
JOURNAL OF CATALYSIS 39, i 8 I- 189 ( 1975) 

Comparison of the Behavior of Platinum and Nickel 

in Some Catalytic Reactions of Cyclohexane 

A. SARKANY, L. Guczr AND P. TBTBNYI 

Received May 2 1, 1974; revised March 24, 1975 

The exchange reaction between cyclohexane and deuterium gas and the reactions of 

dehydrogenation and hydrogenolysis in the presence of deuterium have been investigated 

over a wide range of temperature on platinum and nickel powder catalysts. The results are 

as follows: 

i. In the temperature range 30-100°C only deuterium exchange takes place. The activa- 

tion energies are the same for both catalysts although the rate of exchange is about one 

order of magnitude higher on Pt than on Ni. 

ii. Between 100 and 200°C poisoning occurs due to extensive decomposition. This effect 

is characteristic of nickel and causes a decrease of two orders of magnitude in catalytic 

activity but leaves the activation energy unchanged. 

iii. Above 200°C besides exchange other reactions commence and result in the formation 

of rz-hexane, benzene and toluene on Ni and benzene on platinum. In this temperature range 

the deuterium appears in equilibrium distribution not only in the products but in the parent 

molecule. 

It seems very likely that at high temperature the dissociative adsorption is not rate con- 

trolling and thus the exchange and the chemical transformation are controlled by the 

desorption and by the surface reaction. respectively. 

INTRODUCTION 

Deuterium exchange of C,-C1 hy- 
drocarbons on platinum (I ) and nickel 
(2,3) show no particular differences in 
kinetic parameters and deuterium distribu- 
tion. However, at higher temperatures 
reactions like hydrogenolysis (1,4,5) pro- 
ceed by different pathways depending on 
the type of metal catalyst. This phenome- 
non was explained by the predominance of 
strongly bonded intermediates, character- 
istic of nickel (6). On platinum, formation 
of these species is retarded leading to the 
formation of other products by a less 
strongly bonded pathway (I). 

We decided to examine these phenom- 
ena by a study of the catalytic reactions of 
cyclohexane on both metals. The subject 
of the present work is to measure deu- 
terium exchange in cyclohexane accom- 
panied by other catalytic reactions such as 

dehydrogenation and hydrogenolysis in a 
wide temperature range. 

EXPERIMENTAL METHODS 

All experiments were carried out in 
a circulating apparatus (7). An 
AEI MS 10 C2 mass spectrometer was 
directly connected to this apparatus by a 
capillary leak and in this way the concen- 
tration of both deuterated species and 
reaction products could be continuously 
monitored during reaction. Corrections 
were made for naturally occurring carbon- 
13 and deuterium, fragmentation on a sta- 
tistical basis, and time elapsed during the 
determination of different species. All cal- 
culations were carried out by using ICT 
1905 and TPA/i computers. 

The preparation of platinum black and 
nickel powder catalysts used has been 
given elsewhere (/,4). Surface areas for 
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nickel and platinum were 6.3 and 3.4 
m” g-‘, respectively, as measured by the 
BET method. Deuterium gas was passed 
through a heated palladium thimble and 
chromatographic grade cyclohexane was 
supplied by Merck. Usually a 10: 1 deu- 
terium-cyclohexane mixture (total pres- 
sure 100 Torr) and 0.154 g Ni or 0.3 g Pt 
were used in the experiments. Deuterium 
exchange is characterized by light cyclo- 
hexane conversion. The term consumption 
is used for reaction of cyclohexane, 
regardless of whether it is a deuterated or 
light molecule, either by dehydrogenation 
or hydrogenolysis. Initial rates both for 
exchange and consumption were calcu- 
lated and are denoted by w,, (mol s’ m-2). 

RESULTS 

Preliminary experiments established that 
deactivation of a catalyst (as represented 
by the change in km) is characterized by a 
decrease of the cyclohexane-dlz to cyclo- 
hexane-d, ratio (8). During an experi- 
mental run this ratio decreases to a lesser 
extent on platinum than on nickel, as 
shown in Fig. 1. In addition, fresh cata- 
lysts can be poisoned more quickly during 

Dt D, 
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FIG. I. Comparison of poisoning effect on Ni and 

Pt catalysts in cyclohexane exchange. Symbols: (+) 

pt, 7‘= IOYC, k, = 0.26: (CT3) Ni, T- 23O”C, 
k+=O.l8: (x) Pt, T= 105°C. km= 149; (QD) Ni, 
T= IIYC, /&=X.3; D,=([d,,]/[d,]),=,, and D,,= 

(rdlrll[d,l),=,,. 

the run than the used ones (see, e.g., Pt on 
which km drops after a number of experi- 
ments at the same temperature due to 
deactivation). 

In order to obtain consistent kinetic 
measurements all runs were carried out on 
a catalyst previously aged. In this way fur- 
ther self-poisoning between the runs dis- 
turbing the kinetic data were minimized. 

Deuterium exchange was carried out in 
the temperature range of 30-3 15°C as 
shown in Fig. 2. The rate data suggest that 
the exchange reaction of cyclohexane can 
be divided into three distinctive tempera- 
ture zones: 30-100°C IOO-200°C and 
above 200°C. In the latter case exchange 
is accompanied by consumption of cyclo- 
hexane. For the sake of simplicity these 
three parts are considered separately. 

i. In the low temperature range the 
apparent activation energies of exchange 
on both catalysts are similar (i.e., 79.4 and 
67 kJ mol-’ for Pt and Ni, respectively) 
which is in agreement with earlier results 
(8,9), but there is a difference of about one 
order of magnitude in the rate of exchange. 
In Fig. 3 (lower curves) the distributions 
determined on both catalysts in the low 
temperature range are compared. On 
nickel the distribution is shifted towards 
highly deuterated species in agreement 
with our earlier results (2,3). On platinum, 
however, cyclohexane-d, predominates 
and the formation of perdeuterated com- 
pounds occurs only at higher tempera- 
tures. No maximum was found at cyclo- 
hexane-ds even at low temperatures. 

ii. In the temperature range between 
100 and 200°C only deuterium exchange 
occurs. As shown in Fig. 2 exchange activ- 
ity on nickel decreased by two orders of 
magnitude due to poisoning, whereas on 
platinum only a decrease in the apparent 
activation energy of exchange can be mea- 
sured. On nickel the apparent energy of 
activation for deuterium exchange re- 
mained nearly as it was at lower tempera- 
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FIG. 2. Arrhenius plots for deuterium exchange and decomposition of cyclohexane. 

ture. It is characteristic of this temperature 
range that the formation of perdeuterated 
compounds due to the relative contribution 
of multiple exchange is increased as shown 
in the upper part of Fig. 3. 

iii. The temperature range above 200°C 
is the most interesting one. Figure 2 shows 
the consumption of cyclohexane in the 
presence of hydrogen on platinum and on 
nickel. Here the main reaction is the dehy- 
drogenation of cycfohexane to benzene on 

both catalysts. The apparent energies of 
activation for consumption are nearly the 
same (79.4 and 88 kJ mol-’ on Pt and Ni, 
respectively) and the reaction is five times 
faster on platinum than on nickel. 

Above 200°C the rate of exchange is 
very fast and its measurement becomes 
difficult. Still it seems interesting from the 
point of view of the mechanism to measure 
simultaneously the exchange and the con- 
sumption of cyclohexane. For this purpose 
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FIG. 3. Characteristic initial distribution of deu- 
terated isomers. 

the reaction was carried out in the pres- 
ence of deuterium at 300°C. In Fig. 4 the 
uncorrected mass spectra observed are 
presented. On platinum peaks which are 
characteristic of deuterated benzene are 
obtained as a result of dehydrogenation. 
This is also true on nickel; however, peaks 
also appear in the mass range of m/e = 
96- 100 owing to the formation of deu- 
terated n-hexane. 

After considering the pattern of deu- 
terated peaks in cyclohexane we were 
tempted to assume that such a pattern was 
the result of desorption of cyclohexane 
species which had achieved a local equilib- 
rium on the surface due to a fast exchange. 
The extent of equilibrium depends only on 
the parameters $,,, as defined by the fol- 
lowing equation: 

4hl” = 1200 x [D], +‘I:‘; [C”],’ (1) 

where [DILl and [CH], are the surface 

concentrations of deuterium and cyclo- 
hexane, respectively. 

Furthermore, if adsorbed cyclohexane 
species containing deuterium atoms in 
equilibrium quantity can be converted into 
benzene by losing six hydrogen atoms, 
then benzene must also contain deuterium 
atoms in equilibrium distribution. In this 
case +a is equal to &/2 where $J is de- 
fined as X?&, xd, (where x is the number 
of deuterium atoms in the molecule and d, 
is the amount of the species containing 
x deuterium atoms). 

Since [DIU and [CH], are not known a 
semiempirical method was developed to 
separate the spectra of cyclohexane and 
benzene based on the above-mentioned as- 
sumption. This procedure is given in the 
Appendix. In Fig. 5 the experimental dis- 
tributions of cyclohexane, benzene and IZ- 
hexane are compared to those calculated 
by using the pattern in paragraph (iii) of 
the Appendix and is referred to as the the- 
oretical distribution. 

The agreement for benzene is extremely 
good both for nickel and platinum. As far 
as the higher mass range is concerned the 
agreement on nickel is adequate. Here the 
formation of deuterated cyclohexane was 
omitted and only deuterated n-hexane was 
taken into account in the calculation.’ 

On platinum the agreement between the 
theoretical and experimental cyclohexane 
spectra is rather poor. For this range only 
the shape of the distribution of deuterated 
species and the benzene spectrum point to 
surface equilibrium. 

In Fig. 5 it is clearly shown that large 
amounts of light cyclohexane as a parent 
molecule coexist with deuterated species. 
By considering this fact together with sur- 
face equilibrium it is obvious that at this 

’ Recently we have proven by using a CC-MS 
apparatus (19) that this assumption is valid since 
cyclohexane is not desorbed in highly deuterated 
form. 
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FIG. 4. Uncorrected spectra of deuterated cyclohexane at 300°C (upper spectrum, Pt: lower spectrum, Ni). 

temperature adsorption-desorption equi- distribution of benzene and cyclohexane 
librium for the whole system does not remains unchanged during the run until the 
occur. This statement is valid for the run light cyclohexane has completely disap- 
as is illustrated in Fig. 6. Here the shape of peared. 
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FIG. 5. Comparison of theoretical and measured spectra of deuterated cyclohexane and benzene. 

DISCUSSION where the subscripts c1 and g refer to the 

The experimental results may be ex- 
plained in the following way: 

(~yclohexane)~ 

(benzene), 

I 
w< 

(benzene)g 

kyclohexane), + D, 

(he&e), 

species on the surface and in the gas 
phase, respectively. 

Some explanation is needed to under- 
stand this scheme. First, due to competi- 
tive adsorption of hydrogen and hydro- 
carbon (16) a great part of the surface is 
covered by deuterium atoms. Second, cy- 
clohexane is not adsorbed in molecular 
form but via dissociation, e.g., hydrogen 
content (cyclohexane), > (cyclohexane),, 
and the degree of dissociation depends 
upon the nature of the catalyst. 

At low temperatures no particular dif- 
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FIG. 6. The change of one measured distribution of deuterated cyclohexane and benzene as a function of 
time. 

ferences can be seen compared to earlier 
investigations on films (9), powder (8) and 
supported metal catalysts (10-14). No 
maximum was found at cyclohexane-d, as 
in previous experiments (8) which means 
that this is not a main characteristic of the 
exchange. 

In this temperature range w, = w-, , w2 
and wg = 0 which means that adsorption- 
desorption equilibrium is maintained for 
cyclohexane. The difference in exchange 

activity between platinum and nickel may 
be due to the fact that even at low temper- 
atures poisoning at the first exposure of 
the gas mixture to nickel destroys a part of 
the active centers. Further poisoning does 
not occur except at higher temperature. 
On platinum a treatment of higher temper- 
ature is needed for a considerable loss of 
activity, as was shown earlier (1). 

At low temperature the rate of exchange 
is possibly controlled by the rate of cyclo- 
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hexane adsorption (w,) similar to the 
mechanism of other hydrocarbons based 
on the kinetic isotope effect (15,16). 

At higher temperature on platinum the 
deuterium exchange is still not poisoned 
and the decrease in the activation energy 
may be the result of a change in the reac- 
tion mechanism, such as a different rate 
controlling step. On nickel the decomposi- 
tion of cyclohexane produces further 
blockage of the active sites resulting in a 
two order loss of exchange activity. The 
poisoning of exchange reactions on plat- 
inum and nickel at these temperatures is in 
excellent agreement with the data given by 
Kempling and Whan (17) for other hydro- 
carbons. 

The most interesting temperature range 
lies above 200°C where we observe solely 
dehydrogenation on platinum, and dehy- 
drogenation and hydrogenolysis on nickel. 
According to the literature (11,12) the rate 
of exchange on nickel decreases once de- 
hydrogenation commences. On the basis of 
our experiments carried out in the pres- 
ence of deuterium it can be established 
that this is indeed the case only if the 
exchange products are considered to be 
the deuterated cyclohexane molecules that 
return to the gas phase in their original 
form. However, the distributions of the 
deuterium atoms in cyclohexane and in 
benzene are similar on platinum and on 
nickel (in the latter case deuterated cyclo- 
hexane is not desorbed at all, but only as 
n-hexane) therefore all products should be 
considered as carriers for the cyclohexane 
exchanged. 

The results at high temperature may 
therefore be explained in the following 
way. Both the adsorption of cyclohexane 
and surface exchange between (cyclo- 
hexane), and D, are also fast. Isotope equi- 
librium for the deuterated cyclohexane 
species is therefore quickly attained on the 
surface. 

Now, cyclohexane in isotope equilib- 
rium leaves the surface either by slow de- 

sorption (w-,) or as a consumption prod- 
uct also in a slow process (w, and w& wl 
is greater than each of the other steps rep- 
resented by w_,, IV., and wg. Since the ad- 
sorption and surface exchange are fast 
compared to the rates by which the deu- 
terated species can be removed from the 
surface and since only a small part of the 
molecules in the gas phase can be accom- 
modated on the surface, a considerable 
amount of light cyclohexane coexists with 
the deuterated cyclohexane in the gas 
phase. The light molecules can be further 
adsorbed on the surface only if sites are 
vacant. Slow desorption causes a long resi- 
dence time for the adsorbed cyclohexane 
and therefore the exchange achieves equi- 
librium. 

The difference between the platinum and 
nickel can be a consequence of surface 
intermediates. We have mentioned that 
nickel has an ability to convert adsorbed 
hydrocarbons into strongly bonded 
species, whereas on platinum the weak- 
strong transformation is hindered (I). 
Since strongly bonded species are respon- 
sible not only for poisoning but also hy- 
drogenolysis it is not surprising that on 
nickel hydrogenolysis occurs simulta- 
neously with exchange poisoning at higher 
temperatures. On platinum, however, the 
sole formation of benzene can be ex- 
plained by the predominance of less dehy- 
drogenated species on the surface as was 
proven earlier (18). These investigations 
give new support to our explanation of the 
different behavior of platinum and nickel. 

APPENDIX 

Peak separation of cyclohexane-d,, and 
benzene-d, which appear at m/e = 84 can 
be carried out in the following way: 

i. A correction for the naturally occur- 
ring carbon- 13 in the range of m/e 78-96 is 
made. 

ii. Fragmentation correction is applied 
for the range of m/e 96-85. (f-, = 0.06). 

iii. Since the mass spectrum at the high 
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mass range of deuterated cyclohexane is 
not disturbed by other compounds, the 
place of maximum as well as the ratio of 
the intensity of maximum to those one 
mass unit up and down is characteristic of 
the equilibrium distribution. By applying 
the relationship between $*%,, and the dis- 
tribution of deuterated isomers (d,.) ac- 
cording to equation 

d,.= n! . x!(n-x)! ( 100 .s 

1 
n 1 

n-‘r 1 -L 1 
100 n 

(I) 

(where n is the number of hydrogen atoms 
in the molecules) one can find a &.H value 
at which the theoretical distribution ade- 
quately fits the experimental one. 

iv. If hydrogen loss takes place in a sta- 
tistical way then & = &/2. 

v. Since the peak at m/e 83 is effected 
only by cyclohexane-d,, the following 
equation can be written: 

fx4 (total) = I x1 (benzene-d,) 
+ I,, (cyclohexane-d,,), (2) 

I,, (total) = Ixtl (benzene-d,) 
+.f:, . Ix4 (cyclohexane-d,,). (3) 

Once & is known the theoretical equilib- 
rium distribution of deuterated benzene 
can be calculated by using Eq. (1) and the 
ratio of peak intensities of m/e 84 and 83 
can be determined from the distribution. 

Thus 

R = I,a (talc) = Ix4 (benzene-d,) 
I,:, (talc) I,:, (benzene-d,) 

by using the expressions from Eqs. (2) and 
(3) 

I x4 (benzene-d,j) 
= R . [f,:S (total) -f-, . I,, (total)] 

I-R.j:, . (4) 

Once benzene-d, and benzene-d, are 
known, the fragmentation correction for 
deuterated benzene can be applied and 

thus the distribution of benzene isomers 
formed from cyclohexane can be calcu- 
lated. 

The procedure for Ni (on which n- 
hexane is formed) is similar but the dis- 
tribution is calculated for n-hexane. From 
4 &H ,I H 3 is derived by multiplying by 
12/ 14 which is the hydrogen ratio in the 
molecules. 
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