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Kinetics of catalytic hydrogenolysis of ethane, propane, butane, isobutane, neopentane and 
isopentane on Pt-Altos have been investigated in a flow reactor at atmospheric pressure. These 
hydrocarbons are arranged according to increased rates of hydrogenolysis at 300°C in the series : 
ethane, propane, neopentane, isobutane, butane and isopentane. The kinetic orders and 
apparent activation energies of the breaking of different types of C-C bonds have been deter- 
mined. The exponents of hydrocarbon partial pressure are always positive, while the exponent of 
hydrogen pressure can be positive or negative, and in some cases the rate is maximum for a 
certain hydrogen pressure. All these observations are consistent with the kinetic scheme 
proposed by Cimino, Boudart and Taylor [J. Phys. Chem. 58, 596 (1954)]. In terms of these 
hypotheses an extensively dehydrogenated surface species has been found for all hydrocarbons 
investigated. The rate constant of the rupture of the carbon-carbon bond is not much changed 
with the hydrocarbon. On the other hand, the adsorption equilibrium is greatly influenced by 
the structure of the hydrocarbons: the adsorption equilibrium constant increases with the 
molecular weight in a homologous series, but for an equal number of carbon atoms, it decreases 
when branching increases. 

INTRODUCTION 

Hydrogenolysis of saturated hydrocar- 
bons, or rupture of carbon-carbon bonds by 
hydrogen, has been proved to be a “struc- 
ture sensitive reaction” according to 
Boudart’s definition (I), at least in the 
case of butane (2) and cyclopentane (3) on 
platinum-alumina catalysts. An under- 
standing of the mechanism of hydrogenoly- 
sis could help to understand the mode of 
action of metallic catalysts. For this reason, 
we have undertaken a kinetic study of 
hydrogenolysis of various saturated hydro- 
carbons. 

In the first paper of this series we 
investigated the kinetics of butane hydro- 
genolysis (4) and it was shown that our 
results could be interpreted in terms of the 

kinetic scheme proposed by Cimino et al. 
(8), and later applied by Sinfelt (5, S) to 
ethane hydrogenolysis on a great number 
of metals: 

GHs e Cd-I, + aHz, 

CZH, + Hz --, CH, + CH, ffi products. 

We have, in addition, assumed that 
hydrocarbon adsorption takes place on a 
single catalytic site, and that hydrogen 
adsorption is negligible compared to that 
of hydrocarbon. Pollowing these hypoth- 
esis, it has been shown that the two possible 
ways of rupturing carbon-carbon bonds 
take place by means of two different surface 
species, both extensively dehydrogenated; 
one of them apparently loses 3 hydrogen 
atoms, and the other loses 6. We have also 
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determined the constants of the adsorption purity was obtained from ‘LF1uka.” It was 
equilibrium and the rate constants of the purified by passing t’hrough silica gel. 
steps of hydrogenolysis. The products were automatically an- 

The surface spccics for the breaking of alyzed in a F 20 Perkin-Elmer chromato- 
Cl-Cii and C&r-C& bonds of butanc being graph with a Golay column of squalanc at 
differently dehydrogenated, it seemed in- O”C, or in a Carlo Erba Fractovap 2200 
teresting to gcncralize this study and to chromatograph with a column 3 m long 
see if the rupture of each tfype of bond filled with XOB 075 sphcrosil (Rhone- 
corresponds to an intermediary charactcr- Progil). Calibration was performed with 
istic of the bond to bc broken. Thus we binary mixtures of the products. 
have decided to undertake a kinetic study 
of the hydrogenolysis of other hydrocarbons Procedure 
-from ethane, extensively studied by 
Sinfelt (5, 8) to pentanes-to find out The procedure was described previously 

whether the hypotheses used in the case of in Part I (4). For each set of operating 

butane may be generalized to other hydro- conditions the activity has been plotted 

carbons, and, if so, to investigate the versus time and by extrapolation the activ- 

influence of hydrocarbon structure on the ity that the fresh catalyst should have in 

degree of dehydrogenation, the adsorption each set of temperature and partial pres- 

and the stability of the intermediate sures can be determined. The kinetic study 

complex. of hydrogenolysis of each hydrocarbon was 
performed with a fresh sample of the same 

EXPERIMENTAL METHODS 
preparation of the catalyst. 

From one sample to another the results 
Apparatus, Materials and Analysis were fairly reproducible. 

All experiments were carried out using Experimental conditions were as follows : 

the same apparatus including a flow reactor 
and a gas purification circuit previously 

Weight catalyst: 1 to 10 g. 

described (?‘, 4). 
Temperature: 266 to 379°C. 

. 
The catalyst was 2% wt platinum 

Hydrocarbon pressure: P,: 0.03 to 0.1 

deposited on “Rhonc-1’rogil” CBI, 1 alu- 
atm with T)Hz = 0.9 atm. 

mina granules (0.1 mm diameter) with a 
Hydrogen pressure: Z’n,: 0.3 to 0.9 atm 

with P, = 0.1 atm. 
surface area of IS0 m2/g. It was prepared 
by impregnating the support with an 

Tot’al flow rate : 0.1 to 0.4 mole/hr. 

aqueous solution of chloroplatinic acid, RESULTS 
evaporating below 100°C and drying in an 
oven at 100°C. The catalyst was stored We designate by 71, 72, . . ., rj the 

without being reduced so as to bc less conversion of hydrogcnolyzod hydrocarbon 

susceptible to possible contamination. Bc- into methane, cthanc, . . . , CjH2j+z, accord- 

fore each run the appropriate quant’ity of ing to formal equations: 

catalyst was reduced for 8 hr in flowing 
hydrogen at 350°C. 

(nf - ,j)Hz + .jC,JL+2 + ?1CjHZj+fp 

Ethane, propane, butane and isobutane Tj is calculated by: 

of 99.95% purity (N 35 grade) were 
obtained from “L’Air I,iquidc.” Neopcn- 7j = jCj/F iCi, 

i=l 

tane (99y0 purity) was supplied by “Seppic 
Labo” ; it contained about 1% ‘n-butane. where Ci is tha number of moles of the 
Isopentane (L’purum” grade) of 99.5% hydrocarbon CiHzi+,. 
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FIQ. 1. Selectivities in aliphatic hydrocarbon 
hydrogenolysis. Ratios T,,--1/(n - ~)TI BS a function 
of conversion; T = 312 f 2°C; propane ( n ), 
isobutane (V), neopentane ( 0); and isopentane 
(Co. 

Rates were calculated from the relation 
r = (F X 7)W where F represents the 
feed rate of hydrocarbons in moles per 
hour, W represents the weight in grams of 
the platinum in the catalyst. The reaction 
rate is thus expressed as moles of hydro- 
carbons converted per hour per gram of 
platinum. 

Initial Selectivities 

With the catalyst studied here, “multiple 
hydrogenolysis” was never observed ; in 
other words, only one carbon-carbon bond 
was broken during a single contact of the 
molecule with the catalyst. Indeed, when 
extrapolated to zero conversion, the ratios 
of the rn of the various products corre- 
sponding to single hydrogenolysis are 
always obtained. 

For propane, TJT~ is extrapolated to 2 
(~J27~ + 1: Fig. 1). 

For isobutane 73/371+ 1 (Fig. 1). 
For neopentane: ri4/471 + 1 (Fig. 1). 
For isopentane (74 + ri4)/71+ 4 and 

73/n ---) 1,5. 
It should be noted that further hydro- 

genolysis of reaction products does not 
occur to the same extent for each hydro- 
carbon. Isobutane, the initial product of neo- 
pentane hydrogenolysis, is readily broken. 
For example, at a conversion of lo%, 
the ratio rid/r1 is only 2.7 compared to 4 
for the initial selectivity. On the other 
hand, for 20% conversion, the ratio TZ/T~ 
is still 2 in propane hydrogenolysis. In the 
same way, for isopentane the secondary 
rupture of initial products is of little 
importance : for 10% conversion, (~4+7i4)/ 
71 is about 3.9. Isobutane and butane have 
a behavior intermediate between isopentane 
and neopentane. The hydrocarbons can be 
ranked according to increased order of 
importance of the hydrogenolysis of the 
products : propane, isopentane, n-butane, 
isobutane, neopentane. 

The question of selectivity in single 
hydrogenolysis arises only in the case of 
butane, which was studied in Part 1 of 
this series (4) and of isopentane. 

For isopentane, the three reaction paths 
are possible: 

i-&H12 + Hz 1 i-&HI0 + CHI 
1; n-CaHlo + CH, 
-r; CaHs + CzHs. 

The three apparent reaction rates 
extrapolated to zero conversion) are 

(not 

ignated as rl, rz, r3 and their ratios are 
(~1 = rl/rz and (~2 = (~1 + r3)/~3. (~1, rep- 
resenting the selectivity in terminal carbon- 
carbon bond ruptures, is always 1.2 for 
temperatures between 222 and 315°C and 
for hydrocarbon partial pressures between 
0.02 and 0.1 atm, hydrogen pressure being 
0.9 atm. (Y~ is changed little (1.2-1.4) when 
hydrogen pressure is varied (hydrocarbon 
pressure being 0.1 atm). However, this 
small variation could be caused by further 
hydrogenolysis of the primary reaction 
products, n-butane reacting faster than 
isobutane. When the temperature is in- 
creased (Y~ decreases rapidly but changes 
little with partial pressures of hydrogen 
and hydrocarbons. 
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TABLE 1 

Rates, Apparent Activation Energies and Partial Orders of Reactions for Hydrogenolysis 
of Saturated Hydrocarbons from CZ to Cs 

Hydrocarbon 

Ethane 
Propane 

Butane 
n-C4 + Cl + cs 
n-Ca+2Cz 
Isobutane 

Neopentane 

icg -+ Cl + ic4 
826 -+ Cl + cq 
825 -+ cz + c3 

T at 300”C” Ea Reaction orders 
(moles hr-1 (kcal/mole) 

g-1 Pt) Hydrocarbona Hydrogen” 

5.25 X 10” 55 1 - 1,s 
0.85 x 10-Z 45 0.9 >0 when Pq < 0.3 atm 

<0 when PH* > 0.3 atm 

5.9 x 10” 30 0.65 0.55 
3.9 x IO-* 38 0.35 0.65 
8.1 x 10-Z 37 0.65 >0 when PHI < 0.6 atm 

<0 when PHI > 0.6 atm 
7.8 x 10” 40 0.8-0.9 >0 when PHI < 0.45 atm 

<0 when Pq > 0.45 atm 
11.3 x 10” 23 0 1 
9.25 x 10-z 23 0 1 
2.8 x 10-z 33 # 0 positive #l 

a Z& = 0.9 atm; P, = 0.1 atm. 
b 2’ = 313°C; PH3 = 0.9 atm. 
c T = 313°C; P, = 0.1 atm. 

Measuremen~ts of the Kinetic Parameters 

The temperature and partial pressures of 
hydrogen and hydrocarbons were changed 
to measure the apparent activation energies 
and the orders of the various reactions 
expressed in the form of a simple power law, 

r = Ae-EIRTPCnPH2m. 

Results are reported in Table 1. 

(1) 

The variations of the rates as a function 
of hydrogen pressure are shown in Figs. 2 
and 3. It can be seen that the slope is in 
some cases negative (for ethane), in other 
cases positive (Fig. 2 for butane and isopen- 
tane). However, curves with a maximum 
are also obtained in the case of propane, 
isobutane and neopentane hydrogenolysis 
(Fig. 3). In the third instance, the rate of 
hydrocarbon hydrogenolysis cannot be 
expressed in the form of the power law (1). 

In all cases, the exponent of hydrocarbon 
pressure is positive and in the range O-l 
(Fig. 4). 

In order to compare the reactivities of 
the hydrocarbons, their hydrogenolysis 
rates have been measured at a temperature 

arbitrarily chosen equal to 300°C, from 
the Arrhenius curve, with partial pressures 
of hydrocarbon and hydrogen of 0.1 and 

flow 

FIQ. 2. Effect of partial pressure of hydrogen on 
hydrogenolysis rate of n-butane: (0) -+ Ca + Cl; 
(0) -+ 2c2; and isopentane: ( n ) + Ca + Cz; 
(n) + nC4 + Cl; (A) ---) iCp + Cl; PC = 0.1 atm; 
T = 313°C. 
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k!, r the case of this catalyst, hydrogenolysis of 
C-C bonds takes place only on the metal 

- 1.5 Log, Pn2 -- . 1 0.5 and we can use the kinetic scheme proposed 
by Cimino et al. (8) and Sinfelt (5, 6) which 

--I 
was shown to accord well with the kinetics 
of hydrogenolysis of n-butane, if we suppose 
that the adsorption-desorption equilibrium 
of hydrocarbon is fast with respect to the 
step of the surface species hydrogenolysis 
which is presumed to be the slow step of 
the reaction. It was also postulated that 
the most dehydrogenated species was 
preponderant on the catalyst surface and 
that adsorptionZtakes place on a single 
catalytic site. 

Reaction equations for any hydrocarbon 
are written as follows : 

FIG. 3. Effect of partial pressure of hydrogen on 
hydrogenolysis rate of propane ( n ), i-butane (7); 
and neopentane (0); P, = 0.1 atm; T = 313°C. 

CnH 2n+2 * C&n+~-2a,,,, 

+ a&, (2) 

0.9 atm., respectively. It can be seen in 
the second column of Table 1 that in a 
homologous series, hydrocarbons undergo 
hydrogenolysis more easily when the num- 
ber of carbon atoms is greater: ethane 
< propane < butane and isobutane < iso- 
pentane. Moreover, with a constant number 
of carbon atoms, hydrocarbon hydrogenoly- 
sis is slower when branching is greater: 
isobutane < n-butane and neopentane < 
isopentane. 

DISCUSSION 

First it must be shown that there is no 
reaction on the support. A blank on the 
support was negative: there is no hydro- 
genolysis of butane on alumina alone, at 
least within the range of temperatures 
studied here. But when adding chloro- 
platinic acid on alumina, the support 
could become active and the catalyst act 
as a dual-function catalyst. This is why we 
have measured the activity of a catalyst 
composed of a layer of Pt-alumina and a 
layer of silica-alumina, before and after 
homogenization of the catalytic bed. Both 
activities are equal; thus it seems that in 

CnH2n+~,~,+H2 --, C,H,+C,-,H, (3) 
L 

products. 

With these hypotheses, we are led to 

FIG. 4. Effect of hydrocarbon pressure on hydro- 
genolysis rates; PQ = 0.9 atm; 2’ = 313T; 
propane ( n ); n-butane: (0) ---) C, + CI; (0) --) 
2Cz; isobutane ( 0) ; neopentane ( X) ; isopentane : 
(V) -+ c3+c2; (A) + nch+cL; (A) --t icstc1. 
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express the rate as: 

kXP, x PHz 
r= 

PH2U + xd 
(4) 

where h: is the rate constant of step (3), X is 
the constant of the adsorption equilibrium 
(a), P, and PHz arc the pressures of hydro- 
carbon and hydrogen. 

At this point it should be noted that for 
butane hydrogenolysis (4) WC have elim- 
inated another hypothesis proposed by 
Sinfelt who supposed that the first step of 
adsorption, 

CnH 2n+2 G GJLn+~aci, + Hads, (5) 

could be not very fast with respect to step 
(3) of hydrogenolysis. The reason for 
discarding such a hypothesis is that if 
reagent desorption is slow, the last step 
of products desorption is likely to be slow 
too, and an initial multiple hydrogenolysis 
should take place. Now, with our catalyst, 
only a single hydrogenolysis has been 
observed for each hydrocarbon. Moreover, 
on platinum (g-12), it is well known that 
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FIG. 5. Neopent.ane hydrogenolysis. Curve 1 /r 
US 1/P,; PHI = 0.9 atm; 1’ = 313°C. 

FIG. 6. Neopentane hydrogenolysis. Curves 
(PC X P&/r vs Paz" for several values of a. 
P, = 0.1 atm; T = 313°C. 

(O:a=2, V:a=2.5, 
l :a=3, O:a=4) 

hydrogen-deuterium exchange of saturated 
hydrocarbons (whose rate is governed by 
hydrocarbon desorption) is much faster 
than their hydrogenolysis. 

It is interesting to check t’he validity of 
cxprcssion (4) for hydrogenolysis of each 
saturated hydrocarbon studied here. The 
cxprcssion can be transformed in two other 
wavs . ./ . 

I’, x PHz PHzO I’, 

---=kXr+7 
(rl) 

r c 

By plotting the values of P, X P&r 
(where P, is constant) as a function of PHIL, 
and repeating for several integer or half 
integer values of a, a value of a can be 
selected which gives a straight line. This 
straight line allows us to calculate values 
of k and X. k and X can also be obtained by 
means of t’he expression ($2) by plotting 



TABLE 2 

Determination of Parameters 2a, k, X in Saturated 
Hydrocarbon Hydrogenolysis 

Hydrocarbon 2a(*1) k at 313°C x at 313°C 
(moles atme [atm(a-y 
hr-’ g-1 Pt) 

Ethanes 6 
Propane 7 
Butane’ 
nC4-tC1CCa 3 
nC4 -t 2c1 6 
Isobutane 6 
Neopentane 6 
Isopentane 
ica + c, + ic, -c 
iC4~Gf7LC4 - 

>O.l <1.4 x 10-z 
0.36 0.50 

0.20 10 
0.13 21.5 
0.51 3.7 
0.63 1.6 

0.19 -c 
0.16 -c 

a For ethane k and X are very imprecise because of the low 
value of the intercept of the curve with the g axis. The slope 
gives kX = 1.4 X lo-*. 

b From Ref. (4). 
c Orders in hydrocarbon and hydrogen pressures are, respec- 

tively, 0 and 1 and do not allow us to determine either 2a or X. 

l/r vs l/P, (with PHI = constant) and 
using the previously chosen value of a. 

As an illustration, curves l/r = f(l/P,) 
and P, X P~/T = ~(PH~o) in the case of 
neopentane are given in Figs. 5 and 6. 

Both series of values obtained from (71) 
or (-y2) are consistent, leading to the 
conclusion that expression (4) fits the 
measured rates of hydrogenolysis for the 
various hydrocarbons here studied. 

The results for parameters 2a, k and X are 
reported in Table 2. It has not been possible 
to determine these parameters for the 
reaction iCs + Ca + CZ because in this 
case the variations of rate with partial 
pressure were of the same order of magni- 
tude as the margin of error in the mea- 
surements. 

From Table 2, it can be seen that within 
the framework of the adopted kinetic 
hypotheses, the surface species is always 
extensively dehydrogenated. In most cases 
the hydrocarbons have lost 6 or 7 hydrogen 
atoms before being hydrogenolyzed. Our 
results are concordant with those reported 
by Sinfelt and Yates for hydrogenolysis of 
ethane on the noble metals of group VIII 
(IS, 14) : their kinetic results can be 
interpreted with the help of their kinetic 
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scheme if ethane has lost 6 hydrogen atoms 
on ruthenium, rhodium, palladium, iridium 
and platinum. 

With regard to the rate constants k of 
carbon-carbon bond rupture, it is interest- 
ing to note that they are all of the same 
order of magnitude. Their values are even 
closer to each other when the rate constants 
are referred to a single carbon-carbon bond. 
These parameters will be designated by k’, 
the values of which are reported in Table 3. 

The differences in reactivity of hydro- 
carbons should therefore be due, essentially, 
to changes in the adsorption equilibrium 
constant X, the value of which changes 
considerably with the hydrocarbon. This 
value is 1.4 X 10e2 for ethane, 21.5 for 
butane, and is probably still higher for 
isopentane (orders in hydrocarbon and 
hydrogen of zero and unity, respectively, 
indeed suggest that, in this case, XP, is 
considerably greater than PHZa). These 
differences in adsorption explain the greater 
or lesser importance of further hydrogenoly- 
sis of primary reaction products. For 
example, in propane hydrogenolysis, ethane 
is formed, but because of its very weak 
adsorption, a negligible fraction of the 
metallic surface area is occupied by ethane 
which, of course, is hydrogenolyzed to a 
very small extent. On the other hand, with 
neopentane, the adsorption of which is 

TABLE 3 

Hydrocarbon Reaction 
products 

k’(6.02 X 1P 
broken bonds 

atm-1 hr-1 
g-1 Pt) 

Ethane 
Propane 

Butane 

Isobutane 
Neopentane 

Isopentane 

2c1 >O.lO 
Cl + c2 0.18 

Cl + Ca 0.10 
2c2 0.13 

Cl + ca 0.17 
Cl + ica 0.16 

Cl + ic4 0.19 
CI + nC4 0.08 
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weaker than that of isobutane, it can be 
easily understood that further hydrogenoly- 
sis of isobutane is of greater extent. The 
relative positions of the curves in Fig. 1 
are thus accounted for. 

However, it is unexpected to arrive at 
the conclusion that the reaction intcr- 
mediary always loses roughly the same 
number of hydrogen atoms, for neopentane 
as well as for n-butane or ethanc. Moreover, 
the degree of dehydrogcnation of the reac- 
tive surface species seems to us much too 
great, especially in the case of ethane and 
propane, which should lose all, or almost all 
of their hydrogen atoms. To return to neo- 
pentane, n-butane and ethane having lost 6 
hydrogen atoms, obviously the three surface 
species cannot have the same structure, and 
we are led to think that several mechanisms 
for hydrogenolysis can exist, or else the 
kinetic scheme or the hypotheses formu- 
lated by Cimino, Boudart and Taylor and 
Sinfelt need to be modified. Thus we have 
chosen other sets of hypotheses and checked 
to see if the rate expressions obtained 
fit our experimental results. This discussion 
will bc the subject of a later papcbr. 
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