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The heterogeneous kinetics of conversion of methylcyclohexane and
cyclohexane were studied on copper/alumina catalysts, using a flow tech-
nique under normal pressure. It was found that this process is not a simple
process of intermediate formation of monomolecular catalytic complex, but
instead, a polymolecular catalytic one, in which the decomposition of the
polymolecular complex intermediate is the rate-determining step. The tex-
tural properties and X-ray diffraction were studied for the solid samples and
the nature of the intermediate, heterogeneous catalytic complex, formed was
discussed.

The formation of aromatic hydrocarbons by the catalytic dehydrogenation
of a saturated six-membered ring is a well known reaction. The transition metals
and their oxides are active catalysts for such dehydrogenation reactions.

Dehydrogenation catalysts are, in principle, the metals of group VIII in the
periodic table, copper oxides and sulfides of metals are active in hydrogenation
reactions. It is known that the dehydrogenation process takes place at a tem-
perature higher than that of hydrogenation.

The two known [1] basic modes of methylcyclohexane decomposition on
dispersed metal oxide catalysts are dehydrogenation and dehydromethylation to
toluene and benzene, respectively, as elementary reaction directly or indirectly
via free radical mechanism [1, 2].

In our previous works [3—6] the heterogeneous catalytic decomposition
of alcohols, alkanes, and cycloalkanes was studied on Ni/AlL,O,, Co/Al,0;,
Pd/Al,O;, and Pt/Al,O, catalysts and a polymolecular mechanism was
proposed. According to this mechanism, a polymolecular intermediate complex
is formed from the reactant and catalyst, this complex decomposes in different
ways, according to the kinetic conditions, giving the reaction products. The
carbon deposition and formation of condensating products during catalysis
were also explained according to this mechanism.

In the present work, the heterogeneous catalytic dissociation of methylcyclo-
hexane and cyclohexane over Cu/Al,O, catalyst was studied in flow system
under normal pressure. The textural characteristics of the catalyst were also
studied.

Chem. Papers 45 (5) 625—641 (1991) 625



E. M. EZZO. H. S. MAZHAR. S. A. ALIL. N. A. YOUSSEF

Experimental
Materials

The copper/alumina catalyst was prepared by impregnation according to the method
given by Kotter and Riekert [7]. The gel obtained was washed thoroughly, dried at 350 K
for 14 h and then crushed, the sieve fraction 0.25—0.50 mm was employed in the surface
and catalytic activity measurements.

The methylcyclohexane was provided from laboratory chemicals, and it was found to
be chromatographically pure.

The cyclohexane was prepared by keeping the product obtained from the Rectapure
Prolabo Laboratory Chemicals over a Linde Va molecular sieve for 72h and then
distilling it at a constant boiling point of 80.3 °C. The distillate was chromatographically
pure.

Apparatus and technique

Each catalyst sample was activated in situ by calcination at 500°C for 4 h in a current
of dry air free from CO, (Cu/AlO) or in a current of pure hydrogen free from H,O
(Cu/AlH). The activated solids were then cooled from the activation temperature to the
catalytic reaction temperature. The activation temperature for the catalyst samples was
chosen as 500 °C since thermogravimetric analysis indicated that the solid lost its water
of crystallization at 450°C.

The catalytic activity was measured using a flow technique. The reactant was in-
troduced by a microdose pump (Unipan 335 A) and the speed of feeding was varied in
the range (273.0—1092.3) x 10 *cm’min~' and (276.6—1106.5)x 10~*cm’min~" for
methylcyclohexane and cyclohexane, respectively, the reaction temperature being
400—480°C. The catalyst sample (volume 1 cm?) was introduced into a silica tube reactor
with an internal diameter of 12 mm. The reactor was heated by a tubular electric furnace,
the temperature of which was controlled to + 0.1°C. The reactor and the furnace were
mounted in an inclined position.

The gaseous and liquid products were analyzed in a programmed gas-liquid chro-
matograph (Pye series 104 programmed chromatograph with a heated dual flame ioniza-
tion detector) on 2/10 PEGA using pure nitrogen as a carrier gas. Hydrogen was detected
by a chromatograph with thermal conductivity detector using nitrogen as a carrier gas.

Measurements and analysis

The adsorption—desorption isotherm of nitrogen at — 195°C was determined using
a conventional apparatus [8].

The X-ray diffraction patterns of the catalyst sample and its products after calcination
for 4h at 400, 500, and 750°C in dry air were obtained using an X-ray diffractometer,
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model PW. 1050 (Philips) at A = 1.54 A. A CuKa target with a nickel filter was used. All
the diffraction patterns were measured at room temperature; the peak was recorded in
a single run.

Results and discussion
Textural characteristics of Cu/Al,O; catalyst

The surface area Sger was calculated using the conventional Brunauer—
—Emmett—Teller (BET) equation [9], and it was found to be 155.5m?g~" This
surface area value was compared with the area obtained by the V,—¢ method
[10, 11].

The adsorption—desorption isotherm of nitrogen at —195°C on the cop-
per/alumina catalyst appears to be type III isotherm of the Brunauer—De-
ming—Deming—Teller classification [12, 13].

In the X-ray study of the solid sample the d spacing was estimated at each
temperature (400, 500, and 750°C) and compared with the values given in the
ASTM cards [14]. The results obtained are given in Fig. 1. It follows from Fig. 1
and the ASTM cards that different main peaks appeared at all the calcination
temperatures. These peaks indicate the presence of a mixture of copper oxide
paratenorite and copper oxide synth cuprite with different formulae 6 CuO -
- Cu,0 and (Cu,0)6C.

However, the catalyst sample calcined at 750°C contains different peaks
which indicate the presence of copper oxide synth tenorite with the formula
(CuO)8N.

The crystallite size (¢ value) was calculated for each sample at 100 % intensity
by applying the following expression [15] for the breadth in terms of the
crystallite size

B = KA/(tcos O)

where f is the peak width at half-intensity, ¢ is a linear dimension of the
crystallite and K is a numerical constant of the order of unity.

It follows that the average crystallite dimension increases with calcination
temperature from 0.86 to 1.06 A. These findings are in good agreement with
those given in Refs. [16, 17].

The heterogeneous kinetic studies

The reaction temperature was monitored at 400°C, and the hydrocarbon
vapour was allowed to pass over the catalyst under reaction conditions given
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in Experimental. This experiment was repeated at 430, 450, and 480°C over
fresh portions of Cu/Al, O, catalysts pretreated with dry air (Cu/AlO) or with
hydrogen (Cu/AlH).

The volume of the gaseous products was determined at various intervals.
When this volume was plotted against time a straight line was obtained, the
slope of which gave the rate of formation of the gaseous products, which was
then corrected to standard temperature and pressure (Q%/(cm’ min~"')).

The gaseous products were found to be hydrogen and methane in both cases
of conversion of cyclohexane and methylcyclohexane. The liquid products of
methylcyclohexane conversion were found to be toluene, cyclohexane, cyclo-
hexene, cyclohexadiene, and benzene with unreacted methylcyclohexane (Tables

I T T | |
750 °C
500 °C
400 °C
l L 1 L
60 50 40 30 68/° 20

Fig. 1. X-Ray diffraction patterns for Cu/AlO catalyst, thermally treated at 400, 500, and 750°C.
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The effect of speed of feeding f on the catalytic conversion of methylcyclohexane on Cu/AlO catalyst in flow system under normal pressure

Table 1

Content of liquid products/%

6 f-10? 0° AE Am(catalyst)
°C cm’min™'  cmPmin™' % kJ K "mol™! <:> Q @ @ Q Q
400 2.73 49 3.62 23.5 17.8 0.35 2.95 0.52 96.18
5.46 4.7 4.48 1.02 — 2.77 Tr 0.69 95.52
8.19 4.6 3.72 0.93 — 2.57 Tr 0.93 95.57
10.92 35 422 0.94 — 2.57 Tr 0.94 95.78
430 2.73 7.6 10.20 23.5 14.1 1.33 4.88 3.10 Tr 0.89 89.80
5.46 7.6 10.22 0.88 5.44 3.81 Tr 0.09 89.78
8.19 7.3 8.68 1.20 3.52 2.64 Tr 1.32 91.32
10.92 7.2 8.27 1.32 3.86 2.21 Tr 0.88 91.73
450 2.73 8.3 14.90 23.5 13.2 2.31 5.13 5.63 Tr 1.83 85.10
5.46 8.0 12.83 2.18 5.26 4.51 Tr 0.88 87.17
8.19 8.0 945 2.11 3.54 2.92 Tr 0.88 90.55
10.92 7.3 9.33 0.80 3.54 2.33 Tr 1.77 90.67
480 2.73 9.1 15.86 23.5 12.6 2.63 7.35 5.25 Tr 0.63 84.14
5.46 9.1 14.16 2.62 6.37 4.62 Tr 0.55 85.84
8.19 8.9 11.87 1.66 4.55 4.55 Tr 1.11 88.13
10.92 8.9 14.39 0.85 7.40 5.29 Tr 0.85 85.61

Tr — traces. Q% — flow rate of gaseous products.
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The effect of speed of feeding f on the catalytic conversion of methylcyclohexane on Cu/AlH catalyst in flow system under normal pressure

Table 2

Content of liquid products/%

6 f10? (07 a AE Am(catalyst)
°C cm’min~! cm’min™! % kJK~'mol™! O <:> @ @ Q O_
400 2.73 5.9 7.19 26.81 12.6 2.51 0.42 1.26 92.81
5.46 5.9 6.39 Tr 2.50 2.26 0.49 1.14 93.61
8.19 54 7.65 Tr 2.70 3.30 0.33 1.32 91.35
10.92 5.8 5.06 Tr 1.00 2.80 0.63 0.63 94.94
430 2.73 6.3 11.83 26.81 10.7 Tr 3.50 4.26 0.81 3.26 88.17
5.46 6.2 8.73 Tr 2.90 3.77 0.96 1.10 91.27
8.19 5.6 7.22 Tr 3.20 2.30 0.72 2.00 92.78
10.92 5.8 8.82 Tr 3.70 2.89 0.51 1.72 91.18
450 2.73 7.7 12.66 26.81 13.6 Tr 4.60 4.10 0.85 3.11 87.34
5.46 7.9 9.82 Tr 2.63 4.89 0.83 1.47 90.18
8.19 7.4 7.09 Tr 2.20 2.62 0.62 1.65 92.91
10.92 7.0 10.51 Tr 3.90 4.60 0.98 1.03 89.49
480 2.73 11.8 12.88 26.81 12.8 Tr 4.50 4.49 1.07 2.83 87.12
5.46 10.8 10.55 Tr 2.90 4.53 1.20 1.92 89.45
8.19 11.5 8.17 Tr 3.40 2.48 0.52 1.77 92.83
10.92 11.8 11.70 Tr 3.90 4.25 0.81 2.74 88.31
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1 and 2). The liquid products of cyclohexane conversion were found to be
benzene and cyclohexene with unreacted cyclohexane.

In all cases of the decomposition of methylcyclohexane and cyclohexane the
rate of formation of gaseous products and the conversion (a/%) of the hydro-
carbons were independent of their rates of flow (Figs. 2 and 3), i.e. the rate of
reaction was independent of the speed of feeding or the contact time. This
indicates that the reaction of methylcyclohexane and cyclohexane on copper/
/alumina catalyst, pretreated with air or hydrogen at 500°C, is taking place on
a surface completely covered with adsorbed molecules of hydrocarbon. This
situation is quite different from Henry’s region characterized by incomplete
surface coverage. Consequently, the reaction of decomposition of hydrocar-
bons, under the present experimental conditions, is of the zero order.
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Fig. 2. Effect of variation of time of contact 7 on the conversion of methylcyclohexane () and
cyclohexane (b) on Cu/AlO catalyst at 400°C and methylcyclohexane (c) and cyclohexane (d) on
Cu/AlH catalyst at 450°C.

It is known [18] that heterogeneous reactions proceed in more than one step.
The main steps in a heterogeneous catalytic process are: diffusion from the
gaseous phase to the catalyst surface, adsorption on the catalyst surface, surface
reaction, desorption, diffusion of the desorbed species from the catalyst surface
to the gaseous phase.

Preliminary experiments using different particle sizes of the copper/alumina
catalyst (from 0.25 to 1 mm in diameter) showed that the reaction rates of
decomposition of methylcyclohexane and cyclohexane were independent of the
particle size of the catalyst, therefore, the rate-determining step is neither the
rate of diffusion of the reactant molecules to the catalyst surface, nor the rate
of diffusion of the desorbed species from the catalyst surface to the gaseous
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phase. Also, on the basis of molecular calculations, the equilibrium is attained
very fast between the adsorption and desorption species, this indicates that
neither the rate of adsorption, nor the rate of desorption is the rate-determining
step. Consequently, the rate-determining step is the rate of one of the surface
reactions.
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Fig. 3. Effect of variation of time of contact on the formation of the products of conversion of
methylcyclohexane (a) and cyclohexane (b) on Cu/AlO catalyst at 400 °C and methylcyclohexane (¢)
and cyclohexane (d) on Cu/AlH catalyst at 450 °C.

1. Cyclohexadiene; 2. cyclohexane; 3. toluene; 4. methylcyclohexane; 5. cyclohexene; 6. benzene.

It should be noticed that the mass of the catalyst was found to increase after
using it in the hydrocarbons conversion. The apparent gain in mass of the
catalyst, after the course of rate determination (2 h), is given in Tables 1—4. For
methylcyclohexane conversion over Cu/AlO catalyst the apparent gain in mass
was found to decrease, but it was almost constant in its conversion over Cu/AlH
catalyst, with respect to temperature. For cyclohexane conversion the apparent
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The effect of speed of feeding f on the catalytic conversion of cyclohexane on Cu/AlO catalyst in flow system under normal pressure

Table 3

Content of liquid products/%

] f-10? o5 a AE Am(catalyst)

°C cm’min~! cm’min~! % kJK "mol ™! % @ <:>
400 2.76 6.1 1.54 353 6.8 1.15 0.39 98.46
5.53 6.5 1.11 1.11 Tr 98.89

8.29 6.4 1.09 1.09 Tr 98.91

11.06 59 1.61 1.61 Tr 98.39

430 2.76 9.1 3.44 353 114 2.67 0.77 96.56
5.53 8.8 2.62 1.83 0.79 97.38

8.29 8.4 2.11 1.41 0.70 97.89

11.06 8.6 2.78 2.49 0.29 97.22

450 2.76 11.7 3.80 353 18.9 2.85 0.95 96.20
5.53 12.9 3.21 2.61 0.60 96.79

8.29 12.3 2.99 2.24 0.75 97.01

11.06 129 3.29 2.54 0.75 96.71

480 2.76 13.1 11.14 353 154 7.99 3.15 88.86
5.53 13.1 10.25 7.96 2.56 89.75

8.29 14.8 8.40 6.22 2.18 91.60

11.06 13.5 7.90 6.25 1.64 92.10
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The effect of speed of feeding f on the catalytic conversion of cyclohexane on Cu/AlH catalyst in flow system under normal pressure

Table 4

Content of liquid products/%

6 f-10 % a AE Am(catalyst)
°C cm® min~! cm’min~! % kJK~"mol™! % @ <:>
400 2.76 6.5 2.20 353 52 2.20 Tr 97.80
5.53 6.7 2.00 2.00 Tr 98.00
8.29 6.3 1.97 1.97 Tr 98.03
11.06 6.1 1.80 1.80 Tr 98.20
430 2.76 7.9 2.60 353 12.3 2.60 Tr 97.40
5.53 7.8 3.70 3.70 Tr 96.30
8.29 9.1 3.00 3.00 Tr 97.00
11.06 8.2 2.40 2.40 Tr 97.60
450 2.76 14.2 4.53 353 10.3 4.30 0.23 95.47
5.53 14.7 4.27 4.04 0.23 95.73
8.29 15.2 4.80 4.29 0.51 95.20
11.06 14.8 4.20 3.98 0.22 95.80
480 2.76 17.8 5.02 353 10.3 4.65 0.37 94.98
5.53 20.8 4.85 4.50 0.35 95.15
8.29 20.1 493 4.63 0.30 95.07
11.06 20.9 4.70 4.40 0.30 95.30

43SSNOA 'V 'N 1TV 'V 'S "dVHZVI 'S 'H '0ZZz3 ‘W 9



DEHYDROGENATION OF CYCLOALKANES

gain in mass of the catalyst was found to increase after the course of rate
determination with respect to temperature in both cases of Cu/AlO and Cu/AlH
catalysts.

The effect of reaction temperature was investigated in connection with the
determination of the apparent activation energy. A plot of log (a/%) (at the
different flow rates, at various temperatures between 400 and 480°C) vs. 1/T
(T is the absolute working temperature), allowed us to calculate the apparent
activation energy of conversion of methylcyclohexane and cyclohexane (Figs. 4
and 5). Tables 1—4 include the calculated activation energies AFE for the conver-
sion of methylcyclohexane and cyclohexane over Cu/AlO and Cu/AlH catalysts
at each speed of feeding.

T 7 T T 7 '
7 123 45 b 423 45
1.2 — 1.2 —
S -
E 0.8 - ‘3 0.8 | ]
g g
0.4 — -1 0.4 [~ =
0.0 | ! vy 1 1 0.0 | | — | |
10 20 10 20 10 20 10 20
-1 -1 -1, -1
10°- 777K 100 T7Vk
1 L, 1 U L1 L, U
10 20 10 20 10 20 10 20
L 1 L _J L ! L, J
10 20 10 20

Fig. 4. Effect of temperature on the catalytic conversion of cyclohexane on a) Cu/AlO catalyst and
b) Cu/AlH catalyst at £ 10%/(cm®>min~"): /. 276.6, 2. 553.2, 3. 829.8, 4. 1106.5, 5. 276.6.

It is evident from the values of the apparent activation energy AE that it is
almost independent of the contact time, the working time of the catalyst, and
the pretreatment gas.

It can be concluded then that the heterogeneous catalytic dehydrogenation of
the hydrocarbons on copper/alumina catalyst is not a simple catalytic process
under the present experimental conditions.

The possibilities for the conversion of methylcyclohexane to different
products are as follows

Chem. Papers 45 (5) 625—641 (1991) 635
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<:> +C+H, (4)
Q + CH, (B)
Q + CH, + H, (©)
@ + CH, + 2H, ()
@ +3H, (E)

These possible products are actually known for the heterogeneous catalytic
conversion of methylcyclohexane over different catalysts [18].
Also, the following possibilities are known for the conversion of cyclohexane

CH,, = CH, + 3H, (F)
CH,, = CH, + H, (G)
CH,, =3CH, +3C (H)
CH,, =2CH, +4C + 2H, )

2CH,, = CH, + 3CH, + 3H, + 3C )

These products are actually formed in the conversion of cyclohexane over
different catalysts [19—21] (nickel/alumina, platinum/alumina, and palladium/
/alumina).

Process (4) may also be represented as

N
OO

which suggests the formation of methylene radical [22]. However, this formation
needs vigorous conditions (high temperature and pressure), which is not satis-
fied in our experiment. Moreover, the amount of cyclohexane formed is not
sufficient, in all cases, to indicate the formation of methylene radicals. Also, if
methylene radicals are formed different alkyl products of benzene would be
observed, which is not the case under our experimental conditions.
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Fig. 5. Effect of temperature on the catalytic conversion of methylcyclohexane on a) Cu/AlO catalyst
and b) Cu/AlH catalyst at / 10*/(cm*min~'): /. 273.0, 2. 546.1, 3. 819.2, 4. 1092.3, 5. 273.0.

The results of the present investigation were plotted on coordinates of
Balandin’s equation (Fig. 6)

2.303f log(l — ¥)~' = a + BfY

which was derived for monomolecular catalytic processes proceeding over a
catalyst surface completely covered by adsorbed molecules, through the forma-
tion of an intermediate monomolecular catalytic complex, which immediately
decomposes to give the reaction products. In this equation f is the speed of
feeding of reactant substance, Y is the coversion ratio, @ and f are constants
independent of f. It follows from Fig. 6 that the obtained results correspond to
the Balandin’s equation [23] and linear straight lines were obtained.

However, on calculating the relative adsorption coefficients under the con-
ditions of investigation, they had no physical meaning. It seems therefore that
the processes of conversion of methylcyclohexane and cyclohexane over copper/
alumina catalyst under the conditions of investigation may not be due to the
formation of monomolecular catalytic complex, but to the formation of an
intermediate, a catalytic complex, having different character.

Accordingly, the polymolecular mechanism is suggested for the conversion of
methylcyclohexane and cyclohexane on copper/alumina catalyst, through the
formation of a polymolecular catalytic complex as an intermediate, formed
from the condensation of hydrocarbon molecules on the catalyst surface, which

Chem. Papers 45 (5) 625641 (1991) 637
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Fig. 6. Balandin kinetic equation for the conversion of methylcyclohexane on Cu/AlO catalyst (a)
and Cu/AlH catalyst (b) and of cyclohexane on Cu/AlO catalyst (c) and Cu/AlH catalyst (d).
@ 400°C; A 430°C; O 450°C; A 480°C.

Axisx=fY 1074 y=2303f log(l — ")=' 107*

immediately decomposes in different ways depending on the kinetic conditions

and on the nature of the catalyst used.
The polymolecular mechanism of conversion of alcohols on alumina was

discussed previously [24, 25].
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According to [26—28], the polymolecular mechanism is more probable in
organic heterogeneous catalytic reactions when the reaction is accompanied by
the formation of polymerization and polycondensation products.

The formation of the polymolecular intermediate may be represented as

n + K — <<©>> Kads
for methylcyclohexane conversion, and
@>> Kads

I

n©+K

for cyclohexane conversion, where K indicates the catalyst surface. This inter-
mediate decomposes immediately in several ways giving the different products.

Scheme 1 shows the formation of the different products of conversion of
methylcyclohexane by the decomposition of the intermediate, a polymolecular
catalytic complex.

For cyclohexane conversion, the decomposition of the complex to products
is represented by Scheme 2.

Schemes 1 and 2 account for the presence of the different products, and for
the increase in the mass of the catalyst, since it is known [26] that benzene can
form condesation products which may cover the catalyst surface, or at least the
active part of it, giving rise to an increase in the catalyst mass.

—> ((C;H,q), — CsH,» — C — H))K,y, + CH;» + C + H,

—> ((C;H,,), — C4H,y — CH)K,y, + CH,y + CH,

—> ((C,H,,), — C¢Hy — CH, — H»)K,q, + CcHy + CH, + H,
((CH\))Kise ——> ((C;H,4), — CHy — CH, — 2H,)K,y, + C¢H¢ + CH, + 2H,
L » ((C;H,q), — C;Hy — 3H1)K,q, + C;Hy + 3H,

—> ((C;H,q), — fCeH,» — g CH,y — hCHy — k C;H, — IC;H, —

— mCH, — gH)K,o + fCH,» + gCeH,o + hCHy + kCH¢ +
+IC;Hy + mCH, + qH,

—> elc.

Scheme 1

Chem. Papers 45 (5) 625641 (1991) 639
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—> ((CeH,2), — mCH, — IH))K,y, + mCH, + [H,
F—> ((CeH)2), — gCH,yy — ¢/3 Hy)K,ys + g CHy + ¢/3 H,
—> ((C4H,2), — xCH; — yC)K,y + xCH, + »C

((CGHIZ)H)KHJS 1 ((ChHIZ)u —m CbHG - X CH4 - IHZ -V C)KiILL\' +m CGH(" +

0NN W

15:
16.

17.

18.

19.

20.

21.
22.

+ .\'CH4 + [Hg +.I'C

—> ((C(,HD),, - .\'CH4 - IH: - ."C)Kuds + X CH4 + IHZ + _"C
—> clc.
Scheme 2
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