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Kinetics and reaction mechanisms of homologation, hydrogenolysis, and dehydrogenation of 
ethane were studied on reduced molybdenum oxides supported on Si02 and Si02-A1203. It was 
found that homologation of ethane to propane occurs via (1) dehydrogenation of ethane to ethylene, 
(2) homologation of ethylene to propylene, and (3) hydrogenation of propylene to propane. The 
rate-determining step was found to be hydrogenation of adsorbed propylene or that of adsorbed 
C2Hs species with an activation energy of 10.7 kcal/mole. In addition to homologation products, 
significant amounts of hydrogenolysis and dehydrogenation reaction products were also found. 
Dehydrogenation of ethane to ethylene had an activation energy of 25 kcabmole, and it was quite 
similar to that for desorption of ethylene. Consequently, the dehydrogenation rate was assumed to 
be controlled by desorption of ethylene formed. 

INTRODUCTION 

The catalytic conversions of thermo- 
dynamically stable alkanes to their homo- 
logs are important reactions to study in en- 
ergy research. In general, these reactions 
occur with difficulty. Only a few reports 
have appeared in the literature on the ho- 
mologation of alkanes (1-6). O’Donohoe er 
al. (1, 2) and Sarakany et al. (3, 4) have 
reported detailed studies of alkane homolo- 
gation of W, Rh, Pd, MO, and Nb films and 
supported transition metal catalysts. In ad- 
dition to hydrogenolysis and dehydroge- 
nated products, the authors observed the 
formation of homologs. The yield of homo- 
logs was found to depend on the structure 
and chain length of the parent hydrocarbon, 
and the partial pressure of hydrogen in the 
reactant mixture. While the straight chain 
alkanes were more efficiently homologated 
than the isoalkanes, the cycle- or neopen- 
tane gave no detectable amount of homolo- 
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gated product. The yield increased with the 
CH2/CH3 ratio in the normal alkanes and 
seemed to have a limit at C, to C9. 

The alkane homologation is believed to 
occur via an olefin intermediate. Since the 
discovery of olefin homologation on Moly- 
AllO3 (7), it has been known that metals, as 
well as metal oxides, catalyze the reaction 
(8-13). The olefin homologation recently 
has received much interest since the reac- 
tion is related to the Fischer-Tropsch reac- 
tion (12) as well as to olefin metathesis 
(7, 13). It consists of the addition of surface 
species (CH,) to the a-olefin via an as- 
sumed metallocyclobutane which yields 
higher olefin which is subsequently hydro- 
genated to corresponding paraffin (Z-4). 
The insertion of the CH, species is consid- 
ered to be the key step in the reaction. As 
the alkane homologation is usually per- 
formed in the presence of hydrogen, meth- 
ane is simultaneously formed by hydrogen- 
olysis of the alkane and/or of the 
product(s). An interesting point arises as to 
whether the CH, species participating in 
the homologation is the same as that which 
acts as a precursor to methane formation in 
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hydrogenolysis (CH, --, CH4), and whether 
methane can influence the formation of CH, 
by the reverse reaction (CH4 + CH,). 
Schleyer and co-workers (14) suggested 
that methane can supply this CH, species to 
the homologation reaction of olefin on Ni 
catalysts. 

In the reaction of ethane with hydrogen 
on SiOT and SiOl-AlZ03-supported MOO, 
catalysts propane is formed by homologa- 
tion, in addition to methane and ethylene 
by hydrogenolysis and dehydrogenation of 
ethane, respectively. As mentioned above, 
homologation and hydrogenolysis of ethane 
may involve a common intermediate (CH,). 
Stoichiometric reaction between organo- 
metallic p2-CH2 and ethylene (15), which 
yields propylene, clearly suggests the sig- 
nificant role of a specific structure of active 
sites for ethylene homologation. In fact, a 
structural requirement is assumed in ethyl- 
ene homologation on MoOJSiOz catalysts 
(13, Z6). Ethane hydrogenolysis is inter- 
preted to proceed on a cluster size of active 
metals (I7-20), while dehydrogenation of 
alkanes does not depend on the structure of 
active sites (17). In this work, mechanistic 
studies were performed on ethane homolo- 
gation and concurrently occurring ethane 
hydrogenolysis and dehydrogenation by 
measuring activation energies and preex- 
ponential factors of these reactions as well 
as by considering the active MO species for 
the reactions. The influence of methane in 
the generation of CH, species was also 
studied using labeled methane. 

EXPERIMENTAL 

Materials 

Supports used in this work were SiO2 
(Kieselgel 60, Merck) and Si02-A1203 
(28.61% A1203) (donated by the Catalysis 
Society of Japan). Ammonium paramolyb- 
date, (NH&,Mo,O~~ * 4H20, used for the 
preparation of supported Moo3 catalysts, 
was obtained from Wako Pure Chemicals. 
High-purity ethane (99.%) obtained from 
Takachiho K.K. and ‘3C-labeled methane 

(i3C, 94%) from Amersham International 
(UK) were used without further purifica- 
tion. Hz was purified by passing through Pd/ 
Ag thimbles. 

Catalyst Preparation 

Supported Moo3 (typically 4 wt%) cata- 
lysts were prepared by impregnating the 
support with a solution of ammonium salt 
of paramolybdate. Typically 10 g of the 
support was mixed with 100 cm3 aqueous 
solution of the molybdate containing the 
desired loading and the liquid phase was 
slowly evaporated while stirring on a hot 
plate. The catalyst was dried in air at 110°C 
overnight and subsequently calcined at 
550°C for 1 h. The concentration of the am- 
monium paramolybdate solution was varied 
in order to obtain various Moo3 loading. 
Note that loading is reported as weight per- 
cent of Mo03. 

Catalyst sample (0.5 g) was held between 
two thin layers of glass wool and was evac- 
uated while increasing the temperature to 
550°C whence evacuation was continued 
for 1 h. After evacuation, the catalyst was 
reduced in H2 (p& = 30 Tot-r) for 1 h at the 
same temperature in an all-glass closed cir- 
culating reactor system with an internal 
volume of 260 cm3. A liquid nitrogen trap 
was used to remove water produced during 
the reduction. H2 consumed for Moo3 re- 
duction was calculated from the amount of 
H20 produced. The sample was briefly 
evacuated to a pressure of 10m3 Tot-r and 
was then cooled down to desired reaction 
temperature. 

In order to examine the effect of catalyst 
reduction on the activity and selectivity for 
the ethane reactions, Si02-A1203-sup- 
ported Moo3 samples were first evacuated 
at 550°C for 1 h, as described before, and 
then were reduced in H2 varying reduction 
temperature (450, 500, and 500°C) and re- 
duction time (1 to 5 h at 550°C). 

Catalytic Studies 
The reaction was carried out in a closed 

circulating reactor system using 38 Torr of 
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ethane at C2H6/H2 ratio unity. The reaction 
products were analyzed at 30°C at different 
reaction times using an on-line gas chro- 
matograph (Hitachi 163, FID detector) 
equipped with a data processor (Shimadzu 
Chromatopac C-R3A). A 4-m-long (3-mm- 
i.d.) stainless-steel column packed with 
Chromosorb 105 (polyaromatic porous 
bead commercially available from Gaskuro 
Kohgyo, 60-80 mesh) was used. The rates 
of conversion of ethane, and of formation 
of a product, were expressed as the number 
of moles of ethane converted, or of a prod- 
uct formed, per gram of catalyst per sec- 
ond, which were calculated from the initial 
slope of product formation. 

XPS Measurements 

X-ray photoelectron spectra were re- 
corded on a Vacuum Generators ESCA-3 
with MgKor radiation (hv = 1253.6 eV). The 
samples of Moo3 supported on SiOz and 
Si02-A1203 were mounted on a holder and 
transferred to the ESCA preparation cham- 
ber. They were first evacuated at room tem- 
perature overnight and then at 550°C for 1 h 
at <lo-’ Tort-. The catalysts were then re- 
duced in Hz (ca. 10 Torr) at 550°C for up to 
4 h. H2 was flushed at an interval of 10 min 
during this reduction process. XPS spectra 
were recorded each time at room tempera- 
ture at a residual pressure of <lo-’ Torr in 
an analyzer chamber. The binding energies 
(B.E.) were corrected with reference to the 
peak at 103.4 eV for Si 2p in SiOZ (21, 22). 

RESULTS 

Moo3 Catalyst Reduction 

In order to elucidate the effect of reduc- 
tion on the molybdenum, XPS spectra of 
MO 3d were recorded on calcined catalysts 
and on reduced samples of 4 and 10% MOO, 
on SiO-Al203 and 4% Moo3 on SiO;?. The 
XPS spectra of these samples were essen- 
tially the same and spectra of 4% MOO, on 
Si02-Al203 recorded at different stages are 
shown in Fig. 1. The unreduced sample 
showed a MO 3dst2 peak with binding energy 
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FIG. 1. XPS MO 3d spectra of MOO> (4 wt%) catalyst 
supported on SiOZ-AllO, recorded after various pre- 
treatments: (a) unreduced catalyst evacuated at room 
temperature overnight, (b) evacuated at S5O”C for 2 h, 
and (c and d) subsequently reduced in Hz (10 Torr) at 
550°C for (c) 2 h and (d) 4 h. IV. V, and VI represent 
valences of MO ion. 

(B.E.) at 234.1 eV which is assigned to 
Mo6+ species (Fig. la). On evacuation and 
subsequent reduction at 550°C in Hz, the 
MO peak broadened and shifted to lower 
binding energy at 232.1 eV (Fig. lc), indi- 
cating the presence of MO oxidation states 
ranging from +4 to +6, with MoS+ being the 
predominant species in both SiOZ- and 
Si02-A1203-supported MoOj catalysts. 

The results of Hz consumption for the re- 
duction and average valence state of MO 
are collected in Table 1. The average va- 
lence state of MO was found to be +5.2 for 
SiOZ and +4.8 for Si02-A1203-supported 
catalysts reduced at 550°C in Hz for 1 h. 
With the increase in the reduction time to 5 
h (at 55O”C), the average valence state of 
MO was decreased to +4.4. 

Catalytic Studies 

The distribution of products in ethane re- 
action--on SiO;?- and SiOZ-A1203-supported 
molybdenum catalysts is shown in Fig. 2 as 
a function of reaction time at reaction tem- 
perature 475°C. As analyzed after 5 min, 
the products were methane, ethylene, pro- 
pylene, and propane. With reaction time, 
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Reduction 

TABLE 1 

of 4% MoOX Catalysts Supported on Si02 
and S102-AllO3 

MOO, support Reduction time0 [Hz1 consumption Average MO 
mole/mole MOO, valence state 

SiOz 
SiO:-Al203 

lh 
(a) 5 min 

(b) 1 h 
(cl 3 h 

W 5 h 

0.38 +5.2 
0.25 +5.5 
0.60 +4.s 
0.70 +4.6 
0.81 +4.4 

a After evacuation at 55OO”C for I h, catalyst was reduced in HI (p$, = 
30 TOOIT) circulating at 550°C for different periods. 

the product distribution changed apprecia- 
bly. For both catalysts the amount of meth- 
ane in the circulating system increased with 
time. All other products, in the case of 
Si02-A1203-supported catalyst, decreased 
with time, while in the case of SiOz-sup- 
ported catalyst, ethylene decreased but 

2.5 
t 

Reaction tlme/mln 

propylene and propane were not found to 
decrease even after 5 h reaction time. 

In the present work the following reac- 
tions are believed to occur. 

CzH6 + Hz = 2CH4 (1) 

CzH6 - Hz = CzH4 (2) 

3c& = x3& (3) 

C3H6 + Hz = C,Hs. (4) 

In addition to ethane hydrogenolysis (I), 
any of the products (ethylene, propylene, 
and propane) may readily undergo hydro- 
genolysis reaction producing methane. 

The SiO*-A120rsupported catalyst was 
found to be more effective than the SiO2- 
supported catalyst for ethane conversion 
under the same experimental conditions. 
The former catalyst showed activity for the 

C3H6 

Reoctim time /min 

FIG. 2. Product distribution of ethane reaction as a function of reaction time over reduced MOOJ (4 
wt%) catalysts supported on (0) SiOz and (Cl) SiO?-Alz03. Samples of 0.5 g catalyst were reduced in 
Hz at 550°C; reactant CzH6 (38 Torr) was mixed with Hz at 1 : 1 ratio; reaction temperature was 475°C. 
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TABLE 2 

Kinetic Behavior of Reduced MoOl (4%) Supported Catalysts for Ethane Reactions 

MoOj support Temperature 6 A 

range (“C) (kcallmole) (molecules s-r g-r) 

SiOz 350-475 17.55 25.62 to.77 2.55 x 10” 7.8 x IO” 6.8 x IO” 
SiOz-AllOz 300-475 9.09 24.51 10.71 3.69 x lOI 8.2 x 1023 1.1 x 10’9 

reactions even at 200°C but no reaction oc- 
curred on the SiO+upported catalyst be- 
low 300°C. 

The apparent activation energies, E,, for 
the formation of CH4, CtH4, and CXHs were 
calculated from their initial formation rates 
on reduced Moo3 supported on SiOz and 
Si02-A120j catalysts. All data were fitted to 
the Arrhenius equation, 

I- = A exp(-EJRT), 

with the parameters shown in Table 2. A 
marked difference can be seen in the appar- 
ent activation energy for the formation of 
methane over the two catalysts. The value 
of E, was 17.6 kcal/mole for MoOJSiOz 
catalyst, which is almost twice that found 
for Mo03/Si02-Al203 (9.1 kcallmole). The 
activation energies for the dehydrogenation 
over the catalysts were similar (about 25 
kcal/mole). Although different activities 
were observed for the catalysts in Fig. 2, 
the apparent activation energies for the ho- 
mologation of ethane were the same on 
both catalysts (10.7 kcahmole). 

The activities for hydrogenolysis, dehy- 
drogenation, and homologation on the cata- 
lysts can be explained in terms of the preex- 
ponential factors rather than the activation 
energies. Preexponential factors for the de- 
hydrogenation reaction were similar (8 x 

1023) and SiOz- and Si02-A1203-supported 
catalysts, and they were larger than those 
for the other reactions by at least two or- 
ders of magnitude. It is noted that the pre- 
exponential factor for the homologation on 
MoOJSi02-A&O3 catalyst (1. I x 1019) was 
larger than that on MoOj/SiOz catalyst by a 
factor of 16, whereas the activation ener- 

gies were the same. It is also noted that 
preexponential factors for the hydrogenoly- 
sis and homologation were of the same or- 
der on the Mo03/SiOz-A1203 catalyst. 

Effect of ii4003 Loading 

To evaluate the effect of catalyst struc- 
ture on the reactions, the variation of load- 
ing of Moo3 in SiOz- and Si02-A120j- 
supported catalysts for homologation, 
hydrogenoiysis, and dehydrogenation of 
ethane was investigated. The rates of meth- 
ane, ethylene, and propane formation on 
these catalysts are shown in Fig. 3 as a 

FIG. 3. Effect of MOO, loading in A SiO,- and B 
Si02-A&O,-supported MOO, catalysts in the activity 
of ethane reaction. Reaction conditions are the same 
as those described in Fig. 2. 
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FIG. 4. Effect of catalyst reduction on the initial 
formation rates of (0) CH,; (A) C2H4; and (0) C3Hs at 
400°C. Moo3 (4 wt%) catalyst supported on Si02- 
A&O, was reduced at different temperatures (A), and 
for different lengths of time at 550°C (B). 

function of Moo3 loading. The supports 
alone (SiOz or SiOz-Al,03) did not show 
any activity for the ethane reactions, sug- 
gesting that the molybdenum is responsible 
for the catalytic activity. Both SiOz- and 
Si02-A1203-supported catalysts showed 
similar behavior. The hydrogenolysis and 
homologation reactions increased with 
Moo3 loading, whereas the dehydrogena- 
tion activity sharply increased at low load- 
ing but remained unchanged above about 
4% MoOJ loading. In both cases the cata- 
lysts show that hydrogenolysis reaction ac- 
tivity is one order higher than the homolo- 
gation activity. 

EfSect of Catalyst Reduction 
The effect of catalyst reduction on the 

activity and selectivity for ethane reactions 
was studied using samples containing 4% 

Moo3 in Si02-A1z03-supported catalysts. 
As shown in Fig. 4, activity for dehydro- 
genation of ethane remained unchanged un- 
der the various conditions and degrees of 
catalyst reduction, In contrast, activities 
for homologation and, especially, hydro- 
genolysis reactions increased with the in- 
creased reduction of temperature or time. 

Effect of Addition of Methane and 
Ethylene during Ethane Reaction 

As mentioned earlier, surface species, 
CH,, must be supplied to Cz species in or- 
der to yield C3Hs, which subsequently hy- 
drogenates to CjHs. The CH, species may 
also be a precursor to the formation of 
methane by hydrogenating desorption of 
CH, (CH, + CHJ. It is worthy investigat- 
ing whether the CH, species involved in ho- 
mologation can be generated by the addi- 
tion of methane by the reverse reaction 
(CH4 + CH,). In order to investigate this? 
13CH4 was mixed with ethane and HZ (see 
runs 2-4 in Table 3). The mass spec- 
trometric analysis of the products showed 
that Cz and C3 compounds did not contain 
any 13C, indicating that methane cannot be 
involved in the formation of CH, species. 

The reduced Mo03/SiOz has been found 
to be very active for ethylene homologa- 
tion, yielding propylene selectively even at 
room temperature (II, 13). Therefore if eth- 
ylene, formed by the dehydrogenation of 
ethane, is an active participant in the ho- 
mologation reaction, the addition of ethyl- 
ene into the reactants would be expected to 
enhance the formation of homologated 
products. As can be seen in runs 5-7 (Table 
3), this was the case. It is worth noting that 
propylene was found to form in the initial 
products which in turn hydrogenated to 
propane; the latter step was dependent on 
partial pressure of Hz (see runs 1 and 2 in 
Table 3), as would be expected. 

DISCUSSION 

Moo3 Catalyst Reduction 
In general, the reduction of supported 

Moo3 catalysts occurs gradually and 
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TABLE 3 

Results of “C-Labeled Experiments’ 

149 

Catalytic Reactants (mmole) Analysis of Compone& (mole%) Cl T in C2-C, 
run __ (wale) 

“CHI CzHa W-b Hz CHd CzH., CzH6 C3H6 CjHs 

1 -- 0.53 c 1.36 9.67 87.74 0.81 0.42* 6.52 - 
2 0.42 - 0.52 

O.“sS 
55.08 5.30 39.06 0.38 0.18* 5.26 - 

3 0.42 - 0.52 59.61 0.42 39.83 0.02 0.23 2.35 - 
4 0.05 - 0.54 0.58 17.11 1.21 81.29 0.03 0.36 2.30 - 
5 -- 0.53 0.53 8.02 1.49 89.94 0.06 0.49 2.92 - 
6 - 0.26 0.27 0.58 13.60 1.93 83.20 0.16 1.11 7.31 - 
I - 0.53 - 0.53 4.71 5.96 84.15 2.03 3.15 21.45 - 

u Experimental conditions: catalyst 0.5 g of 5% Mo0$Si02-AIZO~ pretreated at 550°C reaction temperature 
450°C. 

b After 30 min of reaction: Percentage C,-C, normalized to 100% (a trace amount of C4 compound was 
observed when the formation of Cr was high). 

c p& < 10-l Torr. 
d Propane was not detected after 5 min of reaction time. 

smoothly to lower valences of MO without 
any definite intermediate state (23). De- 
pending on reduction temperature and 
time, the species Mo6+, Mo5+, Mo4+, and 
even lower valence states may exist. It is 
possible that at any one state of reduction, 
more than one valence of MO is present. 
The present results show that MOO, cata- 
lysts supported on either SiO;? or Si02- 
A&O3 were partially reduced. Under H2 cir- 

30 
I 

- C3H6 

- C3HS 
- CzHq 

20- 

AG E. -25 kcal 
Eo=10.7 kcd 1 

10 --my 

C3H7h) 

y(o) 

2\ t 
c&&+--+C3~6(~) 

/ 

I 

E.=l.2-.5.5kcd 

o- W,(a) 

- CH4 

I 
CHx 

JCH4) uHydqenolysk” 

E.=9-I8 kall 
x 

culation at 550°C for 1 h, the pretreatment 
which was used for most of the catalytic 
studies, the catalysts are shown to possess 
molybdenum cations of different oxidation 
states between +4 and +6 in various pro- 
portions. In our earlier study (24), HZ che- 
misorption results suggested no appreciable 
formation of MO metal, when 5% MoOX 
supported on Si02-A120j was reduced in 
HZ circulation at 550°C for 1 h. Our results 

Ykhydmgmawm” 

Ic2H4] 

FIG. 5. Thermodynamic data at 427°C and reaction scheme of ethane reactions. E, represents the 
activation energy of the respective steps. 
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are in agreement with those reported by 
previous authors who, by using the tech- 
niques of ESR (2.L27), UV-Vis optical 
spectroscopy (26, 27), and XPS (25, 28), 
have shown that upon heating of MoOj cat- 
alysts supported on SiOz with molybdena 
loading of less than 8% in H2 or CO atmo- 
sphere at 400-6OO”C, Mo6+, MoS+, and 
Mo4+ ions were produced in various pro- 
portions. 

Dehydrogenation of Ethane 

Thermodynamic data (29) at 427°C and a 
reaction scheme for dehydrogenation, ho- 
mologation, and hydrogenolysis of ethane 
are shown in Fig. 5. The activation energy 
(Ea) of dehydrogenation of ethane to ethyl- 
ene on reduced Mo03/Si02 and MoOJ 
SiO*-AllO is about 25 kcabmole with 
similar preexponential factors. In a temper- 
ature-programmed desorption (TPD) study 
it was found that adsorbed ethylene on re- 
duced Mo03/SiOz desorbed at around 50°C. 
giving an activation energy for desorption 
of ethylene of 19 kcal/mole (30). In the 
present work, the E, value observed for de- 
hydrogenation of ethane (25 kcal/mole) is 
close to that for desorption of ethylene, in- 
dicating that the rate-determining step for 
ethane dehydrogenation is probably the de- 
sorption of the ethylene formed. A similar 
value of E, (27.5 kcal/mole) was reported 
for the dehydrogenation of ethane on 
Cr(VI)/Si02 (31), which may also be attrib- 
uted to the same rate-determining step. 

The catalytic activity for the dehydro- 
genation showed a plateau at a very low 
loading of MOO,; no change in activity was 
observed above about 4% Moo3 loading 
(Fig. 3). Russell and Stokes (34) reported 
that dehydrogenation activity of Moo3 cat- 
alyst supported on Al203 increases linearly 
with increase of Moo3 content up to the 
formation of a monolayer after which the 
activity remains unchanged. The possibility 
of formation of a monolayer has been re- 
ported for Moo3 catalysts supported on 
SiOz at a low Moo3 content (~8%) due to 
formation of silicomolybdate and polymo- 
lybdates (26, 32, 33). 

Hydrogenolysis of Ethane 

It is generally accepted that hydrogenoly- 
sis of alkane and alkene occurs on active 
metal sites. So far, there have been many 
studies of ethane hydrogenolysis. Espe- 
cially on Ni catalysts it has been reported 
that the rate-determining step is C-C bond 
fission (35, 36), dissociative adsorption of 
ethane (28, 37), and hydrogenative desorp- 
tion of adsorbed C1 fragments (38,39). Eth- 
ane hydrogenolysis activity has been found 
to decrease with a decrease in Ni in Cu-Ni 
alloy and it has been concluded that 12 Ni 
atoms unit participate in the reaction (20). 
Such structure sensitivity is generally ac- 
ceuted in hydrogenolysis reactions. 

In our experiments, ethane hydrogenoly- 
sis activity is significantly enhanced by the 
increase in catalyst reduction temperature 
and time (Fig. 4). In addition, hydrogenoly- 
sis activity sharply increases with the MOO, 
loading at higher than 3% in MoO$SiOz- 
Al203 (Fig. 3). These results infer that the 
active species for ethane hydrogenolysis is 
polymolybdate since it is formed at high 
Moo3 loading and is more reducible (40). It 
is worth noting that MO metal formation 
was not observed under our reduction con- 
ditions, and it seems that molybdenum cat- 
ions of lowered oxidation number are in- 
volved in ethane hydrogenolysis. 

Anderson and Avery (42) observed that 
hydrogenolysis of propane or higher al- 
kanes occurred more rapidly than that of 
ethane. In agreement, But-well and co- 
workers (42, 43) recently found that the 
rates of hydrogenolysis of propane and bu- 
tane are similar and they are seven to eight 
times faster than those of ethane hydrogen- 
olysis. Under our experimental conditions 
the concentration of propane in the circu- 
lating system was found to decrease with 
time (Fig. 2). This decrease can be inter- 
preted in terms of a secondary hydrogenol- 
ysis reaction. 

Frennet and co-workers (39) studied re- 
actions of CzH6 + D2 and CH4 + D2 on W, 
Rh, and Ru. They found that hydrogen ex- 
change reaction occurs faster than hydro- 
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genolysis in CZH6 + Dz, while ethane hy- 
drogenolysis proceeds more rapidly than 
hydrogen exchange between CH4 and Dz. 
From these results the authors concluded 
that the rate-determining step of ethane hy- 
drogenolysis is hydrogenative desorption of 
CH, species (step 4) in the following 
scheme: 

(I) 12 
CZH~ e C2H5 (ads) + H (ads) e 

(3) (41 
C2H, (ads) w CH, (ads) ____ CHJ. 

After results in Figs. 3 and 4 are compared 
it seems that hydrogenolysis of ethane is 
closely related to homologation. In fact, hy- 
drogenolysis supplies CH, species on the 
catalysts, which may be the propagating 
species to the homologation of ethane. In 
this work, labeled methane was added to 
the reactants of ethane homologation, and 
no 13C was found in C3 compounds. This 
indicates that the reverse reaction of step 
(CH, + CHJ is either very slow or cannot 
occur under the experimental conditions 
used. 

Homologation of Ethane 

As shown in Table 3, addition of ethylene 
enhances the formation of propane in an 
ethane homologation reaction. It is appar- 
ent that the ethane homologation is funda- 
mentally based on the ethylene homologa- 
tion since reduced Moo3 catalysts 
supported on Si02 and Si02-A&O3 are very 
active for ethylene homologation (II, 13, 
44). The activation energies for ethylene 
homologation were found to be 1.2 and 5.5 
kcal/mole on reduced MoO$SiOl and 
Mo03/Si02-A1203, respectively, with pre- 
exponential factors of the order of lo9 mole- 
cules * s-i . g-‘. If ethane homologation 

proceeds through gaseous ethylene, formed 
by dehydrogenation of ethane, then the ac- 
tivation energy should be larger than 25 
kcal/mole, the activation energy found for 
the dehydrogenation of ethane reported 
above. As shown in Table 2, activation en- 
ergies of ethane homologation on these cat- 
alysts are the same (10.7 kcal/mole). This 
result can be interpreted as follows: (i) Ho- 
mologation of C2 to C3 proceeds via ad- 
sorbed ethylene, CzH4 (ads), which is 
formed by dehydrogenation of ethane and 
participates in homologation to form pro- 
pylene. This is reflected by the fact that the 
ethylene homologation rate is controlled by 
the reaction on the surface. (ii) The rate- 
determining step of ethane homologation is 
the hydrogenation of adsorbed propylene, 
C3H6 (ads), and/or that of the adsorbed pro- 
pyle intermediate, C3H7 (ads), and the acti- 
vation energy of ethane homologation (10.7 
kcal/mole) is observed in this step. The lat- 
ter assumption is deduced from the analogy 
of the results of ethylene hydrogenation 
(45). 

Preexponential factors of ethane homolo- 
gation on the catalysts used in the present 
work are lo4 to lo6 times smaller than those 
of ethane dehydrogenation. They are lo8 to 
lOi times larger than those of ethylene ho- 
mologation. This indicates that the number 
of active sites of ethylene homologation is 
quite low, and the number of active sites for 
hydrogenation of adsorbed propylene, 
which is produced on the active sites for 
ethylene homologation, is represented by 
the preexponential factor of ethane homol- 
ogation. This clearly suggests that the rate- 
determining step of ethane homologation is 
hydrogenation of CJH6 (ads) or C,H, (ads). 
The ethane homologation scheme is sum- 
marized as follows. 

t, = E, = E, = 

C2H6 ------9 C2H4 (ads) 
1.2-5.5 kc;moleS C,H6 (ads) lo.’ kcal’m$ C3H7 CadsJ Ekzrn$ cjH8 

CH, 

---------+ Dehydrogenation 
___* Homologation 
--+ Hydrogenation 
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