. 1).
Eleven more possible reactions were added
to Parera’s scheme (5). Reaction (18) repre-
sents direct dehydrogenation of cyclohex-
ane to benzene (verified on both Re (23)
and Pt (24); (19) and (20): two further steps
of the stepwise dehydrogenation; (21) and
(22): coke formation from elongated poly-
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Fi1G. 1. Modified bifunctional reaction scheme for
reforming of C¢ hydrocarbons. The reaction numbers
are the same as in the work of Parera et al. (5).
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enes; (23): the very important geometric
isomerization of polyenes; (24)-(27): new
ring closure steps, discussed in the present
work; (28): hydrogenolysis of methylcyclo-
pentane. We agree with Parera et al. (5)
that ring opening on metal (Reaction (14)) is
irreversible. It is practically absent on Pt
(12c, 22) but considerable on Re (e.g., 5.5%
fragments and 12% benzene were formed
from cyclohexane on Re-black at 633 K).
We modified the meaning of Reaction (7):
this represents here the metal catalyzed al-
kane isomerization via Cs-cyclic intermedi-
ates (25). Reactions (24) and (25) represent
the “‘direct’” Cs ring closure (which we be-
lieve takes place in reforming); (25) and (26)
represent new Cs-cyclic reactions. Al-
though the reactions may occur on metal
(14, 15, 20), they were attributed here to
the acidic function. These latter may couple
the stepwise aromatization mechanism to
the previously developed chart of bifunc-
tional reforming as well as to the formation
of Cs-cyclic coke precursors. Of the latter
species, two types are distinguished (“‘A”
and ‘B’ in Fig. 1). We are not sure that
they represent, indeed, different routes of
carbonization. In fact, the denotation 22/11
under trans-hexatriene may indicate com-
mon steps with both precursors: Diels-Al-
der condensation of linear (7) or cyclopen-
tanic (26) molecules or addition of
cyclopentadienes to polycondensed aro-
matics with subsequent rearrangement of
the network (27). The experimental evi-
dence is insufficient for a final answer to
this problem to be given.

REFERENCES

1. Kazansky, B. A., and Plate, A. F., Ber. Dtsch.
Chem. Ges. 69, 1862 (1936).

2. Haensel, V., U.S. Patents 2,479,109 and 2,479,110
(1949).

3. Mills, G. A., Heinemann, H., Milliken, T. H., and
Oblad, A. G., Ind. Eng. Chem. 45, 134 (1953).

4. Franck, J. P., private communication.

5. Parera, J. M., Beltramini, J. N., Querini, C. A.,
Martinelli, E. E., Churin, E. J., Aloe, P. E., and
Figoli, N. S., J. Catal. 99, 39 (1986).

6. Kazansky, B. A., Liberman, A. L., Loza, G. V.,
and Vasina, T. V., Dokl. Akad. Nauk SSSR 128,
1188 (1959).

LETTERS TO THE EDITORS

7. Pail, Z., Adv. Catal. 29, 273 (1980).

8. Amir-Ebrahimi, V., Choplin, A., Parayre, P., and
Gault, F. G., Nouv. J. Chim. 4, 431 (1980).

9. Dautzenberg, F. M., and Platteeuw, J. C., J. Ca-
tal. 19, 41 (1970).

10. Davis, B. H., J. Catal. 29, 398 (1973); 46, 348
(1977).

11. Shum, V. K., Butt, J. B., and Sachtler, W. M. H.,
J. Catal. 99, 126 (1986).

12. Pail, Z., and Tétényi, P., Acta Chim. Acad. Sci.
Hung (a) 53, 193 (1967); (b) 54, 175 (1967); (c) 55,
273 (1968); (d) 58, 105 (1968).

13. Padl, Z., and Tétényi, P., J. Catal. 30, 350 (1973).

14. Kazansky, B. A., Fadeev, V. S., and Gos-
tunskaya, 1. V., Izv. Akad. Nauk SSSR, Ser.
Khim., 677 (1971).

15. Fadeev, V. S., Gostunskaya, I. V., and Ka-
zansky, B. A., Dokl. Akad. Nauk SSSR 199, 622
(1971).

16. Sarkédny, A., Lieske, H., Szilagyi, T., and Téth,
L., ““Proceedings, 8th International Congress on
Catalysis, Berlin, 1984, Vol. 2, p. 613. Dechema,
Frankfurt-am-Main, 1984.

17. Clarke, J. K. A., Kane, A. F., and Rooney, J. J.,
J. Catal. 64, 200 (1980).

18. Paal, Z., Dobrovolszky, M., Volter, J., and Lietz,
G., Appl. Catal. 14, 33 (1985).

19. Biloen, P., Helle, J. N., Verbeek, H., Dautzen-
berg, F. M., and Sachtler, W. M. H., J. Catal. 63,
112 (1980).

20. Paal, Z., and Tétényi, P., Acta Chim. Acad. Sci.
Hung. 72, 277 (1972).

21. Fomichev, Yu. V., Gostunskaya, I. V., and Ka-
zansky, B. A., Izv. Akad. Nauk SSSR, Ser. Khim.
1112 (1968).

22. O’Donohoe, C., Clarke, J. K. A., and Rooney, J.
J.,J. Chem. Soc. Faraday Trans. 176, 345 (1980).

23. Derbentsev, Yu. I., Balandin, A. A., and Isagu-
lyants, G. V., Kinet. Katal. 2, 741 (1961).

24. Tétényi, P., Padl, Z., and Dobrovolszky, M., Z.
Phys. Chem. (Wiesbaden) 102, 267 (1976).

25. Gault, F. G., Adv. Catal. 30, 1 (1981).

26. Myers, C. G., Lang, W. H., and Weisz, P. B., Ind.
Eng. Chem. 53, 299 (1961).

27. Parera, J. M., Figoli, N. S., Beltramini, J. N.,
Churin, E. J., and Cabrol, R. A., Proceedings, 8th
International Congress on Catalysis, Berlin, 1984,
Vol. 2, p. 593. Dechema, Frankfurt-am-Main,
1984.

ZOLTAN PaAL

Institute of Isotopes of the Hungarian Academy of
Sciences

P.O. Box 77

Budapest

H-1525 Hungary

Received August 12, 1986



