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The gas chromatographic pulse technique, when applied to the study of heterogeneous
catalysis,? is often characterized by a certain restriction for the detailed kinetic analysis
due to the ill-defined reaction circumstance. Nevertheless, the technique may bring
forth a prompt and useful information concerning the selectivity of a catalyst and par-
ticularly has a merit of enabling us to follow a rapid reaction rate which is extremely
difficult to follow by a static method. It is the purpose of the present paper to investi-
gate first the equilibrium reaction of the hydrogenation of benzene to give cyclohexane
on a highly active catalyst and second to obtain kinetic data about the reactions of cyclo-
hexene and of 1,3—cyclohexadiene as well on reduced transition metals by taking advan-
tage of this technique.

The reactions were chosen partly because of the well established knowledge on
equilibrium data. Main interest was placed however on the selectivity of the catalysts
for the two reactions: hydrogenation and dehydrogenation, when cyclohexene or 1,3-
cyclohexadiene was injected into the reactor. The investigations conducted along this
line proved that the technique provides as expectedly a valuable information about the
catalyst selectivity. The interpretation of the result was carried out with main empha-
sis on the temperature dependence of the selectivity.

Experimental

Shimadzu gas chromatograph of the type GC-IB was used for the purpose. A portion of the chro-
matographic column of stainless steel tubing was employed as the reactor. It was connected to the
chromatographic column consisted of 3 meter lengths packed with PEG 6000 (polyethylene glycol) and
high vacuum grease coated celite. Ni, Co and Fe in the form of basic carbonate were respectively
filled in the reactor tube (about 3 cm. long with sectional area 0.25 cm?), inserted in an electrically heated
jacket and then reduced in sifu in a stream of hydrogen. The reduction was carried out at 400° for
7 hr. for Ni and Co and at 450° for about 60 hr. for Fe. Pt-alumina catalyst used for petroleum refor-
ming was also investigated; it was pretreated at 400° for 5 hr. similarly as above.

Benzene, 1,3-cyclohexadiene, cyclohexene and cyclohexane supplied by Tokyo Kasei Co. were used.
The gas chromatographic analysis indicated that cyclohexene was 999 pure while 1,3-cyclohexadiene
contained benzene and cyclohexene amounting respectively 6%. These samples were used without
further purification.

A sample of hydrocarbon ranging from 1 to 5pl. was injected in a stream of H; carrier to pass
through the reactor containing a given catalyst kept at a desired temperature. The flow rate of H
could be varied from 20 to 200 ml./min. In most experiments the flow rate was 100 ml./min. with inlet
H, pressure of 1.5 atm. which corresponded to a contact time of about 0.3sec. A typical chromatogram
of the hydrogenation and dehydrogenation products for 1,3-cyclohexadiene observed on reduced Fe is
shown in Fig. 1.

The temperature of the reaction here was successively raised from left to right and it can be seen
that the peak of benzene grows while that of cyclohexene decays with increasing temperature. The
detection of the resultant was carried out by the thermal conductivity gauge. The area under a peak
was taken as the amount of a respective component present.

*1 Hongo, Tokyo (IUAKE®E, /NE W, & ZB5B).
1) Microcatalytic-chromatographic technique as investigated first by R.J. Kokes, H. Tobins Jr., P.H.
Emmett : J. Am. Chem. Soc., 77, 5860 (1956).
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Fig. 1. Typical Chromatogram for the Reactions of 1,3-Cyclohexadiene on
Reduced Iron kept in a Stream of Hydrogen

Flow rate of hydrogen: 69ml./min.

Column packing: Polyethylene glycol 1.5m. +-Apiezon grease 1.5m.
Column temp.: 84° Sample size : 1ul.

Reaction temp.: from left to right 304, 312, 324°

Results

Equilibration of Benzene-Cyclohexane Reaction

The gas chromatographic pulse technique, when applied to heterogeneous reaction,
may determine in principle the equilibrium position of a reaction provided that the reac-
tion is reversible and proceeds rapid enough compared with the movement of the react-
ing zone. Thus, the para-ortho hydrogen conversion was able to lead to an equilibrium
in this laboratory on manganous chloride-coated alumina column.?® ‘The situation of
this sort would probably be reached with difficulty in the case of the catalytic hydro-
genation-dehydrogenation reaction. An attempt was made therefore, by using a highly
active hydrogenation catalyst, to investigate the benzene-cyclohexane equilibrium in the
light of the thermodynamical data available in the literature.®

Platinum-alumina catalyst supplied by Esso was employed for this purpose. A
sample of cyclohexane, cyclohexene, 1,3-cyclohexadiene or benzene was injected in
a stream of hydrogen to pass through the reactor tube containing platinum-alumina at
the temperature range 150~300°. In any case the reaction products were consisted
exclusively of cyclohexane and benzene while the variables such as the flow rate,
sample size, reaction temperature and so on were widely varied. The ratio of cyclo-
hexane to benzene was found to depend largely upon the reaction temperature only.

On the other hand, it is necessary to know the partial pressure of hydrogen in the
reactor to evaluate the equilibrium constant of the reaction, C;H,+3H, = C,H,,, from
the observed ratio of cyclohexane to benzene. It seems very probable however in the
present technique that the partial pressure of hydrogen in the reactor varies from place
to place and is never constant. Thus, the value of hydrogen pressure was accepted
conventionally as the equilibrium one when it yielded the equilibrium constant consi-
stent with the value calculated from the thermodynamical data. It was found in this
way that 0.52 atm. hydrogen was the average equilibrium pressure. Since the inlet
pressure of hydrogen was 1.5 atm., the partial pressure of hydrocarbons was expected
to be about 1 atm. during the reaction.

2) K. Fujita, T. Kwan : Japan Analyst, 12, 15 (1963); S. Furuyama, T. Kwan : J. Phys. Chem., 65,
190 (1961).
3) G.L Janz : J. Chem. Phys., 22, 751 (1954).
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In Fig. 2 the logarithm of the ratio of
cyclohexane to benzene produced (denoted by 3l
log A/B) is plotted against 1/T. As indica-
ted by the double circles, the plots were
linear and its slope was found to be 51 kcal./ S
mole in agreement with the heat of hydro- E:”
genation of benzene to give cyclohexane.

A straight line was drawn, on the other
hand, for log A/B vs. 1/T so as to fit in
the equilibrium data of the literature® by
assuming the equilibrium pressure to be
0.52 atm. for hydrogen. The agreement of

the observed values with the calculated one 2
was satisfactory over a wide range of tem-
perature. Quite apart from the numerical -3
values, it seems very likely that the equili-
bration of benzene-cyclohexane reaction is 15 35 35
effectively attained by the pulse technique. ' Ve

Fig. 2. The Plot of log V4/Vg vs. 1/T for
Hydrogenation-Dehydrogenation of Cyelo- the Hydrogenation-Dehydrogenation} of
hexene on Reduced Nickel, Cobalt, and Iron Cyclohexene on Reduced Metals

In contrast with the case of platinum-alumina, neither benzene nor cyclohexane was
found to react appreciably on reduced nickel, cobalt and iron under the same experi-
mental condition. The hydrogenation and dehydrogenation of cyclohexene however
readily took place on these metals. The degree of conversion of cyclohexene to cyclo-
hexane and benzene were dependent upon the reaction temperature and appeared rather
insensitive to the flow rate of hydrogen. At 200° the degree of conversion was 80% on
nickel, 40% on cobalt and about 7% on iron. The sequence of the catalyst activity was
hence Ni>Co>Fe.

The plot of log A/B vs. 1/T is shown in Fig. 2 for the three metals. As shown in
Fig. 2, the plot gave a straight line on any metal but with different slopes. The slope
was estimated to be 13.6, 19.5, and 22.4 kcal./mole respectively for nickel, cobalt and
iron. It was noted that the relative selectivity of the three metals for the dehydrogen-
ation of cyclohexene is in parallel with the sequence of the activity. The reversal rela-
tion will of course be found if the relative selectivity for the hydrogenation is compared
with the conversion activity.

It is surprising to see that the initial hydrogenation and dehydrogenation rates of
cyclohexene to give cyclohexane and benzene obtained by Kemball, et @l.* on evaporated
gold films by a static method, when plotted in the present manner, give rise to a similar
straight line. Gold is known to be a very poor hydrogenating catalyst.” Nevertheless,
the ratio of the hydrogenating selectivity to the dehydrogenating one appeared to fall
in among the three transition metals.

Hydrogenation-Dehydrogenation of 1,3-Cyclohexadiene on Reduced Nickel, Cobalt, and
Iron

The chromatogram yielded three or four peaks depending upon the reaction tempera-
ture when 1,3-cyclohexadiene was injected onto these metal catalysts. The appearance
of the peak also depended upon the kind of the catalyst; unreacted 1,3-cyclohexadiene

4) J. Erkelens, C. Kemball, A.K. Galway : Trans. Faraday Soc., 59, 1181 (1963).
5) R.J. Mikovsky, M, Boudart, H.S. Taylor : J. Am. Chem. Soc., 76, 3814 (1954); W.M.H. Sachtler,
N.H. de Boer : J. Phys. Chem., 64, 1579 (1960).
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appeared only slightly on nickel whereas four peaks corresponding cyclohexane, cyclo-
hexene, 1,3-cyclohexadiene and benzene were found on cobalt and iron respectively. The
degree of conversion of 1,3-cyclohexadiene to cyclohexane, cyclohexene and benzene was
found to be the sequence, Ni>Co>Fe similarly as the case of cyclohexene injection.

The plot of log A/B against 1/T in the case of nickel is shown in Fig. 3. As can
be seen from Fig. 3, the plot gave a break near 160°, being consisted of two linear por-
tions. Below 160° the slope, i.e. the temperature coefficient was very small while above
160° it exceeded a few over 10kcal./mole, being hence nearly coincident with that of
cyclohexene injection. The dotted line of Fig. 3 indicates those plots when cyclohexene
was injected instead of 1,3-cyclohexadiene. It may be considered from the kinetic view-
point that at higher temperatures the hydrogenation—-dehydrogenation of 1,3-cyclohexa-
diene takes place similar to cyclohexene.
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Fig. 3. The Hydrogenation-Dehydrogenation Fig. 4. The Hydrogenation-Dehydrogenation
of 1,3-Cyclohexadiene on Reduced Nickel. of 1,3-Cyclohexadiene on Reduced Iron.
Dotted Line indicates the Same Plot for Dotted Lines indicate log V,4/Vp ws. 1/T
Cyclohexene Injection Relation for Cyclohexene Injection

Fig. 4 indicates the reaction of 1,3-cyclohexadiene obtained on reduced iron. The
dotted line indicates again the plot of log A/B vs. 1/T for cyclohexene injection. The
catalyst activity of iron to give cyclohexane was found to be considerably low com-
pared with that on nickel; the main hydrogenated product was cyclohexene. There-
fore, in Fig. 4 various ratios of the products were also plotted against 1/7.

Tasie I. The Comparison of the Composition of Products for the Reaction
of 1,3-Cyclohexadiene and Cyclohexene on Reduced Iron

Reaction Composition of resultant® (%)

ot . R tant R - .
&) o CO o O o
" <:> 45 61. 4 0 34.1

<_> 7.0 93.0 0 0
" <__> 3.2 32.6 0 64.2

4 > 9.0 84.0 0 7.0

a) Corrected for the initial composition.

NII-Electronic Library Service



No. 8 963

Two features may be inferred from Fig. 4. First, there existed again a break in
the plot of log A/B vs. 1/T although it was found at a much higher temperature (240°)
compared with that on nickel. Second, the reaction of 1,3-cyclohexadiene appeared to
be rather dissimilar with that of cyclohexene at least under the temperature range
investigated; this was born out from the disagreement of the plot between 1,3-cyclo-
hexadiene and cyclohexene at all the temperatures. In Table I, the composition of the
products was compared with regard to the reaction of 1,3-cyclohexadiene and cyclo-
hexene.

Reactions of Cyclohexene on Nickel in the Absence of Hydrogen

The gas chromatographic pulse technique readily enables us to follow catalysed
reactions occurring in different carrier gases. It was shown in Fig. 5 that cyclohexene
reacts so poorly on reduced nickel kept in a stream of helium; the hydrogenation of
cyclohexene decreased rapidly by switching the carrier from hydrogen to helium. Since
the amounts of presorbed hydrogen can be estimated to be much smaller than those of
cyclohexene injected and furthermore the amounts of hydrogen transferred to cyclo-
hexane exceed those expected from the intermolecular transfer of cyclohexene, it would
be quite natural to presume that the H, carrier | |
hydrogenation occurs via gaseous hyd- IR
rogen. The disproportionation of cyclo-
hexene molecules to produce cyclohexane
and benzene seems to be untenable or
less important. A similar point of view
has been put forward by Gryaznov
and Yagodovskii® on the basis of the
kinetic arguments.

As shown also in Fig. 5, the conver-
sion activity of cyclohexene to give cyclo-

He carrier

100

50

Conversion ér Selectivity (%)

hexane and benzene appeared to decre- 0 E . .
ase down to nearly zero in the absence ! 2 3 4Pulsesnumbef
of hydrogen. It is of interest fo note Fig. 5. The Time Dependence of the Reactions
that the catalyst selectivity for the for- of Cyclohexene in a Stream of Helium on
mation of cyclohexane increases, after Reduced Nickel

a certain period, in contrast with the Reaction temp. : 150° Sample size: 5pul.

. e . s Flow rate of helium : 83ml./min.
decrease in the conversion activity.

It is expected that the surface of nickel is progressively covered by C;Hy formed by
the reaction

CeHm —_—> C(;HX (a) + (10— X) H (a)

leaving a small fraction of the surface available for the chemisorption of cyclohexene.
Under such condition the dehydrogenation of cyclohexene would probably be suppressed,
leading apparently to the preferential formation of cyclohexane.

Discussion

The hydrogenation-dehydrogenation reaction under investigations would probably be
represented by a sequence of the consecutive addition or substraction of hydrogen as
below where B, D, E and A denote respectively benzene, 1,3-cyclohexadiene, cyclohexene
and cyclohexane and Vg, Ve, Vin, Ve, €tc. are the rates of the respective stage. Let us

6) V.M. Gryaznov, V.D. Yagodovskii : Kin. Kata., 3, 404 (1963).
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discuss first the reaction of cyclohexene on metals to get an idea about the relationship
between log A/B and 1/T. It is assumed for simplicity sake that A/B is proportional
to V4/V3p and the surface reaction is rate-determining. ‘The reaction is also assumed
to be represented by a rate proportional to the hydrogen pressure and independent of
the cyclohexene.**

The rate of formation of cyclohexane V, and the rate of formation of benzene V;
are expressed, by admitting the steady state approximation, respectively as

Va=Von—~Vig=Vig—Vaa
V=Vasa—Var—(Vpa— Vpa) =Voa— Vir=Vpi— Ve

The experiment showed that neither benzene nor cyclohexane reacts appreciably on
nickel, cobalt, and iron whereas 1,3-cyclohexadiene or cyclohexene does on these cata-
lysts. The fact would mean Vy,=0 and V,;=0. Thus,

T(A==}@h ( 1)

On the other hand, no 1,3-cyclohexadiene was formed during the reaction of cyclohexene
on metals (see Table 1). Vz may hence be given by

Va=Vsa— Vor="Vaa (2)
or by
1
Ve="Vsa Vo (3)
Vaa

The ratio of V4 to Vi is now expressed by

Va _ Van /0 Vo
Ve~ Vi \1+ Vaa ) (4)
The temperature coefficient of log V4/Vy arises from two terms : %ﬂt and 1+j/:2-"—.
3d 2d

In view of thermodynamical instability of 1,3-cyclohexadiene compared with any of
cyclohexene and benzene, it would be expected that the temperature coefficient of the
latter is much less than that of the former. Then, we have

v
RT?log 72“=E3h—E3d—q (5)

where Eg;, and Ej; are the activation energy of the stage 3% and 3d and ¢ is the heat of
chemisorption of hydrogen.

As shown in Fig. 2, the log A/B decreases with increasing temperature. Ey,—E;;—q
is hence negative or E,, is smaller than E,;+q. Since the hydrogenation is exothermic
and the dehydrogenation endothermic, the situation revealed in the temperature coef-
ficient of the selectivity should be quite natural.

*2 The rate law was assumed purely for convenience; the assumption is not necessarily required.

NII-Electronic Library Service



No. 8 965

It is shown also in Fig. 2 that E,;,— E;;—gq value differs among three metals. It may
be said that the hydrogenating selectivity is the greatest on iron whereas the dehydro-
genating one is so on nickel. The interpretation of such selectivity would require fur-
ther postulates about the substrate-surface interaction. It might be mentioned however
that the heat of chemisorption of hydrogen is of the order Ni>Co>Fe” in harmony
with the order of the temperature coefficient under discussion.

The reaction of 1,3-cyclohexadiene will be considered next. The rate of formation
of cyclohexane is

Va=Vor—Via—(Voa— Vra)=Vin—Via=Via—Via
and the rate of formation of benzene
Vz="Vaa— Vin=Vgi— Vga

No appreciable reaction of either benzene or cyclohexane may lead to the relations:
V=0 and V,;=0. Hence we have

1
= 6
VA'W”1+'wd+_Vﬁd__V@z (6)
Vin Van Van
V="V (7)

Consequently, the ratio V,/V3p is given by

Va _ Var 1 (8)
Ve Va 1+ Via + Vea _ Vpa
Van Vsn Van

On the other hand, experiments have shown that no cyclohexene is formed on nickel.
S0 Vge=Vz,=0. V., can then be given by

1
Va=Vor——

Via
14+
Vsn

(9)

so that the ratio is expressed by

Vi Vo 1

Vs Vi Via
1 —
* Vsn

(10)

Let us discuss the temperature dependency of equation (10), confining ourselves to two
limiting cases.
Case 1. 1>V;4/Vsn. We have then

Va_ Vo

Ve  Va (11)
Case 2. 1« V,4/Vsn. Equation (10) is now approximated by
Va_ Vo Ve (12)

Ve Vi Vi

The temperature dependency of equation (11) or equation (12) is now ready for formula-
tions. As already mentioned, the temperature dependency of V,,/V,; has been supposed

7) T. Kwan: Advances in Catalysis, 6, 67 (1954).
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to be smaller than that of V,,/Vse. Thus, the temperature dependency of Case 2 should
be greater than that of Case 1 in respect to the absolute value.

Fig. 3 has shown that the temperature coefficient of log A/B is greater at higher
temperatures than that at lower temperatures in its absolute value. Thus, equations (11)
and (12) seem likely to correspond to the ratio at lower and higher temperatures respec-
tively. Since A/B or the left of equations (11) and (12) is far greater than unity at lower
temperatures and less than unity at higher temperatures, the correspondence may be
sound enough.

The temperature dependency of the
rate of hydrogention-dehydrogenation
reaction of 1,3-cyclohexadiene could be
guessed more conveniently by a sche-
matic potential energy diagram. The
diagram is shown in Fig. 6 in which the
potential energy of benzene, 1,3-cyclo-
hexadiene, cyclohexene and cyclohexane
at the chemisorbed layer was drawn
against the reaction coordinate.

1,3-Cyclohexadiene is thermodyna-
mically unstable compared with either

Fig. 6. Schematic Representation of the Potential

Energy Level Diagram for the Reaction of Benz- benzene or cyclohexene. A similar situ-
ene, 1,3-Cyclohexadiene, Cyclohexene and Cyclo- ation was assumed to hold also at the
hexane on Reduced Metals chemisorbed layer. So it may be con-

verted to benzene and cyclohexene with
little difference in the activation energy. At lower temperatures what is actually obser-
ved is the hydrogenation of 1,3—cyclohexadiene to cyclohexene and the dehydrogenation
of 1,3-cyclohexadiene to benzene. The small temperature coefficient observed at lower
temperatures in Fig. 3 may probably be ascribed to such a situation.

The argument is confirmed in the plot of log E/B vs. 1/T obtained on reduced iron
where the catalyst activity is so low that the main hydrogenated product is cyclohexene
(Fig. 4).

On the other hand, the approximate agreement of the relative selectivity as well
as of the temperature coefficient of the reactions of 1,3-cyclohexadiene with those of
cyclohexene at higher temperatures, as shown also in Fig. 3, may suggest that the
hydrogenation of 1,3-cyclohexadiene is quick enough so that cyclohexane and benzene
are formed as if originated from cyclohexene. Thus, kinetic behavior of the hydrogen-
ation—dehydrogenation of cyclohexene and 1,3-cyclohexadiene can be explained in accor-
dance with their thermodynamical potentials at least in a qualitative way.

This research was supported in part by a grant from the Ministry of Education to which the authors
grateful acknowledgements are made.

Summary

Reactions of benzene, 1,3-cyclohexadiene, cyclohexene and cyclohexane have been
investigated on reduced transition metals by using a gas chromatographic pulse tech-
nique. Main interest was placed on the applicability of this technique to a prompt
evaluation of the selectivity; the destination of the intermediates in benzene-cyclohexane
reaction, when injected in a stream of hydrogen, has been determined by taking advan-
tage of the technique.
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The hydrogenation selectivity was found to be of the sequence Ni<Co<Fe, being
reversed with the conversion activity of 1,3-cyclohexadiene or of cyclohexene to give
cyclohexane and benzene. Quite synonymously the dehydrogenation selectivity was in
parallel with the conversion activity. The temperature dependency of the relative selec-
tivity was analyzed on the basis of the steady state approximation of the hydrogenation—
dehydrogenation reaction. The general trend of the hydrogenation-dehydrogenation
reaction of 1,3-cyclohexadiene and of cyclohexene has been successfully explained with
the potential energy level diagram of the reaction.

(Received May 25, 1964)
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