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Catalytic Dehydrogenation of Hydrocarbons

V.K.Skarchenko

A systematic account is given of data on certain problems in the theory of catalytic dehydrogenation relevant to the reaction
mechanism and the elucidation of the nature of the active centres. The intermediate products of the hydrogenation reactions,
the role of individual elementary stages, the nature of intermediate surface compounds, the side reactions of dehydrogenation
catalysts, and modern hypotheses concerning the structure of the active centres are discussed. The bibliography includes 216
references.
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INTRODUCTION

Hydrocarbons of different homologous series are
capable of being catalytically dehydrogenated (paraffins,
naphthenes, olefins, cyclo-olefins, and alkyl-substituted
aromatic hydrocarbons). The reaction results in the
elimination of hydrogen and the formation of more highly
unsaturated compounds or in cyclisation (dehydrocyclisa-
tion). The dehydrogenation catalysts are various metals
and oxides. The principal side reactions in catalytic
dehydrogenation are cracking, isomerisation, and coke
formation. Catalytic dehydrogenation constitutes the
basis of one of the most important types of industrial
processing of hydrocarbon raw materials. Various
aspects of the problem of dehydrogenation of hydrocarbons
were examined in previous reviews1"26.

II. INTERMEDIATE PRODUCTS OF DEHYDROGENATION
REACTIONS

1. Olefins as Intermediates in the Aromatisation of
Paraffins.

The principal products of the dehydrogenation of
C > 6 straight-chain paraffins are aromatic hydrocarbons
together with a small amount of olefins. On the basis of
the variation of the yield of olefins and aromatic hydro-
carbons with contact time (CraO3, 475°C), Pitkethly and
Steiner " put forward the hypothesis that heptane is
aromatised via the intermediate formation of heptene.

However, a number of objections were raised, against
this view. Obolentsev and Usov28 failed to observe
maximum yields of olefins as a function of the time of
contact under similar conditions. According to Levitskii's
thermodynamic calculations29, in the presence of large
amounts of aromatic hydrocarbons the equilibrium yields
of olefins are greatly reduced. On this basis, he
suggested that olefins and aromatic hydrocarbons are
formed simultaneously and the low yields of olefins under
the conditions of high yields of aromatic hydrocarbons
can be attributed to closeness to equilibrium.

Kazanskii et al.so, who passed the Synthine fraction
over platinised charcoal, failed to detect olefins although
aromatisation did occur to a slight extent under these
conditions.

Hypotheses concerning the mechanism of the aromat-
isation of paraffinic hydrocarbons omitting the olefin
formation stage were developed for oxide catalysts by
Plate31, Kagan32, and Kuo Hsie-Shien33 and for metallic
catalysts by Kazanskii, Plate, and Sergienskii31»34'88. In
connection with this problem, we shall consider certain
relations governing the formation of olefins and aromatic
hydrocarbons in the catalytic dehydrogenation of paraffins.
Shuikins Timofeeva, and coworkers 3e showed that the
olefin/aromatic hydrocarbon ratio greatly increases when
the temperature of the dehydrogenation of hexane on an
alumina-chromium oxide catalyst and the contact time
are reduced. In the present author's studies37"42,
similar relations were established in the dehydrogenation
of hexane on chromium oxide-magnesium oxide, chro-
mium oxide-zinc oxide, iron oxide - alumina, and other
mixed oxide catalysts and on charcoal.

A decrease in the temperature and in the contact
time reduced the total amount of dehydrogenation products.
This enabled the author to formulate a more general
postulate43: a decrease of the conversion of hexane into
dehydrogenation products is accompanied by an increase
of the olefin/aromatic hydrocarbon ratio in the product.
The above relation is valid for catalysts of various chem-
ical compositions and prepared in different ways. More-
over, the olefin/aromatic hydrocarbon ratios and the
yields of olefins and aromatic hydrocarbons fit satisfac-
torily on the curves describing their variation with the
overall conversion in the dehydrogenation process. One
of such relations is presented in Fig. 1.

Similar curves are obtained from the experimental data
data of many investigators for the dehydrocyclisation of
paraffins, involving straight-chain C6-C10 paraffins, more
than 20 catalysts, different ways of preparation of the
catalysts, and different reaction conditions (temperatures
in the range 450-600°C and space velocities between
0.15 and 160 h"1). Fig. 2 presents the variation of the
ratio of olefin yield to aromatic hydrocarbon yield with the
overall yield of the dehydrogenation products.

Thus analysis of extensive experimental data shows
that the main factors determining the olefin/aromatic
hydrocarbon ratio is the degree of conversion of the
starting material into the dehydrogenation products and
changes in the chemical composition and methods of
preparation of the catalyst, temperature, and the contact
time are mainly important only insofar as the conversion
depends on them.
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The relations governing the relative yields of olefins
and aromatic hydrocarbons as a function of conversion led
the author to the conclusion that aromatic hydrocarbons
are formed consecutively via olefins on both oxide and
metallic catalysts 4 8,5 β,Μ"β β.
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Figure 1, Variation of the yields of the heptane dehydro-
genation products—olefins (Po) and aromatic hydrocarbons
(Pa)—and their ratio (y = P 0 / P a ) with the sum Σ =
-Po + ^ a o n the alumina-chromium oxide catalyst at 500-
600°C and a space velocity of 0.63-160 h"1 according to
the experimental data of Mattox44.

Indeed the curves describing the yields of olefins and
aromatic hydrocarbons as a function of their sum may be
regarded as related to generalised kinetic curves, used
for different experimental data, time having been replaced
as the abscissa axis by a quantity which varies proportion-
ately to it. The curves describing the variation of the
yields of olefins and aromatic hydrocarbons (Fig. 1) exhibit
the distinctive properties of consecutive reactions: the
content of the intermediate (olefin) passes through a
maximum with conversion and that of the final product
(aromatic hydrocarbon) is initially low but increases
continuously. The maxima at low yields of olefins can be
accounted for by their cracking or closeness to equi-
librium 6 5.

Similar variation of the yields of olefins and aromatic
hydrocarbons with the overall degree of dehydrogenation
is observed on platinum and oxide catalysts. This shows
that, at least on certain metallic catalysts, olefins are
also formed as intermediates in the aromatisation of
paraffins.

Other data are consistent with this conclusion as well.
Thus the rate of aromatisation of mono-olefins is much
higher than that of paraffins (Table 1) (which may be
regarded as evidence in favour of the intermediate forma-
tion of mono-olefins). Addition of hexenes to hexane

increases the yields of benzene on the alumina-chromium
oxide catalyst70 and on charcoal4 1.

The relative capacity of paraffins to be dehydrogenated
to olefins and aromatic products did not change significantly
following dilution with hydrogenββ or on reducing the
pressure in the reactor 6 7; this should have been the case
if the yields of olefins were limited by an equilibrium.

Table 1. Comparative data on the dehydrogenation of
straight-chain paraffins and mono-olefins.

Catalyst

Cr2O8

V and Al oxides
Ci, Al, and Κ oxides
Cr, Al, and Κ oxides

Temp., °C

450
480
484
470

Space velo-

city, h"1

0.5
0.4
0.8

Yield of aromatic
hydrocarbons in de-
hydrocyclisation, %
heptane

2.5
6

37
11

heptenes

16
40
52
31

Refs

28
68
32
69

The conclusion that olefins are formed as intermediates
in the aromatisation of paraffins on oxide and non-oxide
catalysts is also confirmed by data published in recent
years for experiments using tracer atoms (heptane -
heptene mixtures at 487°C with contact times in the range
1.1-4 s on the alumina-chromium oxide catalyst71 and
hexane-hexene mixture at 360°C under pulsed conditions in
a stream of helium on platinum and nickel72,73.

Calculations based on Panchenkov's kinetic equation
for a heterogeneous-catalytic flow reaction with consecutive
stages74yields the ratio of the rate constants for the con-
version of olefins into aromatic hydrocarbons {k2) and of
paraffins into olefins (kj: k2/kx = 7 - 8 .

2. Dehydrogenation of Lower Paraffins to Mono- and
Di-Olefins

In the dehydrogenation of straight-chain butane and
pentanes, the products contain a certain amount of diole-
fins in addition to mono-olefins. The principal factors
determining the mono-olefins/di-olefins ratio in the
product is the degree of departure from equilibrium. The
equilibrium yields of diolefins increase appreciably as
the pressure is reduced and the reaction temperature
increased1»7.

Butenes are intermediates in the dehydrogenation of
butane to butadiene. The work of Balandin and coworkers
on the dehydrogenation of butane-butene mixtures, in
which one of the components was labelled with carbon-14,
led to this conclusion. The experiments were performed
on chromium oxide and on the alumina-chromium oxide
catalyst. A 1:1 butane -butene mixture was used in the
reaction. The experiments with chromium oxide were
performed at 635°C and a 1:9 dilution with water78.

A quantitative calculation of the ratio of the rates of
dehydrogenation of butane to butene (M>X) and butadiene (u>2)
and of butene to butadiene \w3) yielded the following
results7 6. Under the above conditions, wi:w2:w3 =
20:1:1000 for chromium oxide and vox: wa: w3 = 1 8 : 1 : 25
for the alumina-chromium oxide catalyst (600°C,
250 mmHg), i.e. in both cases butadiene is formed.from
butane almost entirely via the intermediate formation of
butene.
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Figure 2. Comparison of the curves relating the ratios γ of olefins to aromatic products with
their sum Σ: 1) hexane, Fe, Cr, and Al oxides, 5OO-525°C, 0.5 h"1 3V9; 2) hexane, Cr,
Mg, and Zn oxides, 425-500°C, 0.5 h"1 4 0,4 1; 3) data from Fig. 1; 4) hexane, Al2O3-Cr8O3,
475-550°C, 0.5-2.1 h"1 3 6; 5) heptane, Cr2O3, 450-510°C 8 8; 6) hexane, Cr, Al, and
Κ oxides, 450-600°C, 9.2 h"1 4 5; 7) hexane, Α Ι ^ - ϋ ι ^ - Κ , Ο , 475-527°C, 0.4-0.9 h"1 4 β;
8) hexane, ΑΙ^-ΰΓ,,Ο,,-Ι^Ο, 510-550°C, 0.37-2.5 t r 1 4 7; 9) heptane, V and Al oxides,
450-510°C, 0.5 h"1 4 8; 10) heptane, Al, Cr, and Mo oxides, 490°C, 0.15-0.65 h"1 *»;
11) hexane, Al and Cr oxides with Li, Na, K, Rb, Cs, Zn, or Pb additives, 500°C, 0.5 h"1 4 9 ;
12) hexane, Cr, Al, and Κ oxides prepared in different ways, 500°C, 0.5 h"1 5 0; 13) heptane,
Al and Cr oxides with Be, Mg, Ca, Sr, Ba, or Zn additives, 530°C, 0.35 h"1 S 1; 14) heptane,
Cr, K, and Ρ oxides, 450°C, 0.8 h"1 5 2; 15) hexane, Al2O3-CraO3, some coke deposits,
500°C, 2.1 h"1 53; 16) heptane, K-162, some coke deposits, 515°C, 0.3 h"1 5 4; 17) heptane,
Al, Mg, and Mo oxides, 480-530°C, 0.3 h"1 5B; 18) hexane, Al, Mn, and Cr oxides, 400-
550°C, 0.5-1.0 h"1 5 6; 19) nonane, Fe and Al oxides, 400-550°C, 0.35-1.8 h"1 3 9;
20) nonane and decane, Al, Cr, and Κ oxides, 427-600°C; 0.5-9.2 h"1 4 5,5 7,5 8; 21) hexane,
Pt/charcoal or A12O3, 300-500°C, 0.5 h"1 5β; 22) hexane, MoSa-silica gel, aluminosilicate,
or MgO, 450-550*C, 0.5 h"1 5 9; 23) hexane, Cr2O3-charcoals, 37O-51O°C, 0.5-1.5 h"1 «;
24) hexane, P t - A l ^ - N a j O , 545°C, 0.4 h"1 e o; 25) hexane, Cr2O3-Al2O3 with different
porosities, 450-510°C, 0.5-2.5 h"1 6 1; 26) hexane, K-5, 450-530°C, 0.3-1.5 h"1, dilution
with hydrogen82.

3. Dehydrogenation of Naphthenes

In the dehydrogenation of six-membered naphthenes,
the main products are aromatic compounds. However,
sometimes the catalytic reaction mixture contains also a
small amount of unsaturated hydrocarbons.

For a long time cyclohexenes were not detected in the
products of the dehydrogenation of cyclohexanes on metals.
However, in a study of the initial stages of the conversion
of cyclohexane on platinum, Block77 observed by mass
spectroscopy not only cyclohexene but also cyclohexadiene

in the gas phase. The formation of cyclohexene and
cyclohexadiene in the dehydrogenation of cyclohexane on
platinum was also established by Paal and Tetenyi78 by a
pulsed technique. Here the curves relating the yields of
cyclohexene and benzene to catalyst activity (which corre-
sponds to the degree of conversion) exhibit features
characteristic of consecutive reactions.

The intermediate formation of cyclo-olefins is also
suggested by data from certain studies on the dehydro-
genation of naphthene-cyclo-olefin mixtures by a tracer
atom method. Thus cyclohexane on nickel (305-335°C) 7 9
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and methylcyclohexene on the alumina-chromium oxide
catalyst (500cC)80 are aromatised via an intermediate
unsaturated hydrocarbon. However, direct formation of
the aromatic hydrocarbon may make a considerable
contribution or even predominate. Thus, in the dehydro-
genation of cyclohexane on CraOs (450cC) and holmium
oxide (560° C), only about half the benzene is formed via the
intermediate cyclohexene81, and on the Pd/Al2Os and
Re/AlaO3 catalysts under reforming conditions benzene is
formed almost wholly without the stage involving the
intermediate cyclohexene82.

The dehydrogenation of cyclohexane to benzene without
the intermediate formation of cyclohexene can imply that
either all the hydrogen atoms are eliminated simultaneously
or the ease of conversion of the intermediate surface
cyclohexene is much greater than the ease of its desorp-
tion. The study of the dehydrogenation of mixtures of
hydrocarbons, one of which is labelled with radioactive
carbon, as well as kinetic analysis cannot yield informa-
tion about the stages which occur on the surface without the
liberation of the reactants to the gas phase.

In the dehydrogenation of decalin and tetralin, the
main product is naphthalene, but in the dehydrogenation of
the first compound tetraline is also detected and in that of
the second dihydronaphthalene83. The yield of tetralin in
the dehydrogenation of decalin passes through a maximum
as the temperature is increased, while the yield of
naphthalene increases in the same temperature range.
Dihydronaphthalene can be detected only on catalysts with
low activity. Both factors-a decrease of temperature
and of the activity of the catalyst—lead to decreased
conversion (see Section II, 1). This suggests that the
dehydrogenation of decalin proceeds via a stage involving
the formation of tetralin and dihydronaphthalene. The
main products of the dehydrogenation of ethylcyclohexane
are ethylbenzene and styrene. Kinetic data indicate the
formation of styrene via ethylbenzene84.

Table 2. Comparison of the capacities for dehydrogena-
tion of hydrocarbons with different degrees of unsaturation.

Hydrocarbons

Heptatriene > heptadiene > heptene >
heptane

Cyclohexadiene > cyclohexene >
cyclohexane

Cyclopentene > cyclopentane
Tetralin > decalin
Alkyl-substituted aromatic compounds >

alkyl-substituted cycloparaffins
Cyclohexane > hexane
Hex-1-ene > cyclohexane

Catalysts

Chromium and vanadium oxides, Cr2O3 —
A12O3 — K2O

Cr2O3, MoO3 —A12O3, Pt, Pd, Rh,
Ir, Ni, Co, Fe

Cr a O 3 —A1 2 O 3 — K 2 O
Ni, MoO3 —A12O3

Mixed oxide catalyst
Cr2O3 —A12O3 — K 2 O
ditto

References

2S, 32, 68

69, 85

86—88
9

88, 89

90
91
92

The rate of dehydrogenation of cyclic hydrocarbons
as well as aliphatic hydrocarbons increases with the
degree of unsaturation (Table 2), which is consistent with
data on the intermediate formation of unsaturated hydro-
carbons in the aromatisation of cyclohexanes.

The rate constants for the dehydrogenation of
ethylcyclohexane are approximately a power of 10 lower
than those for the dehydrogenation of ethylbenzene 9 0.
Nevertheless considerable amounts of ethylbenzene are
formed in the dehydrogenation of ethylcyclohexane and can

exceed greatly the yields of styrene. The low yields of
styrene under the conditions of the dehydrogenation of
ethylcyclohexane are evidently due to closeness to equi-
librium in the dehydrogenation of ethylbenzene under the
conditions of its formation from ethylcyclohexane93.

4. Dehydrogenation of Olefins and Alkyl-Substituted
Aromatic Hydrocarbons

Small amounts of more unsaturated olefins with the
same number of carbon atoms are observed in the catal-
ytic reaction mixtures when C> β straight-chain olefins
are aromatised. Data relating the yields of dienes and
aromatic hydrocarbons to the contact time and other
factors which determine the conversion of mono-olefins
(temperature and catalytic activity) on various catalysts
(alumina-chromium oxide-potassium oxide, nickel, and
platinum) exhibit features characteristic of consecutive
reactions9 4"9 6. Thus one can suppose that the dehydro-
cyclisation of hexenes and heptenes proceeds via the
intermediate formation of dienes.

The relations governing the yields of the products of
the aromatisation of hexadienes and heptadienes on the
alumina-chromium oxide-potassium oxide and platinum
catalysts suggest that direct conversion of the dienes into
aromatic hydrocarbons plays a considerable role together
with conversion via intermediate trienes85»97. In the
dehydrocyclisation of C6 and C7 trienes, intermediate
cyclohexadienes are formed85'97.

The ratios of the yields of toluene from hept-1-ene,
hepta-l,3-diene, and heptatriene on the alumina-chro-
mium oxide-potassium oxide catalyst at 450°C are
1: 5:150,85 which agrees with the above data concerning
the consecutive mechanism of the dehydrocyclisation of
olefins.

The principal products of the dehydrogenation of
diethylbenzene are ethylvinylbenzene and divinylbenzene.
The relations governing the yields of these products
suggest that ethylvinylbenzene is an intermediate in the
formation of divinylbenzene98. The dehydrogenation of
diethylbenzene is described by the kinetic equation for a
heterogeneous-catalytic flow reaction with consecutive
stages7 4. On a mixed oxide catalyst at 520-560°C in a
1: 3 diethylbenzene-water mixture, the rate constant for
the dehydrogenation of ethylvinylbenzene to divinylbenzene
is approximately twice as high as the rate constant for the
stage involving the dehydrogenation of diethylbenzene to
ethylvinylbenzene.

5. Naphthenes as Intermediates in the Aromatisation of
Paraffins

In the presence of platinum on charcoal or alumina,
fairly large amounts of C9 naphthenes are formed in the
paraffin dehydrogenation products. C5-Dehydrocyclisa-
tion of paraffins to naphthenes is promoted by the presence
of a five-membered carbon chain and its branching8.

C5-Dehydrocyclisation of paraffins is a primary
reaction and does not proceed via the formation of olefins,
six-membered naphthenes, or isomerisation. This is
indicated by many factors9 9. Olefins are more difficult
to convert into C5 naphthenes than are paraffins; C8-dehy-
drocyclisation of paraffins with six carbons atoms in the
chain proceeds with greater difficulty than for carbon
chains with five atoms. In all cases only those cyclo-
pentanes are formed which should arise if the reaction
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proceeded without isomerisation at all stages. Thus
C5-dehydrocyclisation of iso-octane yields 1,1,3-trimethyl-
cyclopentane, which is partly aromatised torn- and
p-xylenes under the reaction conditions:

CH3

H3C—C—CHa—CH—CH3

H,C CH3

CHa CH, i-CH3

1,4-dimethylcyclohexane
J-3H,

p-xylene

m-xylene
I — 3H,

1,3-dimethylcy clohexane

This mechanism of the aromatisation of iso-octane
is supported by the following facts. The aromatisation of
l,l,3~trimethylcyclopentane on platinum/charcoal100 and
platinum-alumina101 catalysts yields the same products
(m- and p-xylenes) as in the aromatisation of iso-octane
under the same conditions. On the other hand, in the
presence of the alumina-chromium oxide-potassium
oxide catalyst the aromatisation of iso-octane has a
different mechanism: 1,1,3-trimethylcyclopentane and
2,2,4-trimethylpentane give different aromatic products101.

In the aromatisation of straight-chain C^ 6 paraffins,
C5 naphthenes are formed to a small extent and the
fraction of aromatic products formed via C5 naphthenes
becomes insignificant102.

It has been suggested22,31,102 that the aromatisation of
unbranched C > 6 paraffins proceeds via the intermediate
formation of cyclohexanes although so far the latter could
only rarely be detected in the reaction product and only
in trace amounts. The difficulty of detecting cyclohexane
in the dehydrocyclisation of straight-chain hexane cannot
be accounted for by its high reactivity. Although cyclo-
hexane is dehydrogenated more readily than hexane, under
the usual conditions of the dehydrogenation of cyclohexane
it is impossible to achieve a complete conversion [for
example, cyclohexane is dehydrogenated with greater
difficulty than hex-1-ene (Table 2), which is readily
detected in the dehydrogenation reaction products]. In a
study of the dehydrogenation of hexane - cyclohexane and
hexene —cyclohexane mixtures, where one of the reactants
was labelled with carbon-14, Paal and Tetenyi78 showed
recently that cyclohexane is hardly formed as an inter-
mediate in the aromatisation of either hexane or hexene on
platinum and nickel.

On the other hand, in the aromatisation of branched
hexanes, the intermediate formation of six-membered
naphthenes can probably make a fairly considerable con-
tribution. Thus the formation of a conjugated bond in a
paraffin containing a quaternary carbon atom is difficult:
it can arise only after isomerisation or dimerisation.
According to Kazanskii et al.35, the aromatisation of
3,3-dimethylhexane on a platinum/charcoal catalyst pro-
ceeds via the intermediate 1,1-dimethylcyclohexane:

/CHg—CH3 H3C

C r i T — H-

H3C/ X-CH2-CH2
/ H8C

xylene ,

which was detected in the reaction products.
In the aromatisation of paraffins with chain lengths

greater than six carbon atoms, account must be taken
also of the possible formation of intermediate C > 6
naphthenes. Thus in the aromatisation of octane on a
"non-acid" alumina-chromium oxide catalyst108, methyl-
cyclopentane, which the authors believed to be an inter-
mediate in the formation of xylenes, was isolated.

The foregoing data show that there is an analogy in
the mechanisms of the dehydrogenation of various hydro-
carbons. The dehydrogenation reactions accompanied by
the removal of two and more hydrogen molecules take
place in steps. The intermediate product is as a rule
liberated to the bulk phase before further reactions occur.
In certain cases (dehydrogenation of cyclohexane to
benzene), another type of reaction can predominate—direct
conversion into the final product.

C ^ 6 straight-chain paraffins are formed via olefins,
diolefins and (to a lesser extent) triolefins. Cyclisation
occurs in later stages of the reaction. This mode of
reaction predominates on both oxide and metallic catal-
ysts. The intermediate formation of five and six-mem-
bered naphthenes makes a considerable contribution to the
formation of an aromatic product apparently only in the
dehydrogenation of certain branched hydrocarbons.

III. MECHANISM OF CATALYTIC DEHYDROGENATION

1 „ Certain Elementary Steps and the Nature of Inter-
mediate Surface Compounds

While the nature of the bulk-phase intermediate dehy-
drogenation products can be regarded as established in
the majority of cases, there are still few data concerning
intermediate surface compounds.

The dehydrogenation mechanism can be represented
as a sequence of bulk-phase and surface intermediate
compounds. For example, in the aromatisation of an
olefin or naphthene,

CnH2rt - (CnH2 n_ r) -> C r t H m _ s -* (CrtH2rt_2_r i) -* C r t H 2 ,_ 4 - (CnH2 r l_4_ r i) - CnH2 r t_ e

(1)
(the surface compounds are indicated in brackets). Each
stage of mechanism (1) can in turn consist of two or more
substages and conversely not all the stages indicated are
obligatory and under certain conditions there is a possib-
ility of the simultaneous elimination of more than two
hydrogen atoms from the molecule undergoing dehydro-
genation or the conversion in certain stages can take
place in steps but without the liberation of intermediates
into the gas phase.

With increased reactivity of the hydrocarbons dehy-
drogenated, homogeneous stages acquire a significant
importance together with surface reactions. Thus
hexatrienes are known to undergo thermal cyclisation to
cyclohexadiene at a temperature as low as 36O°C97»104

and at 300°C cyclohexadiene is converted into benzene105.
According to the multiplet theory, an intermediate

surface compound is formed via a two-point (doublet) or
six-point (sextet) adsorption of the molecule being
dehydrogenated. There must be structural and energy
correspondence between the catalyst and the reacting
molecule under these conditions15.

According to Balandin, reactions such as the dehydro-
genation of paraffins to olefins, of olefins to diolefins, and
of alkyl-substituted to alkenyl-substituted aromatic hydro-
carbons, i.e. reactions involving the dissociation of two
C-H bonds, take place via a doublet mechanism. The
direct dehydrogenation of cyclohexane to benzene, involv-
ing the dissociation of six C-H bonds, has a sextet
mechanism. According to Liberman", C5 dehydrocyclisa-
tion of paraffins to naphthenes has a sextet-doublet
mechanism, in contrast to other dehydrogenation reactions:
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the doublet reaction is preceded by adsorption involving
a sextet mechanism.

Some data on the nature of the intermediate surface
compounds of hydrocarbons were obtained recently by
studying the chemisorption of hydrocarbons on catalysts
by infrared and ESR spectroscopy, etc. According to
modern concepts, the following types of adsorption of
olefins on a metal are possible106:

Adsorbed at two points via σ-bonds:
Μ Μ

I

associatively adsorbed via a π-electron mechanism:

(A)

(B)

a dissociatively adsorbed olefin forming compounds of the
i-allyl type:

(C)RaCH RaCH—CH—CHR6- - J - —
The hypothesis of the formation of an intermediate

via one-point absorption does not involve a significant
contribution by the geometrical factor of the kind
postulated in the multiplet theory.

When an adsorbed olefin in treated with hydrogen,
changes occur in the infrared spectrum, indicating the
formation of surface alkyl radicals:

RaCH—CHR6 (orR CH=CHR6) i ± R.CH—CH2R,,

I I Ι - Η I
M M Μ Μ

The adsorbed alkyl radical is evidently linked to the
surface via one σ bond.

The formation of a stable partly hydrogenated form is
observed also in the chemisorption of branched cyclic
hydrocarbons on nickel, for example108:

On the other hand, under the conditions tested (room
temperature, residual pressure 10~5 mm) the hydrogenation
of adsorbed benzene yields cyclohexane, which is readily
desorbed from the surface. According to the authors107,
the explanation is that an absorbed unsubstituted six-
membered cyclic hydrocarbon is linked to the metal via a
ν bond which is weaker than a σ bond.

Under conditions approaching more closely those
which actually obtain in dehydrogenation (temperatures
up to 200°C), the adsorption of cyclohexane involves the
formation of a surface cyclohexyl radical. This is
indicated by mass-spectrometric data for the ions desorbed
from platinum under the influence of a field pulse77.
Studies of the ESR spectra also established the presence
on the surface of nickel of a surface compound with a
higher carbon content, which is believed109 to be an
intermediate in coke formation.

When about 10% of the nickel surface has been
covered, cyclohexane has an accelerating effect on the
ortho-para conversion of hydrogen, the catalytic effect
increasing with the temperature of the preliminary
adsorption of the hydrocarbon110. The acceleration of
the ortho-para conversion of hydrogen is evidently related
to the radical-like nature of certain surface compounds—
products of the partial dissociation of the hydrocarbon
molecule.

2. Cyclic Intermediates in the Aromatisation of Para-
ffins

Some data on the structure of the unstable intermediate
compounds can be obtained by studying the dehydrogenation
of hydrocarbons containing labelled carbon atoms, i.e. the
variation of the product composition and of the reaction
rates with the structure of the initial paraffin.

According to the Twigg-Herington hypothesis111, the
cyclisation of a linear molecule requires two-point
adsorption via two carbon atoms. For example, the
relative probability of the cyclisation of heptane is 4/6,
since cyclisation is favoured by 1-2, 2-3, 5-6, and
6-7 adsorption but not 3-4 and 4-5 adsorption.

In a calculation of the relative probability of aromat-
isation, Kuo112 began with the hypothesis of one-point
adsorption. Then the probability of cyclisation should be
equal to the ratio of the number of surface radicals
cyclised to their total number. For heptane, the number
of semihydrogenated radicals undergoing cyclisation is
four, while their total number is seven and therefore the
probability of cyclisation is 4/7. Kuo's mechanism,
like the Twigg-Herington mechanism, allows the
possibility of subsequent isomerisation of the adsorbed
hydrocarbon.

According to Raik113, the probability of cyclisation is
determined by the product of the relative number of the
possible collisions between the molecule and the catalyst
and the relative chemical activity of the atoms. For
primary, secondary, and tertiary hydrocarbons, the
ratios of the first and second quantities are 3:2:1 and
1 : 2:10. According to this method of calculation, the
relative probability of the ring-closure of heptane is 0.54.

Each of the methods of calculation described explains
satisfactorily in many cases the relative rates of
dehydrogenation of various hydrocarbons and the compo-
sition of the aromatisation products, the differences
between them involving a greater or lesser approximation
to the experimental data for the individual paraffins.
However, nowadays the calculation of the probability of
the cyclisation of paraffins requires revision in the light
of new data indicating the intermediate formation of open-
chain olefins, as a result of which the cyclisation takes
place at later stages than the initial adsorption of the
original paraffin (see Section II, 1, 4).

The dehydrocyclisation of octane on various catalysts
results in the formation of ethylbenzene and all three
isomers of xylene103»111»114"118. According to the Twigg-
Herington mechanism, ethylbenzene may be formed via
1-6 and 3-8 adsorption, and o-xylene via 2^7 absorption;
m- and />-xylenes are formed as a result of the isomerisa-
tion of the 1-6 or 3-8 cyclic structure with intermediate
formation of bicyclic species. One can also postulate
isomerisation via the migration of a CHS group around the
ring in the intermediate 2-7 surface compound115 or as a
result of an octane —• iso-octane reaction116.

However, the cyclisation of an aliphatic hydrocarbon
to a six-membered ring is not the only possible pathway
leading to the aromatisation of paraffinic hydrocarbons
(see Section II, 5 about the formation of an intermediate
five-membered ring). The numerous data of Pines and
coworkers indicate other possibilities of cyclisation.

Thus one of their studies1 0 3 dealt with the dehydro-
cyclisation of labelled [4-14C] octane at 522°C on a
"non-acid" alumina-chromium oxide catalyst, which is
inactive in the isomerisation of hydrocarbons. Experi-
ments showed that ethylbenzene is radioactive in the
side chain. The displacement of the radioactive label to
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the side chain of ethylbenzene is difficult to account for
otherwise than by the formation of an intermediate eight-
membered ring:

./*'
c—c—c—c—c

The side chain contains 5-7.8% of 14C, which corre-
sponds to a 20-31% contribution of the mechanism
involving the formation of a surface cyclo-octane. In
order to explain the formation of other products, one must
also postulate closure to a seven-membered ring and the
usual six-membered ring.

Hypotheses concerning the closure of open chains to
rings with various numbers of carbon atoms and the
isomerisation of intermediate cyclic surface compounds
have also been put forward to account for the aromatisa-
tion of hydrocarbons containing seven117"119 and five120,121

carbon atoms in the chain.
Cyclic intermediates and their isomerisation can

play a significant role even in the dehydrogenation of
lower hydrocarbons. Thus, according to recent data of
Okamoto et al.122, in the dehydrogenation of [1-14C]
but-1-ene over the alumina-chromium oxide catalyst
there is a rearrangement involving the migration of 14C
from the 1-position in but-1-ene to the 2-position in
buta-l,3-diene. The degree of this 14C rearrangement in
butadiene at 675°C is 23%. The 14C rearrangement cannot
be accounted for by the recombination of C2 cracking
products and indicates the formation of a four-membered
ring, for example:

I *c-«—c
[l-14C)but-l-ene

[2-14CJbuta-l,3-diene

3. The Rate-limiting Stages and Kinetic Equations

There are data showing that the slowest stage in the
dehydrogenation of various hydrocarbons is the chemical
reaction. The rate of deuterium exchange involving
cyclohexene and hence the rates of adsorption and desorp-
tion of cyclohexene on Pd/Al2O3 and Re/Al2O3 are much
higher than the rate of dehydrogenation123. The same
conclusion can also be reached concerning the rates of
adsorption and desorption of hydrogen: the para-ortho
conversion of hydrogen on Ni-ZnO is much faster than
the dehydrogenation of cyclohexane124. Calculation of the
stoichiometry for the rate-limiting stage in the dehydro-
genation of butane on the alumina-chromium oxide
catalyst yields a value close to unity125.

On the assumption that the unimolecular stage of
dehydrogenation on a quasihomogeneous surface is rate-
limiting and that the adsorption of the reactants is
described by the Langmuir isotherm, kinetic equations of
the following types were derived16 for the process under
conditions far from equilibrium.

w — k- (2)

where b^ are the adsorption coefficients of the reactants.
Depending on the relative adsorption coefficients and the
ratios of the reactant concentrations, Eqn. (2) yields
effective reaction orders ranging from zero to unity with

respect to the initial hydrocarbon and from -1 to 0 with
respect to the product, in agreement with experiment16,33,
74 124 126-140^

This interpretation of the rate coefficients of the
equations has been widely accepted. A fairly large
number of determinations have been made of the adsorp-
tion coefficients of the reactants on various catalysts,
including dehydrogenation catalysts. According to the
available data16,136"138,141-143, the kinetic adsorption coef-
ficients increase in the series paraffins «* naphthenes <
aromatic hydrocarbons < olefins < diolefins and differ
comparatively little on catalysts such as alumina -
chromium oxide, alumina-molybdenum oxide, and
nickel/Al2O3.

The above treatment of rate coefficients involves
contradictions in a number of cases and therefore their
physical significance is apparently still controversial.

Thus according to the relative adsorption coefficients,
the dehydrogenation of paraffins is inhibited by the
products (olefins). However, these data are inconsistent
with direct measurements of the degree of adsorption.
Thus the degree of chemisorption of isopentane proves
to be higher than that of isopentene144. The hypotheses
of intense adsorption of olefins are also apparently incon-
sistent with, for instance, kinetic dehydrocyclisation
data. The consecutive equation for the dehydrocyclisa-
tion of straight-chain paraffins is valid only in the form
corresponding to the intense adsorption of the product—
an aromatic hydrocarbon and not an olefin74. At the same
time, according to other data (see above), the kinetic
adsorption coefficients for aromatic hydrocarbons are
lower than those for olefins.

In a study published subsequently145, it was shown by
a chromatographic procedure that the degree of adsorp-
tion of hydrocarbons (paraffins and olefins) on the
alumina-chromium oxide-potassium oxide catalyst under
dehydrogenation conditions is lower than the degree of
adsorption of hydrogen. These results make it possible
to explain published data on the inhibition of the dehydro-
genation of paraffins by olefins within the framework of
the mechanism of the inhibition of the reaction by hydro-
gen145. One can add that sometimes in the interpretation
of experimental data in terms of equations of type (2)
adsorption coefficient 6j < 0 are obtained146; this is

inconsistent with the assumptions made in the derivation
of the kinetic equation which must be then regarded as
semiempirical or it must be explained in another way.
Indeed the hypothesis that the rate of the chemical reac-
tion is limiting can hardly be regarded as universally
valid, since the rates of the individual stages can vary
markedly depending on the reactant and the state of the
catalyst surface.

Kinetic equations analogous to Eqn. (2) or its special
forms but with the constants having a different physical
significance can also be derived on the hypothesis that the
rate-limiting stages are the chemisorption of the initial
hydrocarbon (dehydrogenation of cyclohexane on the
alumina-chromium oxide catalyst)147 or the desorption
of products (dehydrogenation of methylcyclohexane on
Pt-Al2O3)148.

Under the usual conditions of the dehydrogenation of
hydrocarbons, transfer processes apparently have a
considerable influence and, at a sufficiently high temper-
ature and for small dimensions of the catalyst pores, the
rate-limiting stage may be diffusion of reactants.

The present author61 investigated the effect of the
porous structure of the alumina-chromium oxide catalyst
on the conversion of hexane. Pore size was varied by
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changing the intermicellar liquid. At temperatures
above 470°C and for a dominant pore radius in the speci-
mens less than 40 A (grain size 2-5 mm), the rate of
reaction was found to depend on pore size, i.e. transport
processes influenced the rate of reaction. At the same
time the experimental data are described fairly satis-
factorily by the kinetic equation derived on the assumption
that there is no diffusion-dependent inhibition.

Diffusion-dependent inhibition has also been noted
by other workers: dehydrogenation of butane7 and
dehydrocyclisation of heptane54 on alumina-chromium
oxide catalysts, and dehydrogenation of cyclohexane on
platinum deposited on alumina149.

When dehydrogenation of cyclohexane and deuterium
exchange involving it takes place simultaneously on the
Ni-ZnO catalyst, the degree of exchange passes through
a maximum with increase of temperature from 201 ° to
298°C, while the degree of hydrogenation increases.
According to the scheme proposed by the authors150,

X, (gas) C6X,2 (gas)

It -It1'
C6X10 (gas)

<lt"#'
C6X6 (gas) X, (gas)

Ψ It
2X(ads.) *- 2X (ads.)

(where X = Η or D), the H-D exchange involving cyclo-
hexane takes place via the intermediate surface compound
C6

Hi*2 - r(ads.) a n c* * n e dehydrogenation of cyclohexane
involves in addition the intermediate surface compound
CeHj*2- m(ads.)· Stages 1, 3, 4, and 5 and also the
hydrogen adsorption and desorption stages are fast, while
stage 2, in which one intermediate surface compound is
converted into another, is slow and rate-determining.

The maximum in the rate of isotope exchange can be
explained by the effect of the simultaneous occurrence of
dehydrogenation on the concentration of C6H*2_ r ( a d g > ) ·
Exchange reactions do not require the slow stages 2 or 2'
and therefore are fast even at low temperatures. With
increase of temperature, the rate of dehydrogenation
begins to rise sharply, which leads to a decrease of the
degree of exchange. According to this mechanism, when
benzene is introduced into the system, the rate of
exchange falls but it does not change significantly when
cyclohexene is added.

In a cordance with the data presented in Section ΠΙ, 1,
the compounds C6H]^_ r(a c |g#) may be dissociatively
adsorbed cyclohexene linked via two σ bonds and
CeHi^-miads.) m a v be air complex or a series of rapidly
interconverted π complexes. The first surface compound
may correspond to the edgewise (doublet mechanism) and
the second to the planar (sextet mechanism) orientation of
cyclohexane on the surface150.

The same catalyst is capable of dehydrogenating
hydrocarbons of various homologous series and struc-
tures, provided that it is sufficiently active. Thus
fairly high yields of the products of the dehydrogenation
of lower C 3 -C 5 straight-chain paraffins, the aromatisation
of C e -C 7 straight-chain paraffins and cyclohexane, the
dehydrogenation of ethylbenzene, olefins, branched para-
ffins, five-membered naphthenes, and alkyl-substituted
hydroaromatic and other hydrocarbons have been obtained
on alumina-chromium oxide-potassium oxide catalysts
9,32,70,91,151,152^

The problem of the effect of the catalyst on the
relative yields of various dehydrogenation products is
considered below.

1. Side and Secondary Non-dehydrogenation Reactions

As a rule, there is no parallelism between the
hydrogenating activity of catalysts and their activity in
cracking and isomerisation reactions7,3 1,1 8 3"1 5 5. This
suggests that the isomerisation and cracking reactions
are not caused by the active centres responsible for
dehydrogen ation.

Numerous facts demonstrating the role of the
acidity of the surface of alumina-chromium oxide catal-
ysts in the isomerisation of paraffins have been adduced
by Pines and coworkers156.

The isomerisation of hydrocarbons on a dehydrogena-
tion catalyst may be not only a side reaction but in certain
cases may be an important stage in the dehydrogenation
processes. Thus the aromatisation of paraffins with a
chain length corresponding to not more than five carbon
atoms must include the isomerisation stage.

When the alumina-chromium oxide catalyst is
poisoned with pyridine or quinoline, there is not only a
decrease in isomerising activity but also in the yields of
the "abnormal" dehydrocyclisation products of octane
(ra- and p-xylenes), which are believed to form via a stage
involving the isomerisation of octane to iso-octane or via
intermediate cyclic compounds116 (see also section III, 2).

On the other hand, under reforming conditions (hydro-
gen pressure, "bifunctional" catalysts), dehydrogenation
may be one of the stages in the isomerisation of the hydro-
carbon. Thus when heptane is brought into contact with
an aluminosilicate or platinum deposited on alumina,
isoheptanes are not formed. On the other hand, in the
presence of these catalysts, the yield of isoheptanes is
24%. Toluene is also formed157. The isomerisation
probably proceeds via intermediate dehydrogenation-
hydrogenisation stages:

η -heptane; isoheptane

IV. VARIETIES OF THE DEHYDROGENATING EFFECT
OF CATALYSTS

Dehydrogenation catalysts are extremely numerous
and have a wide variety of chemical compositions. Thus,
the compilation in Plate's book31, already mentioned 51
elements as active components of catalysts for the aromat-
isation of paraffins and included the elements of almost all
the Groups in the Periodic System, mainly Groups IV-VI.
The number of known catalysts and the methods for their
preparation are being continuously enlarged.

2. Dehydrogenation of Cyclohexane to Cyclohexene and
Benzene

According to the multiplet theory, the dehydrogenation
of cyclohexane with intermediate formation of bulk-phase
cyclohexene proceeds on doublet centres, like the dehy-
drogenation of paraffins to olefins, and the direct dehydro-
genation of cyclohexane to benzene, on sextet centres.

In early studies it was postulated that the doublet
centres are characteristic of uxide catalysts and the sextet
centres of metallic catalysts. Recently, with improved
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experimental techniques for the investigation of catalytic
reactions, an increasing number of facts have been
observed, showing the intermediate formation of cyclo-
hexene and cyclohexadiene in the presence of metallic
catalysts (see Section II, 3)p On the other hand, Balandin
and coworkers established that cyclohexane is dehydro-
genated on oxide catalysts (a-Cr a03), the process showing
properties characteristic of sextet reactions. Therefore
it is now recognised that doublet and sextet reactions can
occur on both oxides and metals1 5,1 6.

Another reason for the presence or absence of an
intermediate unsaturated product in the bulk phase can
probably be the capacity of the catalyst to form different
types of metal - adsorbed hydrocarbon t or σ-bonds (see
Section in, 1). For example the rates of desorption of
cyclohexene linked to the surface by a single π bond or
two σ bonds can differ markedly, as a result of which
cyclohexene is evolved into the bulk phase in one case but
not in the other.

3. Aromatisation and Formation of Olefins

It has been frequently postulated in the literature that
the dehydrogenation of paraffins to olefins and their
aromatisation on oxide catalysts take place on different
active centres31»53»158. The fact that the olefin/aromatic
hydrocarbon ratio varied within wide limits when catalysts
of different chemical compositions were tested and the
poisoning of an active aromatisation catalyst led mainly
to decreased yields of the aromatic hydrocarbons and had
much less influence on the yields of mono-olefins has been
frequently put forward as the main evidence for the above
hypothesis.

Thus, when the alumina-chromium oxide catalyst is
poisoned with furfural or cyclopentadiene, the content of
benzene in the catalytic reaction mixture in the dehydro-
genation of hexane diminishes from 8-9 to less than 1%
and that of alkenes from 18-19 to 6-7% (at 500°C)53. A
similar situation was observed also in the coking of an
aromatisation catalyst during the experiment31 and when
a dehydrocyclisation catalyst was poisoned with ethylene158.

Since the dehydrogenation of higher paraffins to
olefins was a more difficult problem than their aromatisa-
tion, the above concepts led to a large-scale development
of studies on the choice of selective catalysts for the
dehydrogenation of C^ e paraffins to olefins, which would
be at the same time inactive in the aromatisation reaction.
Various workers obtained catalysts which yielded olefins
with high olef in/aromatic compound ratios or the product
was altogether free of aromatic hydrocarbons **~42,49,50,ΐ5θ-ιβ3#

For example, the dehydrogenation of hexane on a Cr 2 O 3 -
AG-5 charcoal specimen at 430°C and a space velocity of
1.5 h-1 gave a yield of hexenes of about 10% for a selec-
tivity of 90-95%, the yield of benzene being less than 1%.42

However, as pointed out for the first time by the
present author43, a high selectivity of catalysts for the
formation of olefins is associated primarily with their
low activity. The increase of the olefins/aromatic
hydrocarbons ratio with decrease of the conversion of the
starting material into dehydrogenation products is a
common property of the process under consideration
regardless of the causes responsible for the decrease of
conversion, i.e. it is unimportant whether the decrease is
a result of the deactivation of the catalysts or a change in
temperature or in the contact time. Low conversions
constitute a general condition for improved yields of
intermediates such as olefins in the dehydrocyclisation of
a paraffin.

Therefore in order to account for the experimental
data on the poisoning of dehydrocyclisation catalysts as
well as other data for the dependence of the relative
yields of olefins and aromatic hydrocarbons on the chem-
ical composition of catalysts, there is no need to resort
to the hypothesis of the existence of two types of dehydro-
genation active centres.

Previously, it was suggested31,34 that aromatisation
on oxide catalysts takes place via a doublet mechanism
and on metals via a sextet mechanism. It was then
believed that on oxide catalysts the dehydrocyclisation of
paraffins takes place via the intermediate formation of
olefins and on metals there is a direct conversion into
aromatic hydrocarbons. These hypotheses were based
mainly on the results of one of the early studies30, accord-
ing to which paraffinic hydrocarbons in the Synthine
fraction are converted on a platinum/charcoal catalyst into
aromatic hydrocarbons without the formation of olefins,
the addition of which poisoned the catalyst for the aro-
matisation reaction.

However, subsequent studies on the aromatisation of
individual hydrocarbons yielded numerous data indicating
an analogy between the reactions of paraffins on oxide and
non-oxide catalysts. Thus the present author's investi-
gations56,64,65 showed that the relative ability of platinum
and also molybdenum sulphide and catalysts containing
charcoals to promote dehydrogenation to olefins and
aromatic hydrocarbons is almost indistinguishable from
that of oxide catalysts (Fig. 2). The dehydrocyclisation of
hexane on platinum and nickel as well as on oxide catal-
ysts proceeds via the intermediate formation of olefins
(Section Π, 1,5). This suggests that one should not draw
a distinction between metallic and oxide catalysts as
regards the nature of active centres in dehydrocyclisation
reactions.

The olefin/aromatic hydrocarbon ratios plotted against
the sum of olefins and aromatic hydrocarbon yields on the
basis of the results of different investigations give rise to
a family of curves (Fig. 2) instead of a single curve as
would have been expected in the ideal case if the overall
conversion into dehydrogenation products constituted the
only factor determining the yields of olefins and aromatic
hydrocarbons. The divergence of the curves in Fig. 2
reflects the fact that the ratio of olefins and aromatic
hydrocarbons in the products is influenced, apart from the
overall conversion, by certain other factors. One of the
principal causes of the divergence of the ΡΟ/ΡΆ-(ΡΟ + P a )
cui-ves in Fig. 2 is probably the difference between the
experimental methods employed in different studies or
series of experiment s6 5t-

In order to solve the problem of the effect of chemical
composition on the relative capacity of catalysts to promote
dehydrogenation to olefins and aromatic hydrocarbons (not
associated with a change in activity), additional data are
required which allow for other factors which may be
important (for example secondary thermal reactions of the
products, the presence of impurities in the raw material,
etc.).

We shall consider from this point of view the results
of one of the latest studies by Timofeeva164 on the dehydro-
cyclisation of hexane and nonane on alumina-chromium

t This must be taken into account in the interpretation
of experimental data. Otherwise, instead of the curves
relating P o , P a , and -Pp/Pa to Po + P a , more or less
broad bands would have been obtained and the objection164

against the use of the method in the study of theoretical
problems would have been justified.
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oxide catalysts promoted in different ways, represented
by plots of the olefin/aromatic hydrocarbon ratio against
the sum of olefins and aromatic hydrocarbons (Fig. 3).

3.0

2.0

10 20 JO r.%
Figure 3. Plots of the ratios y against the sum Σ of
olefins and aromatic hydrocarbons based on Timofeeva's
experimental data1 6 4; Η—hexane; Ν—nonane:
1) ALjOa-CraC^-NasO; 2) K-16; 3) K-5; 4) A12OS-
Cr2O3; 5) A l a 0 3 - C r a 0 3 0

The majority of experimental points lie within a single
narrow band, Ρο/Ρ% = f{P0 + PQ), in which two groups of
points are distinguished: one of them refers to specimen 2
(K-16) with respect to hexane and nonane and the other to
specimens 4 (alumina-chromium oxide catalyst) with
respect to hexane and 3 (K-5) with respect to nonane.

Following Timofeeva164, one could conclude on this
basis that specimen 2 is somewhat less selective and
specimens 3 and 4 somewhat more selective than speci-
mens 1 and 5 (K and Na alumina-chromium oxide catal-
ysts). However, the present author believes that such
a conclusion would be premature. Indeed the results for
hexane and nonane on specimens 3 and 4 do not agree. The
data for hexane on specimen 4 are inconsistent with other
results of the same author's 4 5,4 9>5 0, obtained on alumina-
chromium oxide catalysts both with and without alkali
metals, which fit satisfactorily on Po/Pa. =Apo + pa)
curves (Fig. 2). The discrepancy between the olefin/-
aromatic hydrocarbon ratios in Timofeeva's work164 is
probably associated with the method of analysis of the
products, which was not the same in all the experiments.

The conclusion that the active centres for the
dehydrogenation and aromatisation of paraffins are of the

same type is consistent with the experimental data for the
catalytic properties of various substances.

The most active catalysts in the dehydrogenation of
lower paraffins to olefins and the aromatisation of C^ β

paraffins are promoted alumina-chromium oxide catalysts
and as a rule the additives introduced into the catalyst or
the change in the method of preparation or the treatment of
the catalyst have similar effects (activation, increase of
activity with time of operation, etc.) on both reactions and
also on the dehydrogenation of six-membered naphthenes
(Table 3).

Table 3. Effect of certain additives on the properties of
dehydrogenation catalysts.

Starting material

Cr2O3 - A!2O3

ditto

»

8

McO3 — A12O3

Pt —A12O3

Pd-Al 2O 3 with
added HF

Additives

Alkali metal

oxides

CaO, SrO, BaO

Fe oxides

Alkali metal
oxides

K j O

K,Rb,Cs,Ce,Nd,
and Hf oxides

N a 2°

Rare-earth oxides

Hydrocarbons

C3-C7 paraffins,
cyclohexane, iso-

pentenes
Butane, heptane,

cyclohexane
Butane, hexane

Isopentane, hep-
tane, cyclohexane

Butane, heptane.

Hexane, heptane
cyclohexane

Hexane, cyclo-
hexane

Hexane, cyclo-
hexane, methyl-
cyclohexane

Effect on catalytic
properties

Increase of activity

Ditto

Decrease of activity

Retardation of attain-
ment of steady activity
Decrease of coke

formation
Increase of activity

Activity passes through
a maximum

Increase of activity

Refs.

165-175

51. 167. 176,
177

37,178

168, 173. 179

167. 180

179, 181. 182

183

185

4. Dehydrogenation of Hydrocarbons with and without a
Double Bond

On the basis of the product proportions in the conver-
sion of cyclohexane into benzene and methylcyclopentane
and of methylcyclopentane into benzene and cyclohexane,
Haensel et al.1 8 6 concluded that, on treatment with sulphur-
containing compounds, the activity of a fluorinated
alumina-platinum catalyst for the stage involving the
conversion of cyclohexene and benzene is lost but its
activity in the conversion of cyclohexane into cyclohexene
is not lost and therefore the above reactions take place on
different active centres. The subdivision of catalyst
active centres into those which dehydrogenate paraffins
and olefins was adopted by Pines1 5 6 and also certain
earlier investigators.

However, when the Pt-F-Al 2 O 3 catalyst is poisoned
with thiophen, a sharper decrease of the yield of benzene
is observed in the dehydrogenation of cyclohexane than in
the dehydrogenation of cyclohexene187, which is inconsis-
tent with the data of Haensel et al. 1 8 e.

The conclusion that there is no sufficient evidence for
a subdivision of active centres into those for the dehydro-
genation of paraffins and olefins is arrived at by analysing
the experimental data on the effect of chemical composition
on the activity of the catalyst. As a rule, all active
catalysts for the dehydrogenation of paraffins are also
active in the dehydrogenation of olefins. That this is so
is shown, for example, by data on the intermediate forma-
tion of olefins in the aromatisation of paraffins, which
would not otherwise have occurred.
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A parallelism is observed between the relative reac-
tivities of saturated and unsaturated hydrocarbons on
catalysts of different types on the one hand and on the
relative activities of various catalysts in the dehydrogena-
tion of these hydrocarbons on the other. Thus the reac-
tivity of hydrocarbons increases with the degree of
unsaturation on alumina-chromium oxide and alumina-
molybdenum oxide catalysts, platinum, nickel, etc.
(Tables 1 and 2). The differences between the specific
activities of individual metals in relation to the dehydro-
genation of cyclohexane, cyclohexene, and cyclohexadiene
reach several powers of 10.87 If one neglects the com-
paratively small changes (by a factor of 2-3), the specific
activities of metals in the dehydrogenation of all three
hydrocarbons can be arranged in the following sequence:

The hypothesis that the active centres for the dehydro-
genation of saturated and unsaturated hydrocarbons are of
the same type does not of course imply that the same
catalysts should be optimal for both reactions.

The individual characteristics of the hydrocarbons can
be reflected in side reactions and secondary transforma-
tions of the products. For example, the capacity of
butadiene to cause the coking of the catalyst is much higher
than that of butane or butene183. To reduce coke forma-
tions the dehydrogenation of butene to butadiene is carried
out in the presence of water vapour, which poisons alumina-
chromium oxide catalysts. Therefore butenes are not
dehydrogenated on the alumina-chromium oxide catalyst,
but on other catalysts, which are stable in relation to
water, for example the ion oxide-chromium oxide-
potassium oxide catalyst.

Other factors can of course also be important, for
example the ratio of the rates of the individual stages.
Thus if the rate-limiting stage in the dehydrogenation of
the less reactive of two hydrocarbons being compared is
the chemical reaction, then the rate of dehydrogenation of
the more reactive hydrocarbon on the same catalyst may
be affected also by factors such as the rate of adsorption
or of internal diffusion. Therefore the optimum catalysts
for the two hydrocarbons should be different.

5 c Cs Dehydrocyclisation

A parallelism is not observed between the activities
of various catalysts in relation to the Cs dehydrocyclisa-
tion of paraffins and other reactions involving the dehydro-
genation of hydrocarbons. Thus the activity of platinum
on charcoal in the C5 dehydrocyclisation of isooctane to
1,1,3-trimethylcyclopentane is independent of the temper-
ature at which the catalyst is formed in the range between
-10° and 40 °C but, when the platinum content in the
catalyst diminishes from 20 to 5%, its capacity for C8

dehydrocyclisation falls sharply189. On the other hand
the activity of the platinum/charcoal catalyst in the
dehydrogenation of cyclohexane passes through a maximum
in the first case and in the second case remains virtually
unchanged.

These data, indicating that the C5 dehydrocyclisation
of paraffinic hydrocarbons to naphthenes takes place on
different active centres than the dehydrogenation of cyclo-
hexane, are consistent with the experimental data on the
selection of catalysts. It is known that on many active
dehydrogenation catalysts—metals (palladium, osmium,
and iridium on charcoal, nickel on charcoal and alumina,
etc.) and oxides—it has not so far been possible to achieve

the Cs dehydrocyclisation of paraffins, which occurs only
on platinum8»102,190. This does not apparently apply to
the C5 dehydrocyclisation of olefins, which, in contrast to
paraffins, takes place not only on platinum but also on the
alumina-chromium oxide catalyst (for example, the C9

dehydrocyclisation of dimethylpentadiene to dimethylcyclo-
pentadiene191.

V. MODERN HYPOTHESES CONCERNING THE NATURE
OF THE ACTIVE SURFACE OF DEHYDROGENATION
CATALYSTS

1. Platinum and Certain Metallic Catalysts

The catalytic activity of metals in dehydrogenation
reactions is due to their capacity to form chemical bonds
with hydrocarbon molecules in the gas phase. According
to modern data1 0 8, an olefin (A) adsorbed via two σ bonds
on a transition metal is formed by the rehybridisation of
the carbon atoms involved in the olefinic bond to sp3

hybridisation with subsequent formation of two σ bonds
between the carbon and metal atoms. In an olefin (B)
adsorbed via a ir bond, the carbon atoms are in a state of
sp2 hybridisation, the atoms and groups linked to the
carbon atoms being located in almost the same plane,
parallel to the surface. One surface metal atom is
directly involved in the formation of the π bondo The
problem of the role of surface chemical compounds formed
by the catalyst metal and the carrier of the adsorbed reac-
tant has been widely discussed in recent years. In many
cases the role of active reaction centres is attributed
to these compounds.

McHenry et al. 1 9 2 found in an alumina-platinum
catalyst a platinum complex which may be extracted by
dilute HF solution or acetylacetone. In the catalyst
obtained by impregnating alumina with H2PtClg solution,
the soluble platinum complex may contain also chlorine
and a promoting agent—an alkali metal. Platinum may
pass into an acid-soluble state not only by forming a
complex with aluminium but also as a result of non-
stoichiometric absorption of oxygen193. Therefore the
soluble platinum contained in catalysts is very inhomo-
geneous in composition.

A partial correlation between dehydrogenating activity
and the amount of soluble platinum in the catalyst has
been observed in a number of studies.

Bursian et al. 1 9 4 attribute to the complex of the
alumina-platinum catalyst a structure with a coordination-
unsaturated Pt4+ ion; its participation in the dehydro-
cyclisation reaction takes place as shown below (for
hexane):

M—O—Pt.

M-O i\ "

\ Μ—Ο

f » - M — O — P t ' (D)

where Μ is the cation of the carrier or a structural
promoting agent. Thus the catalytic effect of centres
containing Pt4* ions is attributed to coordination properties.

A positive aspect of the hypotheses concerning the
platinum complex as an active component of the catalyst is
that they reflect the common features of metallic and
oxide catalysts: the activity of the latter is also attributed
to the presence of cations with a definite valence (see
below).
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However, the soluble complex present in the alumina -
platinum catalyst may decompose on reduction of the
catalyst to yield metallic platinum, while the activity of
the catalyst is fairly high under these conditions1M.
This implies that the presence of the platinum complex is
not an essential factor determining the activity of the
catalyst. This is also suggested by the catalytic activity
of pure metals without a carrier. A specific objection to
scheme (D) is that, according to the available data, the
initial intermediates in the aromatisation of hexane are
hexenes and hexadienes while cyclisation takes place only
subsequently and is a rapid step (Section Π, 1 and 5).
Therefore if the Pt4* ions entering into the complex were
effective only in the cyclisation stage of the aromatisation
of hexane, they would behave as weak centres and would
not play a significant* role in catalysis.

The problem of the nature of soluble platinum is
closely related to the problem of the degree of its dis-
persion. Thus, according to Kraft and Spindler193,
platinum dispersed to the maximum extent becomes com-
pletely solubilised by treatment with air at 500°C and
after the reduction of the catalyst the degree of dispersion
of platinum increases still further. The degree of dis-
persion of platinum and other metals on a carrier can
become very high, up to atomic dispersion198"197.

The structure of the platinum as well as the nature
of the carrier were of secondary importance compared
with the surface area in tests on the activity of alumina-
platinum catalysts compared in different ways and con-
taining different amounts of soluble platinum193. Thus
the observed correlation between the content of the
platinum - aluminium complex and the activity of the
catalyst may be accounted for by the fact that the formation
and subsequent decomposition of the complex promotes an
increase in the degree of dispersion of platinum.

The affect of alkali metal promoting agents in
alumina-platinum catalysts consists, apart from supress-
ing the acid centres, in preventing the recrystallisation of
platinum because the promoting agent is involved in the
formation of a soluble complex.

Hypotheses have been put forward concerning the catal-
ytic role of compounds formed by platinum and the
carrier—charcoal ("pseudosandwich" complexes or a
combination of platinum crystallites and graphite sex-
tets 1 9 8" 2 0 0). However, there are still very few data on
this problem.

According to Wood201, adsorbed hydrogen is required
for the dehydrogenation of cyclohexane on a metallic catal-
yst. This conclusion follows from the fact that, under the
conditions investigated, the reaction ceased when hydrogen
was completely removed from the reactor. The experi-
ments were performed at 125°C and hydrogen was
evacuated via a membrane made of the material of the
catalyst (a palladium - silver alloy) which is permeable
to it. Wood believes201 that the active centre for the
dehydrogenation reaction on the catalyst investigated is
an adsorbed hydrogen atom.

2. Chromium Oxide and Certain Oxide Catalysts

According to modern concepts, the hydrocarbon
adsorbed on a metal oxide is linked to metal ions and not
to oxygen16,202. The formation of a bond between the
adsorbed hydrocarbon and a transition metal ion takes
place via unfilled d levels of the metal or via the forma-
tion of an s -d bond.

Some investigators167,203 established a correlation
between the amount of Cr·* contained in the alumina-
chromium oxide catalyst and its dehydrogenating activity
and in this connection suggested that the hexavalent chro-
mium present in the catalyst acts as a carrier of catalytic
activity.

However, this hypothesis is not adequately justified,
since under the reaction conditions the reduction of Cr6*
and other possible compounds in which the valence of
chromium is greater than 3 takes place very rapidly204,
while the activity of the alumina-chromium oxide catal-
ysts persists for a long time. In the regeneration of the
alumina-chromium oxide catalyst in a stream of carbon
dioxide, higher chromium oxides are not formed and yet
such catalysts are not less active than those regenerated
with air 2 0 5.

The amount of Cr6* in the catalyst depends on the
conditions and duration of oxidation and on the nature of
the promoting agent. The correlation between the
activity and amount of Cr6* in the catalyst observed in
some cases might have been due to the fact that the
reduction of higher chromium oxides under the reaction
conditions is nevertheless not entirely complete and the
residual non-reduced chromium, being a constituent of,
for example, a spinel with the aluminate of the added
metal, has a promoting effect.

Van Reijen et al.1 4 7 concluded from measurements of
the magnetic moments and ESR signals of alumina-
chromium oxide catalysts subjected to various types of
oxidation-reduction treatment that the higher chromium
oxides are reduced in a stream of dry hydrogen, i.e. under
conditions favouring the formation of an active alumina-
chromium oxide catalyst, not only to tervalent but also to
bivalent chromium. The proportions of the bivalent and
tervalent chromium oxides are determined by the equi-
librium

2 CrO + H2O •£• Cr2O3 + H 2 . (3)

Further experimental evidence for the formation of
bivalent chromium in the reduction of alumina-chromium
oxide catalysts was obtained by Rubinshtein and
coworkers206. Thus hydrogen was evolved on treatment
of carefully reduced alumina-chromium oxide catalysts
with water. When a catalyst reduced with deuterium was
treated with water, only protium was detected in the gas.
This implies that the hydrogen is formed in the decompo-
sition of water by Cr2* ions, which have reducing prop-
erties, and is not evolved as a result of desorption by
water.

The amount of Cr2* ions calculated from the volume
of hydrogen evolved agreed approximately with the amount
of hydrocarbon chemisorbed on the catalyst. On the
other hand, the amount of Cr3* ions present in the catalyst
was approximately 40 times greater2 0 7.

However, CrCl2 is much less active in the dehydro-
cyclisation reaction than CrCl3.

 2 0 8 There are also other
data which do not agree with the hypothesis that Cr2* ions
behave as dehydrogenation centres. Thus, according to
the conditions for equilibrium in reaction (3), Cr2* ions
should not be present in the catalyst when the partial
pressure of water vapour in the gas is greater than
1.7 x 10~3 mmHg. At the same time, at a water vapour
pressure in the reacting gas of 22 mmHg, the alumina-
chromium oxide catalyst retains a considerable activity205.
On the other hand, when the partial pressure of water
vapour in the gas was reduced to 3 x 10~4 mmHg, the
catalytic activity fell.
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The d3 cationic structure is particularly active in
reactions on semiconductors involving hydrogen809. The
chromium ion in Cr2O3 has this electronic configuration.
According to Kazanskii and Shvets210, the active dehydro-
genation centres are coordination-unsaturated Cr3* ions.

In specimens containing adsorbed water, all the
Cr s + ions are in an octahedral configuration. When one
water molecule is eliminated, the coordination is reduced
to that of a square pyramid:

•H,O +

and the removal of subsequent molecules can lead to a
further decrease of coordination. In order to discover
if coordination-unsaturated Cr3* ions present on the
surface of catalysts from which water had been desorbed
at high temperatures behave as dehydrogenation centres,
additional studies are necessary.

Some investigators have suggested that the activity of
alumina-chromium oxide catalysts is due to the formation
of a specific mixed structure by the components of the
catalysts. Krylova et al . 2 U observed a maximum styrene
content in the catalytic reaction mixture obtained in the
dehydrogenation of ethylbenzene and a maximum param-
agnetic susceptibility when the chromium content in the
catalyst was about 2%. The maximum specific suscep-
tibility at a low chromium content is probably associated
with the formation of a Cr2O3 6-phase. As regards the
activity of the catalyst, one should bear in mind that
chromium oxide is fairly active by itself7,16 and the mixed
alumina-chromium oxide structure would have had to be
very active to play a significant role in catalysis.

However, the specimens tested211 were relatively
inactive (the styrene content in the catalytic reaction
mixture was only 2-2.5 times higher than in the thermal
reaction) and probably their acidity was high. Therefore
the decreased yield of styrene observed when the chromium
content is increased above 2% may be attributed to the
formation of side products. Indeed, in the dehydrogena-
tion of less reactive hydrocarbons (paraffins), a maximum
activity was not observed in the presence of amounts of
added chromium as low as 2%.7

Buyanov et al. 2 1 2 attribute the activity of iron oxide-
chromium oxide-zinc oxide catalysts in the dehydrogena-
tion of butenes to the presence of a chromium spinel in
the catalyst composition. However, iron(III) 3 8,2 1 3 and
zinc oxides 2 1 4 exhibit a considerable activity in the
absence of chromium, let alone chromium oxide itself.
Therefore the active centres in iron oxide - chromium
oxide-zinc oxide catalysts can probably be the ions of
any metal entering into the composition of the catalyst.
On the other hand, the formation of solid solutions and
mixed structures is more likely to promote the stability
of the catalyst, preventing recrystallisation and undesir-
able chemical transformations of the catalyst, which may
be particularly important in the dehydrogenation of butene
and other olefins in view of the severe operating conditions
of these catalysts.

The available data also do not justify the hypothesis
that the dehydrogenating capacity of chromium oxide-
magnesium oxide or chromium oxide-silica gel catalysts
is due to the formation of mixed active structures41»215.
The nature of the activating effect of small amounts of
water remains obscure. Poorly dehydrated dehydrogena-
tion catalysts are inactive7. When the water content in
the starting material is increased, the activity of

alumina-chromium oxide catalysts passes through a
maximum.

One may suppose that water enters into the composi-
tion of the active centres of the catalyst and has a promot-
ing effect. The reversible poisoning of the alumina-
chromium oxide catalyst by larger amounts of water, can
be explained by the blocking of the active centres. Indeed
preliminary adsorption of water suppresses the chemisorp-
tion of hexane on the alumina-chromium oxide catalyst218.
In this case there is only physical adsorption of hexane,
which is not accompanied by dehydrocyclisation.

—oOo---

The data examined show that the problem of the
structure of the active centres remains controversial even
for the most thoroughly investigated catalysts. In dehy-
drogenation reactions, metal atoms (in metallic catalysts)
metal atoms or ions (in metallic adsorption catalysts),
and metal ions (in oxide catalysts) can behave as carriers
of catalytic activity. The composition of the active
centres probably includes also chemisorbed atoms or
molecules (hydrogen in the case of metallic catalysts and
water in the case of the chromium oxide catalyst). The
molecule undergoing dehydrogenation can be linked to the
surface via one- two-, or multipoint adsorption with
different types of chemical bonding (the σ bond or different
varieties of coordinate bonds).

Nevertheless only a few types of dehydrogenating
effect of catalysts on hydrocarbons have been observed.
There is sufficient evidence to suppose that the dehydro-
genation and aromatisation of paraffins takes place at the
same active centres and probably this can also be said of
paraffins, olefins, and naphthenes (except for the direct
conversion of six-membered naphthenes into aromatic
hydrocarbons).

In all these cases, where there is an analogy in the
action of catalysts of different types and in the conversion
of hydrocarbons of different homologous series and
structures, preference should be given to the model
involving an intermediate compound with one- or two-point
adsorption rather than multipoint adsorption, and, among
the existing hypotheses concerning the structure of the
active centres, those which attribute the activity to the
material of the catalyst itself and the degree of its dis-
persion rather than to its various compounds with carriers
are to be preferred. Probably an active catalyst, such
as, for example, platinum or chromium oxide, retains a
considerable dehydrogenating capacity on all carriers of
different types capable of ensuring that its degree of
dispersion remains stable.

Conversely, the more specific dehydrogenation reac-
tions (C5 dehydrocyclisation of paraffins, dehydrogenation
of naphthenes without an intermediate formation of cyclo-
olefins) can be accounted for by the effect of multipoint
active centres or a different type of bonding between the
adsorbed molecule and the catalyst surface compared with
other dehydrogenation reactions.
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