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The dehydrogenation of methyl-substituted cyclohexanes catalyzed by chromia- 
alumina and molybdena-alumina was studied by means of the pulse technique. In 
the case. where the rate is expressed as v = &p/(1 f 01~1, the relation between the 
conversion, 2. and the maximum partial pressure, P,~,. of a triangular pulse can be 
formulated as follows, under the ideal conditions: 

xF 
-z@ alp, - lnb7h + 1) 
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By using this equation, r~ and p of all the reactants used were obtained at a few 
temperatures. From the fact that LY increases with increasing temperature as well as 
from the results of some supplementary experiments, it is demonstrated that C@ 
stands for the rate constant of the first hydrogen abstraction and p for that of the 
second one. It was found that a/3 varied remarkably with the reactants used and was 
correlated to the delocalizability, a quantum-chemical reactivity index, though /3 
was almost, invariant. Therefore, it is concluded that the slowest step is the dehy- 
drogenation to cyclomonoolefin, where each of two hydrogens is abstracted stepwise, 
and that the first hydrogen abstraction from an original hydrocarbon determines the 
relat,ivc reactivity, 

In a previous paper (1)) the authors re- 
ported a well-defined relation between the 
dehydrogenation rates of cyclohexanes and 
the delocalizability, i.e., a quantum-chem- 
ical reactivity index for hydrogen abstrac- 
t,ion reactions. This relation is consistent 
with the hitherto proposed mechanism, 
where the step to cyclomonoolefin is the 
slowest. 

In order to obtain a more universal in- 
formation from a viewpoint of the LFER 
(Linear Free Energy Relationships) (a), it 
will be an effective approach to apply the 
LFER not only to the overall rate itself 
but also to each elementary step of any 
proposed mechanism. The study of the 

LFER and the kinetics, complemented by 
one another, may play an important role 
in the generalization of the LFER and thus 
makes possible the more precise under- 
standing of catalysis. 

On the kinetics of cyclohexane dehydro- 
genation over chromia-alumina, MacIver 
et al. (3) found the reaction to be first 
order in cyclohexane by using the mixed 
gas with hydrogen and argon. By taking 
into consideration all elementary steps of 
the reaction in nitrogen, Herington and 
Rideal (4) proposed a Langmuir-type rate 
equation. 

The pulse technique (1) was employed 
in the present work in order to obtain 
easily the rate equations of various reac- 
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tants at several temperatures and, moreover, a surface reaction of the nth order. How- 
on nearly fresh catalysts. An application ever, monomolecular reactions of nth order 
of the pulse technique to the kinetic anal- are generally considered to involve the 
ysis of Langmuir-type rate equations is first-order surface reaction with a non- 
developed in t’he present work, which will linear adsorption isotherm. In the present 
expand the usefulness of the pulse tech- work, a treatment of the Langmuir-type 
nique to catalysis. kinetics, which had been widely applied to 

NOMENCLATURE 
heterogeneous catalysis, is attempted under 
the following ideal conditions: (I) the 

1 distance from the front edge of the shape of a pulse is approximated to be 
pulse triangular throughout a catalyst bed; (II) 

t time after the entrance into the 
catalyst bed 

the shape of a pulse is not disturbed 

PO total pressure of the system 
through the catalyst bed; and (III) the 

h (t,O molar fraction of the reactant at the 
change in the volume is negligible and that 

point 1 at the time t 
in the concentration is small during the 

PW partial pressure of the reactant course of the reaction. For a Langmuir- 

PW = PohM type rate equation, the rate is expressed for 

Pm maximum partial pressure at the the pulse component at t and 1 as Eq. (l), 
entrance of a catalyst bed under the condition II. 

F 
weight of a catalyst 
flow rate of the carrier gas dP(4C 4pw 

t 0 contact time to = W/F V=-rlt= 1 + ~P(f,O 
x conversion olppoW) 
a, P constants = 1 + ap,h(t,lj (1) 

EXPERIMENTAL W!ETHODS Equation ia) can be derived by integrating 

Materials. All the reactants and the cata- Eq. (1) with respect to t. 

lysts used are the same as those in the 
previous paper (1). 

Procedures and apparatus. The proce- 
1 In $$ = -p,[h(O I) - h(to,l!] - ‘tn. a ‘1 1 

dures and the apparatus are also t,he same 
(21 

as those in the previous paper, except When the conversion is less than lo%, 
those mentioned in the following sections. Eq. (3) holds as a good approximation. 
The reactions were carried out between 375 This approximation coincides with t’he con- 
and 450°C over Cr-1, and between 375 and dition III. 
425°C over Mo-2-Na-1. 

Mathematical treatment of experimental F ii” 1) F(to 1) l In---- i;iO,Z) - I:(0 rj . (3) 
data. The pulse technique developed by 
Kokes et al. (5) had been considered t’o be 
restricted to first-order reactions for 

On the other hand, the conversion should 

kinetic studies (6). However, Gaeiev et al. 
be formulated as follows. 

(7) analyzed theoretically the relation be- r = ]rolh(O,l) - h(to,l)] dl 
tween the pulse shape and the conversion J-po”lK4Z) C’Z (4) 

in the case of zero- and second-order re- 
actions as well as first-order reactions. Re- By using Eqs. (2) and (3)) Eq. (4) is con- 

cently, Hattori and Murakami (8) have verted to the following relation. 

carried out a theoretical investigation of 
irreversible, reversible, and consecutive re- 

x = Sb~PoMmll + apo~(O,Z~]to d& 

actions of both first and nth orders in the 
Jpob (OJ) dl 

@.. 

case of a rectangular, a triangular, and an Under the condition I, h(O,l) is composed 
error function-shaped pulses. These methods of two linear functions of 1 crossing at 
supposed a linear adsorption isotherm and h = p,,,/pO (Fig. 1). Finally, integration of 
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Illustration of a triangular pulse. 

Eq. (5) leads to t.he relation between x 
and p,,,. 

Since the left-hand side of Eq. (6) and 
p,,, are obtained experimentally, the best 
values of LY and p can be fitted by the non- 
linear method of least squares. Variation 
of p,,, can be realized by varying the pulse 
sizes, as mentioned below. 

Experimental procedures for the real- 
ization of the ideal conditions. A rapid 
evaporation at the instant of injection is 
preferred, in order to maintain the re- 
producibility, and consequently to give the 
pulse of the error function shape which is 
well approximated to a triangular pulse. 

For the instantaneous evaporation, an 
evaporator of stainless steel kept at 300”, 
which was stoppered with a silicone rubber 
serum cap and was packed with metal 
gauze, was used. A Pyrex glass reactor 
(6-mm i.d.) was placed after the evapo- 
rator, and in the rear of the evaporator the 
whole tubing was sufficiently heated so that 
no condensation could occur. The depend- 
ence of the pulse shapes on the pulse sizes 
was examined with or without a catalyst 
bed. As shown in Fig. 2, the peak height, 
increases almost linearly with increasing 
pulse sizes and, furthermore, the broaden- 
ing of the pulses is negligible even in the 
presence of catalyst. Peak heights in the 
absence of catalyst can be regarded as 
those at. the entrance of the catalyst bed. 
The peak height, q corresponding to 1 to 
10,pl for all the reactants used were mea- 
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FIG. 2. Change in the maximum partial pressure 
with sample sizes: 0, without a catalyst bed; 0, 
after the passage of a catalyst bed at 450”; cata- 
lyst : Cr-1, 1 .O g. 

sured, from which the maximum partial 
pressures were calculated.” 

In the measurement of the conversion, 
the weight of catalyst was selected so that 
the conversion did not exceed 10%. 

Prior to a run, 10 ~1 each of methylcyclo- 
hexanc was injected 10 times to eliminate 
the uncertainty due to the initial marked 
fouling. In order to compensate the still 
remaining minor fouling, the pulse sizes 
were randomized as in the following man- 

* The maximum partial pressure, p,,,, was ral- 
culated as follows. For the injection of 2.5 ~1 (this 
is 0.5 pl larger than the graduation of the mi- 
crosyringe owing to the evaporation from the tip), 
the peak height recorded on the rhromatogram 
was 4.1 cm and the half-width corresponded to 
5.0 sec. Using the values of the flow rate at room 
temperature, 40 cm3/min. the density of cycle- 
hexanc, 0.77. the molecular weight, 84. and the 
relative sensitivity, 111, the maximum part,ial 
pressure of any reactant can he obtained for the 
peak height, of h cm at the entrance to the cata- 
lyst bed at, the total pressure of po. 

(2.5 X lo-$ X 0.77/84) X (22.4 X 298/273) 
‘pm = 40 x 5.0/60 

X $i X &$ X PO = 4.55 X PO X h/&t, 

where SE is t.he relative sensitivity of the re- 
actant R. 
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ner, 4, 1.5, 3, 2, 2.5, 1, and 6 ~1; moreover, 
the run of the aimed reactant was inserted 
between runs of methylcyclohexane. 

RESULTS 

Results wirh the pulse technique. By 
using the observed conversions for various 
pulse sizes, the constants a! and /3 were cal- 
culated according to Eq. (6) by t.he non- 
linear method of least squares with a 
computer program named PR.MT-1H. Ex- 
amples of Q’ and ,8’ are shown in Table 1, 
where .(Y’ and ,8’ are the values of Q and J3 
for each run. The values of (Y’ and p’ thus 
obtained were normalized in respect of 
those of met,hylcyclohexane to eliminate 
the effect of the catalyst fluctuation. Ex- 
amples of this normalization are given in 
Table 2, where &(MCH) and p(MCH) 

arc the average values for the two measure- 
ments of methylcyclohexane. The average 
values of d(MCH) and ,@‘(MCH) for all the 
measurements at certain temperature were 
regarded as (Y and ,8 of methylcyclohexane 
at that temperature, by which 01’ and ,8 
of other reactants were normalized as 
J-Q. (7). 

, &MCH) 
a = a cy’(MCH) ’ = ’ 

, LmCH), (7) 
/3’(MCH) 

The Arrhenius plots of normalized n, p, and 
ap are given in Figs. 3, 4, and 5, respec- 
tively, and both the activation energies 
and the pre-exponential factors are shown 
in Table 3. As is evident from Fig. 3, (Y 
increases with temperature, that is, LY 
stands for a process involving an activation 
energy but not for an exothermicity in 

TABLE 1 
EXAMPLES OF 01’ AND 0’ CALCULATIGD BY THF, NONLINEAR METHOD OF LEAST SQUARES 

Catalyst: G-1; catalyst wt): 0.50 g; flow rate of carrier gas: 39 ml cm3/min; reaction temp: 450°C; total 
pressure: 1.43 atm. The percentages in the parent,heses are the standard deviations. 

React,ant (R) 
Pulse size 

6.4 
Pm 

Mm) 
Conversion 
(100x) (5%) 

xF/2F 
(c&/min g) 

Methylcyclohexane 1 
1.5 
2 
2.5 
:!I 

6 

Cyclohexane 
1.5 
2 
2.5 
3 
4 
6 

Methylcyclohexane 
1.5 
2 
2.5 
3 
4 
6 

0.134 10.7 4.17 
0.179 10.0 s.90 
0.220 9.19 3.58 
0.262 8.88 3.46 
0.298 8.24 3.21 
0.364 7.95 x10 
0.493 6.80 2.65 

a’ = 3 36(8%), p’ = 3.18(5%) 

0.144 i.80 3 04 
0.190 7.41 2 .8!f 
0.236 6.55 2.55 
0.287 6.42 2 50 
0.328 6.23 2.43 
0.431 5.90 2.30 
0.620 4.90 1.91 

2.33(15%), /3’ = 3.11(10%) 

0.134 9.97 9.89 
0.179 9.11 3.55 
0.220 8.72 :3.40 
0.262 8.08 3.15 
0.298 7.88 3.07 
0.364 7.05 2.75 
0.493 6.29 2.45 

a’ = 3.58(6%), p’ = 2.83(4%) 
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TABLE 2 
AN EXAMPLE OF THF, NORMALIZATION OF CY AND /I USING EQ. (6) 

Catalyst: Cr-1; reaction temp: 450°C. 

Reactant (R) a’ P’ (u’(MCH) @(MCH) Q B 4 

Cyclohexane 2.33 3.11 3.45 3.01 2.46 2.91 7.2 
trans-1,2-l>imethyl- 4.15 2 .83 3.82 2.78 3.98 2.87 11.4 

cyclohexane 
cis-1,2-Uimet,hyl- 4.40 2.87 3.37 2.53 4.78 3.20 15.3 

cyclohexane 
1,3-Dimethylcyclohexane 3.88 2.91 3.76 2.45 378 3.35 12.7 
1,4-IXmet,hylcyclohexane 3.87 4.03 4.16 3.32 3 40 3.42 11.6 
l,a,CTrimet,hyl- 4.21 4.13 3.38 2.80 4.56 4.16 19.0 

cyclohexane 
Methylcyclohexane 5V 3.66 2.82 3.66 2.82 10.3 

0.61 

I I I I I 

1.40 1.45 1.50 1.55 
I/T, IO3 

FIG. 3. Arrhenius plots for (Y: 0, cyclohexsne; 
Cl, mt+hylcyclohexane. 

cnthalpy change. This behavior is contrary 
to the ordinary meaning of a Langmuir- 
type rate equation. Furthermore, from Figs. 
4 and 5, it is obvious that the difference 
among the reactants used are remarkable 
in a/3 but. almost inpercept,ible in 6. From 
the discussion of these features of the re- 
sults, it is demonstrated below that a/3 is 
approximately equal to the rate constant 
of the first’ abstraction of hydrogen and /3 
is to that of the second abstraction. Similar 
results were obtained for the runs of 
methylcyclohexane and cis-1,2-dimethyl- 
cyclohcxane over No-2-Na-1. 

Results with the continuous flow method. 
The results of the preliminary experiments 
with the coutiuuous flow met,hod are com- 
pared u-ith those with the pulse technique. 
The apparatus was in most part the same 

I I 1 I I 

1.40 1.45 1.50 1.55 
I/T. IO3 

FIG. 4. iZrrhrnius plot,s for p: a. 1,3,5-tri- 
methylcyclohexane; 0, the reactants except 1,3,5- 
trimethylcyclohexane. 

as that used for the pulse technique. The 
cyclohexane feed was injected by a micro- 
feeder at a constant rate. The results are 
well represented by a Langmuir-type rate 
equation as shown in Fig. 6, and the values 
of (Y at 475, 500, and 520” are 4.3, 4.5, and 

1.0 

t/T IO3 
FIG. 5. Arrhenius plots for m/3: C. cyclohcxane; 

0, methylcyclohexane ; 0, cis-l,Z-dim,-thylc!~lo- 
hexane; n , trans-1,2-d~mctl~~lcJ-clol~e~~n~; a, 
1,3- and 1,4-dimrthylc~clohexar!e ; and (3, 1,3.5- 
trimrthylcyclohexane. 
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TABLE 3 
THF, ACTIVATION ENERGIES AND THF: PRE-EXPONENTIAL FACTORS OF orfl AND fl OF VARIOUS REACTANTS 

Catalyst : G-1. 

Reactant (R) 

4 B 
-- 

Activation Activation 
energy Pre-exponential energy Pre-exponential 

(kcal/mole) factor (kcal/mole) factor 

Cyclohexane 36.1 11.83 
Methylcyclohexane 31.5 10.56 I 16.9 5.62 
cis-1,2-Dimethylcyclohexane 27.4 9 49 
1,3,5-Trimethylcyclohexane 26.5 9.34 16.9 5.74 

5.5 atm-I, respectively. This shows a quali- 
tative agreement between both the tech- 
nique in the rate equation as well as in 
the temperature effect on LY. However, the 
value of the conversion divided by W/F 
is one third compared with that with the 
pulse technique. This will be an inevitable 
consequence due to a severe poisoning in 
the flow system. 

I/P 

FIG. 6. Langmuir plots obtained by the contin- 
uous flow method: reactant: cyclohexane; cata- 
lyst: Cr-1; 0, 475”; n , 500”; A, 520”. 

DISCUSSION 

The pressure dependence of reaction 
rates in catalysis have usually been mea- 
sured by means of the continuous flow 

method or the circulating flow method, 
where the catalyst surface is considered to 
be in a stationary state, b:ing covered with 
poisons, if any, or with strongly adsorbed 
molecules. On the other hand, in the case 
of the pulse technique, the catalyst is con- 
sidered to be in a relatively fresh and 
transient state. Owing to this difference in 
the surface state, some discrepancy may 
result among these methods, not only in 
the conversions but also in the aspects of 
reactions. For example, the sites, on which 
reactants are enough strongly adsorbed, 
hardly contribute to the reaction in the 
continuous flow system. On the contrary, 
in the microcatalytic gas chromatographic 
system, the reactants, products or poisons 
are in most, part desorbed during the pulse 
interval, thus the regenerated sites can 
contribute to the reaction at the passage 
of the next pulse. However, for a sufficiently 
long pulse, the aspect of the reaction may 
be regarded as almost identical with that 
in the continuous flow system. ,4s another 
example, the reduction of the catalyst sur- 
face by react.ants in catalytic oxidation 
will possibly bring about, a similar dis- 
crepancy between these methods. There- 
fore, much precaution should be paid in 
order to draw some conclusion from the 
results with the pulse technique. 

In the present work, the catalysts used 
were sufficiently reduced in a hydrogen flow 
prior to the reaction, and consequently 
there may probably be no change in the 
nature of the catalyst due to the evolved 
hydrogen. No inhibition by the produced 
aromatics is deduced from the fact that 



LINEAR FREE ENERGY RELATIONSHIPS. IX 293 

the conversion of methylcyclohexane for Rideal (4) as the approximate representa- 
the pulse of the one-to-one mixture with t’ion of the dehydrogenation rate. 
benzene is approximately equal to that for 
the pulse of methylcyclohexane only. How- 1 1 
ever, the activity of this kind of reactions 

;-p I+:$. 
( > 

generally declines owing to a small amount 
of coke. Such phenomena were observed This representation was confirmed in the 

also in the present work. The gradual foul- present work by means of both the pulse 

ing caused by successive pulses was ob- technique and the continuous flow method. 

served, and the rat’e in t.he continuous flow They obtained a considerably interesting 

method was much smaller than that, in the result that a! of cyclohexane was different 

microcatalytic gas chromatographic sys- from that of methylcyclohexane (1.2 and 

tem. However, the act’ivity decline due to 1.9, respectively), whereas those reactants 

a single pulse was not so large as to obscure are very similar in ,8. This result, on which 

the variation of the conversion with the no comment was made by them, is coin- 

pulse sizes. The error due to such an ac- cident with that in t’he present work. These 

tivity decline was avoided as ment’ioned identical features of reactions with the two 

earlier. From the above considerations, the methods also confirm the reliability of the 

obtained rate equation is not the spurious rate equation by means of the pulse 

one due to the change of t’hc catalyst sur- technique. 

face, but an essential one which represents On the other hand, however, Herington 

t,hc pressure dependence in the transient and Rideal concluded that N was the equi- 

fresh state. librium constant of the physical adsorption, 

The scheme of cyclohexane dehydro- without examining the temperature de- 

genat8ion to benzene has been considered pendence of Q. In the present work, the re- 

to be a consecutive one through cyclo- sult, was obtained that N increased with 

hexene (4, 9). In the present work, some temperature, which indicates that 01 can 

supplementary experiments were carried hardly be interpreted as an adsorption 

out to establish a more detailed scheme. The constant. Such a phenomenon was observed 

dehydrogenation conversion of cyclohexane by Hughes and Hill in carbon monoxide 

and cyclohexenc under the same conditions oxidation over vanadium pentoxide (IQ). 

are, respectively, 3 and 50$6, which are From the studies of the H-D exchange 

qualitat’ively identical with the results by reaction and the deuteration reaction of 

Herington and Rideal (4). This fact indi- various hydrocarbons over chromia gel, 

cates that the step from cyclohcxane to Burwcll et al. (11) proposed the main 

cyclohcxcne is approximately rate-deter- process as follows: 

mining. ,4t the 507% conversion of cyclo- 
hcxcne to benzene, the cyclohexane pro- 

\/ / c=c DC- 
duced through hydrogenation by evolved / \ \/ 

\ / -c-c- 
hydrogen or through disproportionation is 

DD - 
c-D%’ ’ D 

only less than 5%. From this result, it is A h A A I. Cr 0 
deduced that the backward reaction, where 
cyclohexcne that is assumed as the reaction 

Taking this mechanism and the above fea- 

intermediate may be hydrogenated to cyclo- 
tures into consideration, the reaction 

hcxanr, is negligible compared with the 
scheme as in Eq. (9) is the most plausible 

further reaction producing benzene. Thcre- 
for the &hydrogenation reaction. 

fore, t,he rates of cyclohexane dehydroge- k? 

nation represents approximately the rates at 
C&H,2 g C,d311(a) + H(a) - CJL~,(a) k_ 

I 
which the two hydrogens are abstracted fast 

from cyclohexane. 
+ Hz - CsH, + 3~2. ($11 

The following Langmuir-type rate If the occupation of the dehydrogenation 
equation was proposed by Herington and sites bv the nroduced hvdroaen atoms or r I ” - 
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molecules is neglected, Eqs. (10) and (11) 
can be derived for the coverage of adsorbed 
cyclohexyl radical and the overall rate, 
respectively, by using the method of 
stationary state. 

hp 
’ = k-1 + kz + Ii& (10) 

= k-, + k, + klp 
[hl(L + ks)lp = 

k2 1 + Lb’@-, + Mlp’ (11) 

This equation is entirely identical with the 
equation obtained experimentally, where 01 
stands for kJ(k-, + k,) and ,6 for k,. 
Therefore, the activation energy of cy, E,+ 
can be represented as Eq. (12), 

EA,~ = EA.I - 
k--IEA,--1 + kzE’A.z 

k-1 + kz ’ 02) 

where EA,l, EA,-, and E,,, are the activation 
energies of k,, k-, and k,, respectively. 
Since, in general, EA,l < EA+, t,he condi- 
tions that k, >: k-, and EA,l > Ea,, must be 
satisfied for the sake of the positive value 
of E,+ in the wide temperature range. 
Under these conditions @ is nearly equal 
to k, and /3 is to k,. Thus, the rates of the 
first and second abstraction of hydrogens 
can be calculated from the experimental 
data. 

While k, varies remarkably with reac- 
tants, k, is almost invariable within ex- 
perimental errors, as is shown in Fig. 4. 
This fact can be explained as follows. For 
example, the heats of reaction” for hydro- 
gen abstraction from n-butane are the 
following: 

n-CL& - nGHs + H - 98 kcal/mole (13) 

n-C!dH, - l-&H, + H -36 (14) 

n-CJbo - set-CHg + H -94.5 W5) 
set-CaHg - 2-C4Hs + H -37 or -38. (16) 

There is large difference in the heats of 
reaction between (13) and (15)) whereas 
there is little difference in the second ab- 
straction of hydrogen [Eqs. (14) and 

*Calculated from the values in Refs. (12 and 
IS). The heats of reaction for Eqs. (13) and (15) 
are approximated to be equal to the bond dis- 
sociation energies. 

(IS)]. Hence, if the Polanyi rule is as- 
sumed, little difference of reactivity in the 
second hydrogen abstraction can be 
expected. 

On the other hand, the observed rate 
should be represented as the sum of the 
reactivit’y of each ring hydrogen. This 
treatment gives the following Eq. (17) for 
the overall rate, which will be derived in 
the appendix. 

I~MGWYm,T)lk~p 
V(RJT) = k, + [Zw(R,m)klH(m,T)]p’ 071 

where w(R,m) and klH(m,T) are the num- 
ber and the rate constant of the mth hy- 
drogens of reactant R. The superscript H 
denotes the rate constant per one hydrogen. 
Thus, the overall value of k,, which is 
identical with a/3, is expressed by Eq. (18). 

k,(R,T) = Llw(R,m)klH(m,T). (19 
Since Eq. (18) is equivalent to the re- 
lation between v (R,T) and vH(m,T) de- 
rived in the preceding paper, the analysis 
of k,(R,T) from a viewpoint of the LFER 
is possible in the same way as in the pre- 
ceding paper. A linear plots of the logarithm 
of klH(m,T) vs. DVR (H”), the delocalie- 
ability of the mth hydrogen, is shown in 
Fig, 7. Finally, kIH(R,T) is expressed as 
the following equation in such an analogous 

I 

z” 
I 
J 
z? 

-I 

I I I 

1.02 1.03 
DrR (H”) 

Fro. 7. The rate constant of the first hydrogen 
abstraction as a function of the delocalizability of 
hydrogen: catalyst: Cr-I; 0, 400”; 0, 450”. 
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way as derived in t’he preceding paper 
(1). 

/?lH(R,T) = klH(O,~) 

expi+Yl - TIT,)A&VP)/RT), (19) 

where klH (O,CC) and E, (0) are, respec- 
tively, the pre-exponential factor and the 
activation energy of a hypothetical hydro- 
gen whose delocalizability is 1.0. T, is the 
isokinetic temperature and yD is a constant 
independent of temperature. The calculated 
values of these four catalyst constants are 
given in Table 4. 

TABLE 4 

and kZH(m) is constant, then Eq. (21) 
holds by neglecting JC-,H(m) and substi- 
tuting kZH(m) by k?. 

~(R,m)h’~~r(m)[l - D(m)]p - &e(m) = 0. 

(21) 

For example, the following equation holds 
for ?rz = 1. 

[w(R,l)R?(l)p + h-z]@(I) 

+ I”(R,l)h-l”(l)p 2 0(m’) 
dfl 

= w(lt,l)kl”(l)p. (22) 

When the ring hydrogens are classified into 
five, the coverage can be represented as 
follows, by solving the five simultaneous 
equations for m of 1 to 5. 

log klH(@, m) 14.7 * 2.3 
E*(O) tkcal/mole) 49.3 5 7.5 
Yl) 906 2 344 

7’,(“K! 936 + 123 

w(R,wN,“(w)~ 
e’772) = (23) kz + [Z~(R,m)/c,~(m)]p’ 

As ~~(11~) = k,B (m)/u! (R,m) and v(R) = 
zw(R,m)v”(m), Eq. (17’) can be derived. 

In conclusion, the slowest step in de- 
hydrogenation of cyclohexanes over 
chromia-alumina or molybdcna-alumina 
is the dehydrogenation to cyclomonoolefin. 
In this step, each of two hydrogens is ab- 
stracted stepwise, and the first hydrogen 
abstraction from react.ant determines the 
relative reactivity. There is also an agree- 
ment between the proposed reaction mecha- 
nism and the physical meaning of de- 
localizability, to which the reactivity of 
the first hydrogen abstraction is linearly 

c(R) = P~(R,~NI~(~WZP 
it-2 + [Z:~(R,m)li:~(m)]p’ (17') 
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correlated. 

APPENHX 

As for the reactant R, where the num- I’ 
her of mth hydrogens is w(R,m)) the rate 
equation can be derived in the following 

Z 

way. When the stationary state is assumed 3, 
in the reaction scheme (9), 

de(m) - = ~u(R,m)klH(m)[l - Ze(m)]p rlt 5. 

- [LIH(m) + kzH(m)]O(m) = 0, (20) 
6. 

where O(m) is the coverage of cyclohexyl 
radical which has been produced with loss 7. 
of one mth hydrogen. If k-,H(m) < hH(m) 
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