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Catalytic Hydrogenation of Cyclohexene

1. Yapor-Phase Reaction on Supported Platinum
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The reaction rates for the vapor-phase hydrogenation of cyclohexene over Pt/SiO; between
273 and 313 K are reported. The reaction is zero order with respect to cyclohexene. The
reaction order with respect to hydrogen is 0.8 at low hydrogen pressures and temperatures and
close to 0.5 at higher hydrogen pressures and temperatures. The shift in kinetics is explained
by a Horiuti-Polanyi (1934, Trans. Faraday Soc. 30, 1164) mechanism, in which adsorption
of hydrogen is equilibrated at high temperatures and pressures but becomes essentially ir-
reversible at low temperatures and pressures. The reaction is structure insensitive as its rate
does not change when Pt dispersion changes from 14 to 1009,

INTRODUCTION

Since the pioneering research of Sabatier
and Ipatieff, the catalytic hydrogenation
of alkenes has been the subject of a great
amount of experimental work. Much in-
formation concerning the mechanism of
hydrogenation has been accumulated due
to the kinetic studies of hydrogenation,
deuteration, and isotopic exchange with
saturated hydrocarbons (I-4). For cyclo-
alkenes, most of the kinetic investigations
were performed in solution (5). In this
paper we report the results of a kinetic
study of the vapor-phase hydrogenation
of cyclohexene over platinum catalysts
supported on silica gel.

EXPERIMENTAL

The kinetic measurements were carried
out in a batch recirculation system de-
scribed in an earlier paper (6). To re-
circulate the gas mixture over the catalyst

1 To whom correspondence should be sent.
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a stainless steel welded bellows pump was
used (7). The standard value of the flow
rate was 2.3 dm*/min. The volume of the
recirculation loop was 2.39 dm?. At suit-
able time intervals 23-cm? samples were
withdrawn for chromatographic analysis.

The cyclohexene (chromatoquality re-
agent, 99.7 + mol%,; Matheson, Coleman
and Bell) was passed at room temperature
through a transitional alumina column,
prcheated in flowing helium at 400°C,
subjected to scveral freeze—pump-thaw
cycles to remove oxygen, and stored in a
previously evacuated bulb attached to the
gas manifold. The hydrogen or deuterium
was purified by diffusion through a Milton—
Roy palladium thimble. Helium which was
used as a diluent, was passed through a
glass coil cooled with liquid nitrogen before
being introduced into the system.

The catalysts used in this work were
60/200-mesh Pt/Si0, samples; their com-
positions and Pt dispersions, determined
according to the method of Benson and
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Boudart (8), arce listed in Table 1. The
first four samples prepared according to
the method of Benesi ef al. (9) were
donated by Dr. H. A. Benesi. They were
prereduced at 400°C and stored in air
prior to use. The preparation and pre-
treatment of the 37 and 1.19, Pt/SiO,
catalysts made in our laboratory has been
described elsewhere (10).

The standard pretreatment for the cata-
lyst consisted of a 2-hr evacuation followed
by a 1-hr hydrogen purge at room tempera-
ture. The amount of catalyst used for a
run varied between 5 and 20 mg. The
reactant gas introduced into the recircula-
tion loop contained 12.7 Torr of ecyclo-
hexene, 76.2 Torr of hydrogen, and 749.3
Torr of helium. These partial pressures
together with a working temperature of
295 K are called standard conditions in the
discussion below.

Chromatographic analysis was carried
out with a Varian-Aerograph A-90-P
chromatograph equipped with a column
of 309, dibutylphthalate on Chromosorb P,
Only hydrogen, cyclohexane, and cyeclo-
hexene were dectected in the sampled
effluent.

RESULTS

All kinetic data are collected in Table 2.
No observable deactivation occurred from
run to run. All runs were zero order with
respect to cyclohexcne so that rates ex-
pressed as turnover numbers N were

TABLE 1

Turnover Numbers N at Standard Conditions for
Vapor-Phase Hydrogenation of Cyclohexene

Platinum Dispersion N
(wt%) (%) (s7h)
0.53 56 2.67
0.38 100 2.64
1.50 100 2.73
2.30 62 2.75
3.70 14 2.53
1.10 100 2.72

TABLE 2

Values of the Turnover Numbers (N) at Different
Temperatures and Pressures®
Catalyst: 0.539%, Pt/SiO,
Dispersion = 569,

HZ N H2 N
(Torr) (s71) (Torr) (s1)
7T =273 K 7T =303 K
76.2  0.94 38.0 2.69
1143 1.11 76.2 4.34
1524 1.53 101.6 4.44
2286 1.99 1524 5.83
304.8 2.40 2286 7.05
381.0 3.23 254.0 7.39
4572 3.64 381.0 9.52
5842 4.87 508.0 10.83
660.4 12.30
749.3 12.50
825.5 12.96
876.3 13.10
7 =2905K 7 =313 K
38.0 1.55 38.0 3.52
76.2  2.65 76.2  5.50
116.8 3.43 1522 882
1524 414 228.6  8.97,12.80°
203.2  5.57 254.0 12.00
254.0 6.54 304.8 13.70
3302 7.11 381.0 15.73
406.4 8.98,8.13% 482.6 19.66
558.8  9.11,8.97,9.400
688.3 10.04
825.5 10.80,10.94%
892.0 11.09,10.65

e Catalyst: 0.53% Pt/SiO,; dispersion = 56%,.
b Separate runs.

simply calculated from values of Pt dis-
persion and from the slopes of straight
lines in plots of amount of cyclohexane
vs time. Rates were unaltered when cyclo-
hexane was introduced into the reactant
mixture.

Values of N for two values of the re-
circulation rate below the standard value
(1.2 dm?®/min) and above it (3.4 dm?/min)
were 2.67 and 2.87 s~1, Thus the recircula-
tion rate had no influence on the reaction
rate. Values of N for catalysts with 0.53
and 2.39, Pt were 2.67 and 2.78 s7?,
respectively. The absence of any depen-
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TABLYE 3

Values of the Reaction Order with Respect to
Hydrogen at Different Hydrogen Pressures and
Temperatures

Temperature Pressurerange  Reaction order n

(K) (Torr) with respect to
hydrogen
273 76.2-584.2 0.82
295 38 -250 0.78
250 —-892 0.48
303 38 -876.3 0.51
313 38 -482.6 0.57e

2 Value corrected according to Boudart and
Madon (12).

dence of N on recirculation rate and Pt
content at almost identical values of Pt
dispersion are convineing tests that the
reaction was carried out in the kinetic
regime (11, 12).

The data of Table 2 were plotted to
determine the reaction order with respect
to hydrogen. At 273 K, the partial pressure
of H, was varied from 76.2 to 584.2 Torr
and the order was observed to be 0.82.
The results at 295 K, where the partial
pressure of hydrogen was varied from 38
to 892 Torr, yielded two values of the
order of reaction with respect to hydrogen.
For the values of hydrogen pressure lower
than 250 Torr, the reaction order is 0.78,
whereas for the higher pressures one ob-
tains 0.48. At 303 K the value of the
reaction order with respect to hydrogen
obtained in the same way for all the
pressure values is 0.51, while at 313 K
one obtains 0.65. This change in reaction
order with respeet to hydrogen could be
ascribed either to the interaction of trans-
port phenomena at high hydrogen pressure
and temperatures as turnover numbers are
relatively high (13) or to some change in
the kinetic paramecters as the hydrogen
pressure and the temperature are in-
creased. By means of the Koros—Nowak
criterion (11, 12) for 295 K, Pca,, = 12.7
Torr and Py, = 825.5 Torr, it was con-

firmed that the reaction was still carried
out in the kinetic regime as N values for
the 0.53% Pt/Si0. and 2.3%, Pt/SiO.
catalysts were 10.94 and 9.60 s, respec-
tively. In addition, N values determined
under the same conditions for two samples
of the 0.539, Pt/Si0. catalyst with dif-
ferent granulations (60/200 mesh and
150/200 mesh) were identical within ex-
perimental error: 10.91 s7', Taking into
account these results we conclude that
neither mass nor heat transfer is respon-
sible for the observed change in the values
of the reaction order with respect to hy-
drogen, at least under such conditions,

At 313 K and 254 Torr of hydrogen
pressure, the values of N for the 0.53%,
Pt/Si0; and 2.39, Pt/Si0. catalysts were
12.0 and 9.3 s7!, respectively, and hence
diffusion seems to be influencing the re-
action. For such conditions the value of
the reaction order with respeet to hydro-
gen, corrected according to Boudart and
Madon (12), is 0.57.

For clarity, values of the reaction order
with respect to hydrogen at different tem-
peratures and hydrogen pressures are col-
lected in Table 3.

The value of the activation energy cor-
responding to the standard value of hy-
drogen pressure (76.2 Torr) was 8 keal
mol~!, whereas at higher hydrogen pres-
sures (825.5 Torr) we obtained 6.7 keal
mol™. When deuterium was used instead
of Hs, N at standard conditions was
2.02 s

DISCUSSION

According to the data of Table 1, the
hydrogenation of cyclohexene on platinum
appears to be a structure-insensitive re-
action (14), as N stays the same when
the particle size of the metal is changed
within a eritical region, from below 1 nm
to above 5 nm, corresponding to platinum
dispersion from 100 down to 149. In ad-
dition, these data, and other data men-
tioned under Results, show that the kinetic
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work, with the exception of the data at
the higher temperature, is exempt from
distortions due to heat or mass transfer,
poisoning or contacting, because the
turnover number measured at fixed con-
ditions does not change with platinum
loading of the catalyst as the percentage
of metal is varied by a factor of 7.

Hence, the order of reaction n with
respect to hydrogen and its changes with
temperature and pressure shown in Table 3
seem real and deserve an explanation.
According to Table 3, n approaches 0.5 at
high temperatures and pressures while it
seems to tend toward unity at low tem-
peratures and pressures. These are the
observed trends.

A simple explanation is based on the
sequence of elementary steps initially
proposed by Polanyi and Horiuti (15):

H, + 2% & 2Hx, (1)
R + 2% 2 +Rx, (2
*R+ + Hx 2 RHx* 4 2%, (3)
RH# + Hx — RH, + 2%, (4)

where R and *R* denote cycloalkene in
the vapor phase and in the adsorbed
state, respectively. RH# stands for the
usual half-hydrogenated monoadsorbed in-
termediate, and RH; represents the hydro-
genated product. Step (1) is considered
to be in quasiequilibrium, with equilibrium
constant K;, at high temperatures and
pressures, but becomes essentially irre-
versible, with a rate constant k,, at low
temperatures and pressures. In other words,
in the presence of alkenes at low tempera-
tures and pressures the reverse of step (1)
may be considered negligible. Similar ob-
servations have been cited by Erkeleus
et al. (16) and Eley (17). Steps (2) and (3)
are postulated to be in quasiequilibrium
at all times and step (4) is written as an
irreversible elementary process with rate
constant ks But the main assumption is
that the half-hydrogenated monoadsorbed

intermediate is the most abundant species
intermediate (masi) with surface concen-
tration (RHx) and that there exists only
a small constant amount of free sites
located inbetween the bulky hydrocarbon
adsorbed species, where hydrogen is dis-
soclatively adsorbed as Hx at low surface
coverage. Our assumption is expressed by
the relation: (RHx*)>> (xRx), (Hx), (x).
The total concentration of sites (L),

(L) = (RH*) 4+ (*Rx) + (*) + (H%)
may then be written as
(L) = (RHx) = (RHx) + (x).  (5)

When step (1) is in quasiequilibrium, we
can write

(Hx) = Ki}(Hy)? (+) = K} (Hy)?},  (6)

where the constant concentration of free
interstitial sites (%) has been absorbed in
the equilibrium K;(*) = K*.

Now, at low pressures and temperatures,

r=r =32k (L) (Hy) = k(Hy), (7)

where z is the number of sites surrounding
a given site and 3z(%)/(L) is the proba-
bility that any of the surrounding sites,
for a dual-site adsorption, are free. The
latter may be absorbed in %k, so that
32(x)*(L) "k = k.

By contrast, at high pressures and
temperatures,

r =1, = ki(H%) (RHx) = ¥'(H;)}, (8)

where k' = k.K¥(L). Thus, in principle,
the trends reported in Table 1 can be
explained in a rather simple manner.

The form of the rate expression does
not depend on whether the olefin is ¢ di-
adsorbed or = bonded onto a single site,
but it requires dissociative adsorption of
hydrogen on two sites.

From the Results section it is seen that,
at standard conditions, the ratio of hy-
drogenation to deuteration is 1.32. Maxted
and Moon (18) observed that the ratio of
the rates of adsorption of hydrogen
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(protium) and deuterium on Pt black at
18°C was 1.4-1.5. Though the analogy is
not too convincing, due to the fact that
our Pt surfaces are covered with hydro-
carbon species unlike those of Maxted and
Moon and that the deuteration was car-
ried out only at one temperature, it is
nevertheless interesting as it does show
a hydrogen isotope effect close to that
observed in the present work. While all
the kinetie results reported here are rather
straightforward, the main novel eonclusion
of the work is that the vapor-phase cata-
Iytic hydrogenation of cyclohexene over
platinum is structure insensitive. The same
obscrvation in the liquid phase on plati-
num, as well as in the vapor and liquid
phases on palladium, will be reported in
subsequent papers of this serics.
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