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A detailed study was made of the hydrogenolysis of two pentane isomers on a well-charac-
terized Rh/y-Al,0; catalyst. The neopentane cracking takes place sequentially by succesively
breaking off methane molecules. Turnover numbers, rate constants, and activation energies
were determined for all the four consecutive steps. The n-pentane hydrogenolysis simultane-
ously follows a major path to propane and ethane and a minor one to n-butane and methane.
The kinetic parameters were determined for both paths. The reaction orders for both hydro-
genolysis reactions were 1.0 for the hydrocarbon and —1.5 for hydrogen. The course of the
catalytic reactions is in agreement with the presence of surface intermediates which make three
bonds to two adjoining surface sites. The predominant formation of propane and ethane from
n-pentane on well-dispersed, supported Rh is associated with the predominant formation of

one such intermediate.

INTRODUCTION

Hydrogenolysis and isomerization of
saturated hydrocarbons over supported
transition metal catalysts have been in-
vestigated recently to determine the differ-
ences in catalytic activity and selectivity of
the metal catalysts (7-10). Among the
transition metals studied, Rh is one of the
most active metals for hydrogenolysis (Ib,
Za, Ze, 3¢) while Pt is one of the most
selective metals for isomerization (1d, 3ec).
The high activity of Rh is attributed to its
relatively high percentage of d-bond char-
acter (3c). The high selectivity of Pt for
the isomerization reactions was explained
as follows (Ze, 2d, 3¢, 6¢): The saturated
hydrocarbon forms upon adsorption an
intermediate surface molecule on Pt with
at least one sp? carbon forming a double
bond with a Pt atom (i.e., a,a,y-triadsorbed
intermediate complex). Further, the Pt
atoms are capable of valence shifts from
one value to another in the rearrangement
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of the a,a,y-triadsorbed intermediate com-
plexes. It was suggested (2c¢) that the
greater the extent of electron transfer from
an sp*> carbon to the metal, the more
energetically favored becomes the isomer-
ization. Previously, detailed kinetic studies
of hydrogenolysis and isomerization of
alkanes were carried mostly over supported
Pt, Ru, and Ni catalysts, and a few have
been made over a Rh catalyst (10). This
work was undertaken to investigate the
hydrogenolysis over a well-characterized
alumina-supported Rh catalyst. The hydro-
genolysis reaction, in turn, was chosen to
characterize the reactivity of supported
Rh catalysts on which the Rh can be dis-
persed in different states (11).

EXPERIMENTAL

Apparatus and rate measurements. A
Pyrex batch-recycle reactor equipped with
a reciprocating glass pump and a Dyna-
sciences pressure transducer, described pre-
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Fia. 1. Course of neopentane hydrogenolysis at
183°C. @, C;; O, Cy; O, Cs; A, Ca; O, Cu.

viously (12), was used for the rate measure-
ments. The circulation rate was approxi-
mately 420 ml min~!, and the system
volume was 590 ml. The reacting gases
were premixed at a H,:hydrocarbon ratio
of 10 and stored in a 5-liter flask. Before the
rate measurement, the gas mixture of 110
Torr was introduced into the recycle reactor
containing the Rh/y-Al,O; catalyst and
was further diluted with helium to increase
the total pressure to about 750 Torr.
During the reaction, the gases passed
through an injection valve connected to a
gas chromatograph equipped with an ion-
ization detector. The injected gas sample,
approximately 0.2 ml, was split into two
streams. One half was analyzed for indi-
vidual hydrocarbons by separation over a
0.25-in.-diameter, 20-feet long column filled
with 109, DC-200 (Alltech Associates)
supported on 60/80-mesh Gas-Chrom Q
(Applied Science Laboratories), and the
other half passed directly to the ionization
detector. A hydrocarbon gas mixture of a
known composition was used to calibrate
the system.

Materials. The 5.51 wt% Rh/y-AlO;
catalyst used in the major part of this work
was described in detail earlier (11). It was
made by impregnating +-Al:O; with a
Rh(NOs); solution, dried and calcined at
500°C in air, and reduced at 400°C by H.,
for 2 hr before use. This catalyst had a
BET sarea of 150 m?/g and a surface Rh
concentration of about 2.5 umol of Rh/m?
(BET) as measured previously by H., CO,
and NO chemisorption. Some measure-
ments were also made using a more diluted
Rh catalyst having a bulk concentration of
1.89 wt9, and a surface concentration of
1.22 umol of Rh/m? (BET). Research grade
neopentane (Phillips 66) and spectrophoto-
metric grade n-pentane (Aldrich) were
used without further purification. Hydrogen
of 99.959, purity was passed through a
palladium Deoxo catalytic purifier (Engel-
hard) before use.

RESULTS AND DISCUSSION
Course of Reactions

Hydrogenolysis of neopentane. The reac-
tion course of hydrogenolysis of neopentane
in the temperature range 161 to 190°C was
examined by measuring the change in
partial pressures of neopentane and all the
reaction products. A typical example of
such measurements is given in Fig. 1. The
reaction produces only isobutane, propane,
ethane, and methane. The partial pressure
of neopentane decreases and that of
methane increases continuously, through-
out the reaction. The partial pressures of
isobutane, propane, and ethane each pass
through a maximum with time. No carbon
deposits are formed, and all the reacted
pentane is transformed to lower hydro-
carbons. Although the relative amounts of
the products change in time, the following
relationship holds at all times,

5(p005H12 - pCsHu)
= 4pCAHlD + 3pcsns + 2pc,n, + Pcu,,

where pc,u,, is the initial partial pressure
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of neopentane, and the p’s are the partial
pressures of the reactants and products at
any time in the reaction.

The absence of any other products, with
the exception of those mentioned above,
indicates a stepwise hydrocracking accord-
ing to the scheme:

neo-CsHyz + H, 25> CHy + iso-CiHyo (1)

iSO-C4H10 + Hg k‘) CHq + (:aHg (2)
CsHy + Hy 25 CH, + C,H, (3)
C:H, + H. %% CH, + CH, )

Hydrogenolysis of n-pentane. Similar mea-
surements were performed for the hydro-
genolysis of n-pentanc in the temperature
range 90 to 110°C. An example of these
measurements is given in Fig. 2. There are
distinct differences between the hydro-
genolysis of n-pentanc and ncopentane. The
hydrogenolyvsis of n-pentanc takes place at
a much lower temperature than that of
neopentane. Unlike neopentane, the hydro-
genolysis of n-pentane produces simul-
tancously four hydrocarbons (methane,
ethane, propane, and n-butane). The
amounts of ethane and propane produced
are approximately equal. The amount of
methane and n-butane are relatively low,
approximately equal during the initial part
of the reaction. Very small amounts of
isopentane and isobutane are also found.
As in the previous case, no formation of
carbon deposits was noted, therefore all
the products were gascous hydrocarbons.
The hydrogenolysis of n-pentane can there-
fore be described mainly by the primary
steps,

20-CsH iy =5 CoH, 4+ Cally (5)
2n-CsHype =5 CHy 4+ n-CHiu,  (6)

with k5 being substantially higher than k.
Further cracking, as in the case of neo-
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¥ic. 2. Course of n-pentane hydrogenolysis at
100°C. o, n-C;; O, Cy; O, Ci; A, Co; O, Cy
A, 150-Cs.

pentane, takes place:

w-C.Hyy + Hy 5 CH, + C:Hy (29
Cslly + Ho 35 CHy + CoHe  (3)
C.Hs + H, 25 CH, + CH,. (4

The outcome of this sccondary hydrocrack-
ing 1s manifested by a slight predominance
of C; over C; and in particular of C, over C,
in the later stages of the reaction, as seen
in ¥ig. 2. The isomerization of n-pentane
and n-butane is slow, and only the forma-
tion of isopentane is measurable as shown
in the figure.

Reaction Orders

The reaction orders with respect to
partial pressures of hydrogen and hydro-
carbons were cstablished by examining the
rate dependence on the respective partial
pressure. In the hydrogenolysis of neo-
pentane at 176°C, the initial pressure of
neopentane was kept constant at 10 Torr
while the initial pressure of H, was in-
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F1a. 3. Rate dependence of neopentane hydro-
genolysis over 1.89 wt% Rh/v-Al,0; (a) on H,
pressure and (b) on neopentane pressure.

creased from 50 to 200 Torr, resulting in a
large decrease in reaction rate. The slope
of curve (a), Fig. 3, gives a reaction order
of —1.5 with respect to the partial pressures
of Hs. When the initial pressure of H, was
kept constant at 100 Torr, the reaction
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Fic. 4. Rate dependence of normal pentane hydro-
genolysis over 5.51 wt% Rh/y-ALO; (a) on H,
pressure and (b) on n-pentane pressure.

rate increased as the initial pressure of
neopentane increased from 5 to 20 Torr.
The reaction order with respect to the
partial pressure of neopentane, as deter-
mined from the slope, is 1.0.

A similar procedure was used for the
hydrogenolysis of n-pentane, at 125°C.
The results as shown in Fig. 4 indicate a
reaction order of 1.0 with respect to the
partial pressure of n-pentane and —1.6
with respect to the partial pressure of
hydrogen.

Reaction Kinetics

Hydrogenolysts of neopentane. The reac-
tion course of neopentane hydrogenolysis
over Rh is similar to that over Ru (8c).
Both the supported noble metal catalysts
give a successive demethylation reaction
[Eqgs. (1-4)]. It differs from the neopentane
hydrogenolysis over Pt in which isomeriza-
tion occurs together with a hydrogenolysis
(8b, 3¢). Since we found that the reaction
orders with respect to hydrocarbons and
H; in both hydrogenolysis reactions studied
over the Rh/y-Al,O; catalyst are the same,
we concluded that the reaction orders with
respect to other hydrocarbons, such as
isobutane, propane, and ethane, are also
unity, and the order with respect to
hydrogen is —1.5. The rates of the con-
secutive reactions [Egs. (1-4)] can then
be expressed as follows:

d'pCsHm
- = klpCsHmsz_l'5 (7)
dt
dpc H
0 = klPCsHmpHa_l'S
dt
— kepogmoprs™F (8)
Aposms
— = kzpC4H10pH2_l'5
dt
— kspesugpu, 0 (9)
dpc.n,
——— = kspogupu, P
dt
— kapcsnepu ™ (10)

At the respective maxima of the partial



16 YAO AND SHELEF

pressures of isobutane, propane, and ethane
(see for example Fig. 1) the rates of iso-
butane, propane, and cthanc formations
become zero, i.c.,

I:de«iHm:I l:dp(,‘/:sHs]
dt max.-Cy dt max .-C3

[dp02He:| —0
dt max.-Cs2 .

Measuring the pressures of C;, G4, Cs, and
Cs at the three maxima and equating (8),
(9), and (10) to zero, the three ratios of
reaction constants are derived.

kq l:pC4H10]
ks PCsHzAmax.-C4
ks l:psz;]
ks PCiHp-max.-Cs

k 3 l:pCsz}
IC4 PcCsHg"max.-Co

An additional value of one of the reaction
constants, k;, needed for the solution of
(12), is obtained by measuring the initial
slope of the disappearance of neopentane
in plots such as shown in Fig. 1 and sub-
stituting the initial pressures, pn, = 10
and pc,u,, = 100 Torr, respectively, into
Eq. (7).

Table 1 summarizes the values of the
four reaction constants, ki to ki, measured
in this fashion at three different reaction
temperatures. The reaction constants are

(11)

(12)

TABLE 1

Rate Constants and Turnover Numbers of Neo-
pentane Hydrogenolysis over 5.51 wt% Rh/v-Al:Og

Temperature Rate constants (Torrt.s Turnover
¢y sec™t g™1) number
(sec™ X 103)
I ko k ki
161 0.22 0.78 1.16 0.01 0.17
182 078 464 496 004 0.62
198 1.74 1229 1874 0.19 1.38

o pOy, = 100 Torr; porec-czHry = 10 Tortr.

TABLE 2

Apparent Activation Energies in the Stepwise
Hydrogenolysis of Neopentane over 5.51 wi%, Rh/
v-AlO4

Reaction Ey Asa

(kecal/ (Torr-5

mol) sec™l g=1)
neo-CsHis + Hy — 1s0-CsH o + CH4 20.2 3.6 X 10w
iso-C:Hio + Hz — C:Hs + CH. 29.8 1.4 X 10,
C3;Hs + H: —» CyHs + CHy 30.8 4.3 X 1016
C:Hs + Ha — 2CH4 33.6 8.5 X 10

s Pre-exponential factor in k = A4 exp(—E:/RT).

given in the units of Torr!-® sec™! g1, as
derived from Kgs. (7-10). Their numerical
values, of course, apply only to this
particular catalyst. A more general yard-
stick of the reactivity of a solid catalyst is
the turnover number derived from the
overall rate of disappearance of the neo-
pentane (from which k; was also calcu-
lated). The turnover number in Table 1
expresses the number of neopentane mole-
cules converted per second on every surface
Rh atom.

Table 2 gives the activation energies and
pre-exponential factors for the four con-
secutive hydrocracking steps [Eqs. (1-4)]
derived from the data in Table 1. A large
difference, of about 10 kcal/mol, is observed
between the low values of K, for neopentane
and the higher values for the hydrogenolysis
of the three lower hydrocarbons which do
not have a tertiary carbon atom. The low
activation energy is compensated by a low
pre-exponential factor, expressed in Table 2
in the same units as the reaction constants.

Hydrogenolysis of n-pentane. The reaction
course of m-pentane hydrogenolysis over
Rh differs from that over Ni (9) in which
the cracking took place only at the terminal
C-C bonds. In the initial stages of this
reaction over Rh only the four primary
products represented by Kgs. (5) and (6)
are formed. The disappearance of two
molecules of the reactant results in the
simultaneous formation of four product
molecules grouped into two pairs, each pair
produced at a different rate. Therefore, the
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decrease in n-pentane pressure equals the
sum of the pressure increases of only one
of the products from each pair, e.g.,

dpc.r,mz

St . (13)
dt di di

Equation 13 is valid only in the initial
reaction stages before the products them-
selves are further reacted. The rates of the
decreases in n-pentane pressure and of the
increase in the pressure of product less
reactive but more abundant, C.H,, were
measured from the initial slopes. The rate
of the increase of the less abundant product,
C,H,,, is obtained by difference using
Eq. (13).

To obtain the values of k; and k¢ the
following general relationships are used:

dpearg
———— = kspegy X puy™H?
dt
(14)
d[kx,}no
——— = kepcyu X puy P
dt

Table 3 gives the rate constants for these
two paths of n-pentane hydrogenolysis on
Rh together with turnover numbers at
three different temperatures. The corre-
sponding activation energies are given in
Table 4. It is interesting to note in Tables 3
and 4 that even though the activation
energy for C—C. cracking is 10 keal/mol
below that for C,~C; bond cracking, the

TABLE 3

Rate Constants and Turnover Numbers of n-Pentane
Hydrogenolysis over 5.51 wt%, Rh/y~Al,O3*

Temperature Rate constants Turnover
°Cy (Torr!-3 sec™! number
gt (see™t X 109)
ks ke
108 0.065 0.028 0.073
123 0.19 0.07 0.170
141 1.00  0.16 0.896

@ P, = 100 Torr, p%.cgn, = 10 Torr.

TABLFE 4

Apparent Activation Energies in the Hydrogenolysis
of n-Pentane

Reaction E, Ae
(keal/mol) Torr!-5
sec”l g™l
n-CsH12 + Hs — C.Hs + CsHs 27.3 2.4 X 104
n-C;Hiz + Hs — n-CsHiwo + CHa 17.4 2.3 X 100

a Pre-exponential factor in £ = A exp (—E./RT).

hydrogenolysis of n-pentane over Rh still
takes place preferentially at the C,-C;
bond. The large difference (a factor of 6 in
favor of Cs—C3 bond cracking) in the pre-
exponential factor may suggest that the
reaction involves two different adsorbed
intermediates with a widely differing proba-
bility of formation, possibly because of
steric effects. The adsorbed reaction inter-
mediates will be discussed in the following
section.

The Mechanism of Hydrogenolysis

The two mechanisms of catalytic hydro-
genolysis proposed for the case of alkanes
over Pt catalysts differ only in the partici-
pation of gaseous hydrogen in the rate-
determining step. One version assumes such
participation (Ib, Id, 3a, 3b) and is de-
seribed by the following scheme, using
ethane as an example (Scheme A).

Adsorption:

H, = 2H;
CyHg + aH = C.Hg_, + aH,
(Equilibrium), (15)
which can be simplified to
Csz = CgHe,a + (a/2)H2
(Equilibrium). (15"

Cracking:
C:H,_, + H, — CH. + CH,
(Rate-dctermining) (16)
Desorption :
CH. 4+ CH, 4+ (a/2)H. — 2CH,
(Fast), (17)

where x 4y = 8 — a.
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Equation 15 indicates that the surface
concentrations of the adsorbed H and
CoHs_. species depends on the partial
pressure of H, and C,H,; At low partial
pressures and at high reaction tempera-
tures, the surface coverage is low, equilib-
rium attained should be fast, and the
cracking reaction becomes the rate-deter-
mining step. In the other scheme (7, 26)
the adsorption step is the same while the
slow step in which C-C bonds are ruptured
is assumed to take place according to a
Langmuir-Hinshelwood mechanism, in the
adsorbed phase only (Scheme B).

Cracking:
C_2H6—a 4 C.H:c + QHV

(Rate-determining) (18)
Desorption:
QHz + QHu
+ (1 4 [a/2]H. — 2CH,
(Fast), (19)

where z + y = 6 — a.

The rate expressions derived for the two
schemes on the basis of a power law differ
in their exponent of the hydrogen pressure.
Sinfelt ef al. (1a, 1b) and Cimino et al. (3a)
had derived the rate expression based on
the adsorption, cracking, and desorption
steps in Scheme A as follows:

Rate = kp "alkanepﬂz U=[naf2l), (20)

The rate expression for Scheme B is given as

Rate = ]Cp”alknnepng("aﬂ)- (21)

It should be noted that in Sinfelt’s work
(1,6,7) the exponent of the hydrogen
pressure appears as (1 — na) instead of
(1 — [na/2]) as in Eq. (20) above. The
difference arises, of course, from the defini-

tion of “a.”” In the present work it is the
number of surface hydrogens, formed from
the dissociative chemisorption of molecular
hydrogen, displaced in the formation of one
surface hydrocarbon intermediate, as shown
in Eq. (15). In Sinfelt’s definition “a” is
the number of gaseous Hs molecules formed
upon the adsorption of hydrocarbon on a
bare surface. This redefinition removes the
necessity of associating the surface inter-
mediate with either ethylenic or acetylenic
residues, and the value of “a” can be
deduced, as by Anderson and Avery (2c),
from the measurement of the preadsorbed
hydrogen displaced by the adsorption of a
given hydrocarbon.

The value of “a” in both schemes is taken
as 3. This value is both in agreement with
the notion of the a,a,y-triadsorbed inter-
mediate (2¢, 2d, 3b, 3¢, 5¢) and with the
experimental results of Anderson and Avery
(2c). These investigators have established
the ratio of desorbed H: to the adsorbed
alkanes, in the adsorption of H,-pread-
sorbed Rh, as 2.7 for propane and 3.3 for
neopentane. The value of n is the experi-
mentally derived exponent for alkane pres-
sure in the rate equation, which is unity.
Substitution of these values into (20) and
(21) yields an exponent for hydrogen pres-
sure of —0.5 for Scheme A and of —1.5 in

"Scheme B. It is the latter value which is in

agreement with our measured reaction
order for hydrogen, and therefore, we de-
duce that both neopentane and n-pentane
hydrogenolysis on supported Rh follows
the Langmuir-Hinshelwood mechanism in
Scheme B.

In neopentane only one «,a,y-triadsorbed
intermediate can be formed on the surface
which yields only isobutane and methane as
observed :

CHy CH. CH, GCH, GCH, CH
3 3 CHs 3 CHy 3
N/ . \N./ \N./ H o
Y Y T~ i50-CH  + CH, (21)
CH/ \c CH/ \c lcI N
c CH, CH, CH CH + CH
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For n-pentane, two different «,a,y-triadsorbed intermediate surface molecules can be
formed. One is the 2,2 4-triadsorbed intermediate, the hydrogenolysis of which yields

only ethane and propane.

CH CH CH
3.7/ A/ 3 CH CH, CHy H
H L o7 2L 40 c 22)
. N c $CH —= CHg + CHg
CH CH CH
3 2 M3
N’ o

The other is the 1,1,3-triadsorbed intermediate, the hydrogenolysis of which yields

methane, ethane, propane, and n-butane.

CHp ¢ G2 Galls CHp  GoMs
t —= CHy + CH + CH + c ——= CHy# CoHg# CHorn-CH
CH CoH
2 2
NP
o o (23)

The experimental results showing C,Hg
and C;Hs as the major products of =n-
pentane hydrogenolysis indicates that the
2,2 4-triadsorbed species predominates on
the surface. If the abundance of 1,1,3-
triadsorbed species on the surface were of
the same order as that of the other surface
species, one would have to assume that
cracking of the bond between two secondary
carbons to yield ethane and propane
proceeds faster on the Rh surface than the
cracking of the bond between a primary
and a sccondary carbon. Since in the work
of Maurel and co-workers (4¢) it was
shown that, within the same molecule, on
Pt, the cracking of the C;—Ciy bond is
faster than that of the Ci—Ci bond we
conclude that such an assumption of
preferential cracking of the C;—Cip is un-
warranted. This conclusion is also sup-
ported by the low activation energy asso-
clated with the rate constant, kg for the
formation of n-butane and methane from
n-pentane (cf. Table 4). It is interesting to
note that the low pre-exponential factor can
be indicative of the low adsorption density
of the 1,1,3-triadsorbed intermediate from
n-pentanc on a Rh surface,

The reaction mechanism of the hydro-
genolysis of n-pentane and neopentane was
discussed above in terms of the formation
of a,y-adsorbed intermediates. For neo-
pentane such an interpretation is generally
accepted (2a, 8b, 3¢, 8¢). For n-pentane the
possibility exists that the «,8-adsorbed
species is the reaction intermediate (&b,
10). Tt is impossible, at present, to produce
incontrovertible evidence to support ex-
clusively, on all catalysts and under all
conditions, either form of the surface
intermediate in the case of n-pentane
hydrogenolysis. Our preference for the
a,y-form is based strictly on an analogy.
In our study the reaction orders were the
same for the hydrogenolysis of neopentane
and n-pentane. This necessarily gives the
same number of hydrogen atoms dissociated
during the adsorption of either of the two
hydrocarbons and suggests a similar surface
intermediate. Obviously, neopentane can
only be adsorbed in the «,y-form. On the
other hand for ethane, which can only be
adsorbed in the «,8-form, the reaction
orders in hydrogenolysis on a Rh/SiO.
catalyst were substantially different (10).



20 YAO AND SHELEF

ACKNOWLEDGMENTS

This work was carried out under the auspices of
the Inter-Industry Emission Control Program,
IIEC-2, which was a cooperative effort of Amoco
Oil Company, Atlantic Richfield Company, Ford
Motor Company, Marathon Oil Company, Mit-
subishi Motors Corporation (Japan), Mobil 0il
Corporation, Nissan Motor Company, Ltd. (Japan),
the Standard Qil Company of Ohio, and Toyota
Motor Company, Ltd. (Japan).

REFERENCES

1. (a) Sinfelt, J. H., Taylor, N. F., and Yates,
D. J. C, J. Phys. Chem. 69, 95 (1965); (b)
Sinfelt, J. H., and Yates, D. J. C., J. Catal. 8,
82 (1967) ; {c) 10, 362 (1968) ; (d) Carter, J. L.,
Cusumano, J. A, and Sinfelt, J. H., J. Catal.
20, 223 (1971).

2. (a) Anderson, J. R., and Baker, B. G., Nature
(London) 187,937 (1960) ; (b) Anderson, J. R.,
and Avery, N. R., J. Catal. 2, 542 (1963);
(¢) 5, 446 (1966); (d) 7, 315 (1967); (e)
Anderson, J. R., and Baker, B. G., Proc. Roy.
Soc. Ser. A 271, 402 (1963).

8. {a) Cimino, A., Boudart, M., and Taylor, H.,.J.
Phys. Chem. 58, 796 (1954); (b) Boudart, M.,
Aldag, A. W., Ptak, L. D., and Benson, J. T.,

J. Catal. 11, 35 (1968); (c) Boudart, M., and
Ptak, L. D., J. Catal. 16, 90 (1970).

4. (a) Leclereq, G., Leclercq, L., and Maurel, R,
Bull. Soc. Chim. Fr,, 2329 (1974); (b) J. Catal.
44, 68 (1976); (c¢) 50, 77 (1977).

5. (a) Barron, J., Maire, G., Cornet, D., and
Gault, F. G., J. Catal. 2, 152 (1963); (b)
Maire, G., Pouidy, ., Prudhomme, J. C.,
and Gault, F. G., J. Catal. 4, 556 (1965);
(c) Barron, Y., Maire, G., Muller, J. H., and
Gault, F. G., J. Catal. 5, 428 (1966).

6. Sinfelt, J. H., Catal. Rev. 3, 175 (1969).

. Sinfelt, J. H., Advan. Catal. 23, 91 (1973).

8. (a) Kempling, J. C., and Anderson, R. B., Ind.
Eng. Chem. Process Res. Develop. 9, 116

(1970); (b) 11, 146 (1972); (c) Kempling,
J. €., and Anderson, R. B., in “Catalysis”’
(J. W. Hightower, Ed.), Vol. 2, pp. 1099-1110.
Amsterdam and New York, Elsevier, 1973.

9. Kikuchi, E., and Morita, Y., J. Catal. 15, 217
(1969).

10. Tajbl, D. G., Ind. Eng. Chem. Process Res.
Develop. 8, 364 (1969).

11. Yao, H, C,, Japar, 8., and Shelef, M., J. Catal.
50, 407 (1977).

12. Dalla Betta, R. A_, Piken, A. G., and Shelef, M.,
J. Catal. 35, 54 (1974).

~3



