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The effects of using D2 rather than H, during Fischer-Tropsch synthesis were investigated using 
alumina- and silica-supported Ru catalysts. For the alumina-supported catalysts, the rate of CD, 
formation was I .4 to 1.6 times faster than the formation of CH,. A noticeable isotope effect was 
also observed for higher molecular weight products. The magnitude of the isotope effects observed 
using the silica-supported catalyst was much smaller than that found using the alumina-supported 
catalysts. The formation of olefins relative to paraffins was found to be higher when H2 rather than 
D, was used, independent of the catalyst support. The observed isotope effects are explained in 
terms of a mechanism for CO hydrogenation and are shown to arise from a complex combination 
of the kinetic and equilibrium isotope effects associated with elementary processes occurring on the 
catalyst surface. 

INTRODUCTION 

Results from a number of recent studies 
(I-13) suggest that the catalytic synthesis 
of CH, from CO and Hz over group VIII 
metals proceeds via stepwise hydrogena- 
tion of atomic carbon, formed upon dissoci- 
ation of chemisorbed CO. It has also been 
proposed that the formation of higher mo- 
lecular weight hydrocarbons is initiated by 
the addition of a methyl group to a methy- 
lene group and that further chain growth 
occurs by the reaction of methylene groups 
with adsorbed alkyl groups (14, 25). The 
alkyl groups then react to form olefins and 
paraffins via either hydrogen elimination or 
addition. Consistent with these views of 
CO hydrogenation, one would expect to 
observe an isotopic effect if D, were used 
instead of H,. While several attempts have 
been made to observe such an effect, the 
results available thus far have been contra- 
dictory. In early studies by Jungers et al. 
(26, Z7), the hydrogenation of CO to CH, 
over Ni was observed to proceed more 
rapidly with D, than H, and the activation 
energy was lower for Dz. Recent studies by 
Mori et al. (18) have confirmed this obser- 

vation and indicate that methanation over 
Ni is 1.4 times faster with D, than with Hz. 
Sakharov and Dokukina (19) also observed 
an inverse isotope effect for a Co/ 
ThO,/Kieselguhr catalyst. For tempera- 
tures between 449 and 466 K they found 
that the formation of CD, was 1.2 to 1.5 
times faster than the formation of CH,. A 
normal isotope effect was observed by Mc- 
Kee (20) for CH, synthesis over Ru pow- 
der. The ratio of CH, to CD, formation was 
2.2 over the temperature range of 298 to 423 
K. In contrast to these results, Dalla Betta 
and Shelef (21, 22) reported that no iso- 
topic effect could be discerned for either 
CH, or total hydrocarbon formation over 
Ni/ZrO,, Ru/Al,O,, or Pt/Al,O, for temper- 
atures between 423 and 498 K. Based on 
this evidence it was suggested that CO 
dissociation is likely to be the rate-deter- 
mining step in CO hydrogenation. In a 
comment on these results, Wilson (23) 
noted that the overall isotope effect could 
arise from a combination of kinetic and 
equilibrium isotope effects, the former fa- 
voring the reaction of H, and the latter 
favoring the reaction of D,. As a result of 
this, he concluded that the presence or 

175 

0021-9517/81/010175-ll$O2.00/0 
Copyright @ 1981 by Academic Press, Inc. 

All rights of reproduction in any form resewed. 



176 KELLNER AND BELL 

absence of an isotope effect cannot be used 
to identify the rate-determining step. 

The present study was undertaken to 
reexamine the nature of the HZ/D2 isotope 
effect associated with the synthesis of CH, 
and higher molecular weight hydrocarbons 
over silica- and alumina-supported Ru. 
These investigations were carried out at 1 
and 10 atm in the temperature interval of 
453 to 548 K. An inverse isotope effect was 
observed for the alumina-supported cata- 
lysts, which was largest for CH, and de- 
clined with increasing carbon number. The 
magnitude of the inverse isotope effect ob- 
served using the silica-supported catalyst 
was much smaller, and a normal isotope 
effect was observed for some of the prod- 
ucts. A small normal isotope effect on the 
olefin to par&in ratio was observed over 
both catalysts. The significance of these 
observations is discussed in the light of a 
proposed mechanism for the hydrogenation 
of CO over Ru. 

EXPERIMENTAL 

Catalysts. Two alumina-supported cata- 
lysts and one silica-supported catalyst were 
prepared using Kaiser KA-201 y-alumina 
and Davidson 70 silica gel as the supports. 
A 3.0% Ru/A1203 and a 1.2% Ru/SiO, 
catalyst were prepared by incipient wetness 
impregnation of the support with an 
aqueous solution of RuCl,, acidified to pH 2 
to suppress hydrolysis. The resulting slurry 
was air dried, and then heated slowly in 
vacuum from 298 to 423 K. Reduction of 
the chloride was carried out in flowing Hz. 
The temperature was raised slowly from 
298 to 673 K and then maintained at 673 K 
for 8 hr. 

A second alumina-supported catalyst 
was prepared by adsorption of Ru,C(CO)~, 
from a pentane solution under oxygen and 
moisture-free conditions. Synthesis of the 
cluster complex and details of the impreg- 
nation procedure have been described pre- 
viously (24). Once dried this catalyst, des- 
ignated as 1 .O% Rue/A1203, was reduced in 
flowing H2 under conditions identical to 

those used to reduce the catalysts prepared 
from RuCl,. 

The dispersions of the 1.0% Rue/A&O3 
and the 3.0% Ru/A1203 catalysts, measured 
by H, chemisorption, were found to be 1.0 
and 0.5, respectively. The dispersion of the 
1.2% Ru/SiO, catalyst could not be deter- 
mined by this technique since a reproduc- 
ible determination of Hz uptake could not 
be obtained. As a result, the dispersion of 
this catalyst was measured by CO chemi- 
sorption and determined to be 0.25, based 
on the assumption that the ratio of CO to 
surface Ru atoms is unity. The validity of 
this assumption is supported by previous 
studies with low dispersion Ru/A1,03 cata- 
lysts (25) and by the observation that infra- 
red spectra of CO adsorbed on the Ru/SiOZ 
used in this study (7, 26) show only a single 
band, attributable to linearly adsorbed CO. 

All reactions were carried using a pre- 
mixed feed composed of Hz or D2 and CO at 
a ratio of H2(D2)/C0 = 3.0. The feed mix- 
tures were blended in small cylinders using 
pure components. Following filling, the 
bottom of the cylinder containing the mix- 
ture was heated for 1 day to assure uniform 
gas mixing. The blended mixture was then 
analyzed by gas chromatography to estab- 
lish the concentration of CO. If the original 
mixture was not correct, additional CO or 
H, (DJ was added. By following this proce- 
dure, it was possible to obtain mixtures 
containing 25 2 0.5% CO. 

Procedure. Rate data were obtained us- 
ing a stainless-steel microreactor heated in a 
fluidized bed. The reaction products were 
analyzed using an on-line gas chromato- 
graph fitted with balanced 2.4 mm by 1 m 
columns packed with Chromsorb 106. The 
column oven was temperature programmed 
from 318 to 503 K at 10 K/min, and the 
hydrocarbon products were detected by a 
flame ionization detector. Calibration of the 
chromatograph was carried out using mix- 
tures containing known concentrations of 
the products. In addition, by injecting pure 
samples of CH, and CD, it was established 
that the detector sensitivities for deuter- 
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ated and hydrogenated products were 
identical. 

Each experiment with a fresh catalyst 
charge [30 mg for the 3.0% Ru/Al,O, cata- 
lyst and 100 mg for the 1 .O% Ru,/Al,O, and 
the 1.2% Ru/SiOz catalysts] was initiated 
by a 10 to 12 hr reduction in flowing H, 
at 673 K and 10 atm. The temperature 
was then lowered to 498 K and the feed 
mixture was introduced at a flow rate of 
200 cm3/min (STP). Ten minutes after the 
reaction began, a gas sample was taken 
for analysis and the gas feed was 
switched over to pure H, for 1 hr. By 
alternating short reaction periods and 
longer reduction periods, a stable catalyst 
activity could be achieved after several 
cycles. Once this status was attained, the 
catalyst was cooled to 453 K and data 
were taken between 453 and 498 K. The 
catalyst was then heated to 548 K, and 
data were taken between 548 and 498 K. 
By following this procedure, a check 
could be obtained for catalyst deactiva- 
tion. In all cases the reaction rate mea- 
sured at 498 K could be reproduced to 
within a few percent. It should be noted 
further that in all instances the conver- 
sion of CO was low, ranging from 0.02% 
at 453 K to 1.5% at 548 K. 

RESULTS 

Arrhenius plots for the rates of formation 
of c, through Cj hydrocarbons over 
Ru,/A1,03 and Ru/SiO* are given in Figs. 
1-5. The open points represent turnover 
numbers measured with H, and the solid 
points represent turnover numbers mea- 
sured with D,. The rates of formation of C, 
through C, paraffins and olefins have been 
shown separately in Figs. 2-4. Representa- 
tion in this fashion was not possible, 
though, for the C5 products since the reso- 
lution of the chromatographic peaks for 
olefins and paraffins was inadequate. 

The data presented in Fig. I show that 
the production of CD, occurs approxi- 
mately 1.5 times faster than CH, over 
Ru,/Al,03, both at 1 and 10 atm. At 10 atm 

FIG. 1. Arrhenius plots for the formation of meth- 
ane at I and IO atm. 

the production of CD, is also favored over 
Ru/SiO,, but the magnitude of the inverse 
isotope effect is now 1. I. When the pres- 
sure is reduced to 1 atm, no isotope effect 
can be detected for this catalyst. It is noted 
further that the activation energy for both 
CH, and CD, lies between 27 and 28 
kcal/mole, independent of the total pres- 
sure or catalyst composition. 

Figures 2-5 show that an inverse isotope 
effect is also apparent for the production of 
Cp through Cs olefins and paraffins over the 
alumina-supported catalyst. The upward 
curvature of the Arrhenius plots for C2D6 
and CzHG can be explained in the following 
manner. For temperatures below about 
493 K, olefins and parafhns are produced 
by parallel processes as suggested by the 
fact that the feed flow rate does not alter 
the olefin to paraffin ratio of the products. 

FIG. 2. Arrhenius plots for the formation of ethyl- 
ene and ethane at 10 atm. 
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FIG. 3. Arrhenius plots for the formation of pro- 
pylene and propane at 10 atm. 

At higher temperatures, hydrogenation of 
the olefin takes place. The presence of 
this secondary reaction is confirmed by 
observing an increase in the olefin to 
parathn ratio with increasing feed flow 
rate. When partial hydrogenation of the 
olefin product does occur, the Arrhenius 
plot curves upward, since the paraffin is 
now produced via two pathways. 

Examination of the Arrhenius plots for 
C, through C5 products formed over the 
Ru/SiO, catalyst shows that the isotope 
effects are significantly different from those 
observed using the alumina-supported cata- 
lyst. Normal isotope effects are seen for the 
Cz and C4 products but no significant iso- 
tope effect is found for the C3 or Cs prod- 
ucts. Here again, the upward curvature in 
the Arrhenius plots for the Cz through C4 
paraffins at higher temperatures can be as- 

FIG. 4. Arrhenius plots for the formation of bu- 
tene and butane at 10 atm. 

FIG. 5. Arrhenuis plots for the formation of pen- 
tene and pentane at 10 atm. 

cribed to partial hydrogenation of the corre- 
sponding olefins. 

Experiments identical to those shown in 
Figs. 2-5 were also carried out at 1 atm. 
The isotope effects for the alumina-sup- 
ported catalyst were similar to those ob- 
served at 10 atm. Virtually no isotope effect 
was observed, though, for the silica-sup- 
ported catalyst. 

To determine whether the manner of 
preparation of the alumina-supported cata- 
lyst altered the nature or magnitude of the 
isotope effect, experiments were conducted 
with the Ru/A120, catalyst prepared by 
reduction of RuCl,. A comparison of the 
isotope effects for C, through Cs hydrocar- 
bons observed over the catalysts prepared 
from Ru,C(CO),, and RuCl, is given in 
Table 1. It is seen that the isotope effects 
are virtually the same for the two catalysts. 
As a consequence, it seems appropriate to 
ascribe the observed isotope effects to the 
nature of the interactions between ruthe- 
nium and alumina rather than to the origin 
of the ruthenium. 

The results presented in Table 1 indicate 
further that the magnitude of the isotope 
effect declines as the number of carbon 
atoms in the product increases. This trend 
is shown even more clearly in Fig. 6. Quite 
interestingly, for n > 5 the isotope effect 
becomes less than unity, indicating a 
slightly faster product formation rate with 
H2 than with Dz. 
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TABLE I 

Comparison of the Hz/D2 Isotope Effects for I .O% Ru,/AI,O, and 3.0% Ru/AI,O, 

455 K 475 K 5OOK 

RutJAIL Ru/AI,O, R~AWJ Ru/AI,O, RkJ.40, W4O, 

N,,“/Nr,” I.57 1.61 1.49 1.56 1.40 I.52 
NC,UINC,H 1.22 I.18 I.19 1.16 1.16 I.14 
N~v~‘lNr.,~ 1.17 I.19 1.19 I.21 I .23 1.22 
N,,“/N, ,I’ I .08 1.08 1.12 I.13 I.15 1.18 
N,,‘)/Nc,H 1.05 1.05 1.07 I .08 I.12 1.12 

The effects of temperature on the olefin 
to paraffin ratio are shown in Figs. 7-9. For 
each catalyst, the ratio is observed to pass 
through a maximum with increasing tem- 
perature. The position of the maximum 
defines the temperature above which hy- 
drogenation of the olefin becomes sig- 
nificant. For all three products the olefin 
to paraffin ratio is high when the silica- 
supported catalyst is used, but the tempera- 
ture at which olefin hydrogenation becomes 
significant is higher for the alumina-sup- 
ported catalyst. While the use of D, instead 
of Hz does not influence the general charac- 
teristics of the olefin to paraffin ratio depen- 
dence on temperature, a number of subtle 
effects are apparent. For the alumina-sup- 
ported catalyst, there is virtually no iso- 
tope effect on the olefin to paraffin ratios 
for C, and C, products. However, the ra- 

I6 ,,,,,,,,,,, . 

3 0% Ru/A1203 
I5- P=lOatm 

He, D2/C0 = 3 

FIG. 6. Dependence of the isotope effect on the 
number of carbon atoms in the product. 

tio of propylene to propane is definitely 
higher when H, rather than D2 is present 
in the feed. For the silica-supported cata- 
lyst, no isotope effect is detectable for 
the C, products at temperatures below 
500 K. Above this temperature, though, 
the ethylene to ethane ratio is higher in 
the presence of D,. By contrast, the 
olefin to paraffin ratios for the C, and C, 
products are higher in the presence of H, 
over the whole temperature range. The 
olefin to paraffin ratio was also examined 
for the data obtained at 1 atm. In this 
case the olefin to paraffin ratios were ap- 
proximately threefold higher than those 
shown in Figs. 7-9 and higher values 
were obtained with H, than with D2 for 
all three products over both catalyst. 

“1 

‘VT (x105”K? 

FIG. 7. Dependence of the olefin to paraffin ratio 
for C, products on the inverse temperature. 



methane formation over Ru. Since the 
P= IO 0tm 

6- , 0% R”s,Al*O, / 2% Ru/SIOg weight loading and dispersion of the cata- 
H&O’3 A 0 lyst used by Dalla Betta and Shelef were 

6- 02/m=3 . . - 
similar to that of the Ru,/Al,O, catalyst 
used in this work, it is difficult to under- 
stand why these authors did not observe an 
isotope effect. One possibility may be that 
an insufficient amount of data were taken, 
particularly with DB. The present results 
also differ from those obtained by McKee 
(20). It should be noted, though, that com- 

)/L 
parison in this case may not be appropriate 
since McKee’s studies were conducted 
with Ru powder at much lower pressures I 3 20 2 I 2.2 

I /T  (x103’K-‘) (60 Torr CO and 60 Torr H,) and tempera- 

FIG. 8. Dependence of the olelin to pa&in ratio 
tures (298 to 423 K) than those used here. 

for C3 products on the inverse temperature. Furthermore, as was noted by Dalla Betta 
and Shelef (21), the analytical procedure 

DISCUSSION 
used by McKee may not have been free of 
error. Products were detected by a mass 

The data presented here clearly show spectrometer connected to the reaction 
that an inverse isotope effect can be ob- chamber by a molecular leak. Since this 
served for the formation of CH, over Ru method of sampling can give rise to differ- 
catalysts. The magnitude of the effect is ent sensitivities for CH, and CDI, and since 
1.6-1.4 for the alumina-supported cata- calibration of the mass spectrometer was 
lysts, both at 1 and 10 atm. For silica- not discussed, it is not possible to know 
supported Ru the effect is 1.1 at 10 atm but whether the reported results are accurate. 
drops to 1.0 at 1 atm. These results contra- An interpretation of the isotope effects 
dict the conclusion of Dalla Betta and She- observed in the present study can be devel- 
lef (21) that there is no isotope effect for oped by consideration of the following re- 

action network: 
IO , , / , , , 

P = 10 o+m 8 10% Ru6/A1203 I 2% Ru/SIO~ 

HZ/CO = 3 A 0 

6 
Dz/CO=3 A . 
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1. co + s Ft co, 
2. co, + s * c, + 0, 
3. H, + 2S * 2H, 
4. H, + 0, G H,O + S 
5. C, + H, & CH, + S 
6. CH, + H, e CH,, + S 
7. CH,, + H, * CH,, + S 
8. CH,, + H, + CH, + 2S 
9. CH,, + CH,, + C,H,, + S 

10. C,H,, + S --, &H, + H, + S 
11. C,H,, + H, + C.J& + 2S 
12. C,H,, + CHzs + C3H,s + S 

etc. 

This mechanism is supported by a 
FIG. 9. Dependence of the olefin to paraffin ratio significant number of recent investigations 

for C, products on the inverse temperature. (Z-15) and has been discussed in detail by 
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Bell (27). As a result, no attempts will be 
made here to justify the elementary steps 
included. 

Overall rate expressions for the forma- 
tion of methane can be derived from the 
proposed scheme provided a number of 
simplifying assumptions are invoked. The 
first is that the Ru surface is nearly satu- 
rated by adsorbed CO. This assumption is 
supported by in situ infrared observations 
carried out both at low and high pressure 
(7, 26, 28, 29). The second assumption is 
that water is the primary product through 
which oxygen is removed from the catalyst 
surface. Here, too, the assumption is sub- 
stantiated by experimental evidence 
(7, 26). The third assumption is that all of 
the steps indicated as being reversible are, 
in fact, at equilibrium. No substantiation of 
this assumption is currently possible. 

Two limiting forms can be obtained for 
the kinetics of methane formation, depend- 
ing upon whether methanation or the syn- 
thesis of higher molecular weight hydrocar- 
bons is dominant (26, 27). In the former 
case, the rate of methane formation is given 
by 

N,, = k,PHy1.5/P,, (1) 

k, = $ (k4k8K,K6K,)“2 (2) 
1 

where iii and Ki are the rate coefficient and 
equilibrium constant, respectively, for the 
ith elementary reaction. In the latter case, 
the rate is given by 

N,, = kePH21.5/PCO’.33 (3) 

k 
e 

= k 8 k,KzKs3.5KsK,K,2(1 - a) u3 (4) 
k&l4 1 

where k, is the rate coefficient for the addi- 
tion of CH, groups to adsorbed alkyls (i.e., 
reactions 9, 12, etc.) and CY is the probability 
of chain propagation (30). With the excep- 
tion of studies conducted at pressures of 1 
atm or less, using Hz to CO ratios greater 
than three, neither of the limiting assump- 
tions is strictly valid. However, recent ex- 

perimental studies by Kellner and Bell (26) 
have shown that for pressures between 1 
and 10 atm and HZ/CO ratios between 1 and 
3 the kinetics of methane formation can be 
described empirically by the expression NC, 
= kJ’Hz1.4/PCo, in good agreement with 
Eq. (1). 

The forms of Eqs. (1) and (3) indicate 
that the effective rate coefficient for 
methane synthesis is a complex product 
of rate coefficients and equilibrium con- 
stants. As a consequence, the observed 
isotope effect must result from the combi- 
nation of kinetic and equilibrium isotope 
effects, as suggested by Wilson (23). To 
pursue the influence of these two effects 
further, it is useful to recall that rate 
coefficients and equilibrium constants can 
be expressed in the formalism of statisti- 
cal mechanics (31). Thus, 

(5) 

JJq,l’j K=L 
v q,“i 

(6) 

where (kT/h) is a frequency factor; qr, qp, 
and q$ are the partition functions for 
reactants, products, and transition state 
complexes; and vi and V~ are the stoi- 
chiometric coefficients for reactant i and 
product j. Changes in the magnitudes of k 
and K due to isotopic substitution result 
from the influences of molecular mass on 
the molecular partition functions. In most 
instances, the largest portion of the iso- 
tope effect arises from changes in the 
ground state vibrational frequencies. 

Ozaki (32) has noted that the differences 
in the ground state vibrational frequencies 
of deuterated and hydrogenated species 
usually lead to the conclusion that the equi- 
librium constant for addition of deuterium 
to an adsorbed species is larger than that 
for the addition of hydrogen. An example of 
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this generalization which is relevant to the 
present discussion has been reported re- 
cently by Calvert et al. (33). In this work it 
was shown that deuterium is preferentially 
incorporated into methyl and methylene 
ligands present in triosmium complexes. 
The equilibrium constant for the reaction 
OS,(CO)&H~D, + Os,(CO)&D2H2 was 
determined to be 2.50 and that for the 
reaction Os,(CO),,(CH,D)D & Os,(CO),, 
(CD,H)H was found to be 1.74. Based on 
this evidence, one would suspect that the 
product &,K.&,, appearing in Eqs. (1) and 
(3), should be significantly larger when 
DZ is involved in steps 5 through 7 rather 
than H,. 

The equilibrium isotope effect for H,(D,) 
chemisorption, reaction (3), can be exam- 
ined explicitly. If it is assumed that the 
adsorbed atoms are immobile but have 
three degrees of vibrational freedom, then 
it readily be shown that 

g = (zy exp { [-2 2 (Vi” - Vi”) 

+ (u,QJ - Ul 

where mHz and rnDL are the masses of 
H2 and DP, viH and VP are the vibrational 
frequencies for adsorbed H and D atoms, 
and ulHz and ylDz are the vibrational fre- 
quencies for gaseous H2 and DZ. Evaluation 
of KsD/KsH using the values of the vibra- 
tional frequencies given in Table 2 shows 
that this ratio lies between 0.79 and 0.62 for 
temperatures between 453 and 543 K. It is 
significant to note that while KaD/KsH < 1 
over the temperature range of interest in 
these studies, the argument of the exponen- 
tial factor in Eq. (7) leads to the expectation 
that the heat of adsorption for DZ on Ru 
should be 1.34 kcal/mole larger than that for 
Hz. These conclusions are consistent with 
experimental observations on Ni. By 
means of calorimetric measurements on a 
Ni film, Wedler et al. (34) determined that 
the heat of adsorption of D2 was about 
1 kcal/mole larger than that for H,. The dis- 

placement of adsorbed H atoms by D, and 
of adsorbed D atoms by H2 on Ni catalysts 
was investigated by Gundry (35). His 
results showed that the apparent equilib- 
rium constant for displacement, which is 
equivalent to KsD/K3”, varied from 2.4 at 
178 K to near unity at 273 K. Based on this 
variation with temperature, it was esti- 
mated that the heat of adsorption of D, was 
0.60 kcal/mole greater than that for H,. The 
stronger adsorption of D2 has also been 
confirmed by Wedler and Stanelmann (36) 
on a Ni film. Extrapolation of Gundry’s 
results to the temperature levels used in 
this study would also lead to the conclusion 
that KaD/KzH < 1. 

The kinetic isotope effect for reactions 
involving the addition of hydrogen has also 
been considered by Ozaki (32). Here again, 
he concludes that differences in the vibra- 
tional frequencies of deuterated and hydro- 
genated species are the primary origin of 
the effect and that in most cases k, > kD. 
For reactions involving a molecule of H2: or 
Dz, and an adsorbed species (i.e., reaction 
4), the ratio of masses arising from the 
transitional and rotational portions of the 
partition functions of H2 and Dz serve only 
to increase further the magnitude of the 
kinetic isotope effect. 

Based upon the factors just considered, it 
is clear that the overall isotope effect on 
methane formation results from a complex 
combination of kinetic and equilibrium ef- 
fects. Since the magnitude of these individ- 

TABLE 2 

Vibrational Frequencies for Molecular and 
Atomically Adsorbed H2 and Dz 

Species Mode Frequency (cm-l) 

H2 v(H-H) 4161 
4 v(D-D) 2993 

M-H v(M-H) 2250-1700 
G(M-H)* 800-600 

M-D v(M-D) 1591-1202 
G(M-D)b 566-424 

a Taken from Nakamoto (37). 
* Doubly degenerate. 
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ual effects cannot be predicted reliably, it is 
not possible to conclude whether the ob- 
served isotope effect is consistent with the 
structure of the effective rate coefficient 
appearing in Eqs. (I) and (3). What is 
evident, though, is that small changes in the 
isotope effects associated with individual 
elementary processes will alter the overall 
isotope effect. Such changes could arise 
from modifications of the metal dispersion 
and/or interaction with the support and 
might explain why the isotope effect is 
substantially smaller for the silica-sup- 
ported catalyst than for either of the alu- 
mina-supported catalysts. 

The data presented in Fig. 6 show that 
the magnitude of the inverse isotope de- 
creases with increasing carbon number. 
This pattern can be understood in the fol- 
lowing fashion. If it is assumed that the 
probability of chain propagation, (Y, is 
independent of chain length, n, then the 
rate of formation of hydrocarbons contain- 
ing n atoms can be expressed as 

N,,, = (k,,& + X,,B,)a”-‘B,,,, 63) 

= (I + f$J an-'li,,eHecH,, (9) 

where X,, and k,, are the rate coefficients for 
termination of chain growth by formation of 
olefins and paraffins (i.e., reactions 10 and 
1 I), 13, is the fraction of the catalyst surface 
which is vacant, and OH and OcH,% are the 
fractions of the surface covered by H atoms 
and CH, groups. The second term in the 
parantheses of Eq. (9) can be rewritten as 

= /3/P&l'2. 

The magnitude of the isotope effect for any 
value of n can now be expressed by taking 
the ratio of the rate in the presence of D,, 
NcnD, to that in the presence of Hz, NcnH. 
Combining Eqs. (9) and (11) with the ex- 
pression N,, = &,&13c~,~, we obtain 

N, I) /‘to” k,” (1 + ,6D/P,21’2) =-- 
NcrlH k,,” ii,” (1 + PH/P”z1’2) 

a I) ,I-1 N I) 

i 1 2 if+ 
(12) 

' Cl 

The form of Eq. (12) suggests that the 
isotope effect for any carbon number can be 
related to that observed for methane. To 
account for the decrease in Nc,,D/Nc.,,H with 
n it must be concluded that (Ye < aH. It is 
also noted that Eq. (12) predicts that for a 
sufficiently large value of n, N, ,:/NC,,, 
could become less than one. While there is 
a considerable amount of scatter in the data 
for n > 5 shown in Fig. 6, it does appear 
that the isotope effect eventually becomes 
smaller than unity. 

The influence of H, and D, on the olefin 
to paraffin ratio can also be understood in 
the context of the present discussion. The 
proposed reaction mechanism leads to the 
following expression for the olefin to 
paraffin ratio: 

N,n h3 
lvG, - = k,,K,"2PH,"2 (13) 

This expression is found to be in good 
agreement with experimental data taken by 
Kellner and Bell (26) for temperatures be- 
low which olefin hydrogenation is not 
significant. The form of Eq. (13) again indi- 
cates that both kinetic and equilibrium iso- 
tope effects will influence the olefin to 
paraffin ratio. Since it has already been 
shown that KsD < KzH, the observation of a 
normal isotope effect on the olefin to 
paraffin ratio implies that (k,,D/k,,D) < 
(k,,D/k,,H) or alternatively that (XtiD/L,,“) > 
(koD/k,,“). 

CONCLUSIONS 

The results of the present investigation 
have shown that an inverse isotope effect 
can be observed during the synthesis of 
CH, over silica- and alumina-supported Ru 
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catalysts, and that the magnitude of the 
effect is larger for alumina-supported cata- 
lysts. 

Noticeable isotope effects have also been 
observed during the synthesis of CZ through 
C,, olefins and paraffins. For C, through C, 
hydrocarbons, synthesis over an alumina- 
supported catalyst occurs more rapidly in 
the presence of D2 rather than Hz, but the 
magnitude of the inverse isotope effect de- 
clines toward unity with increasing num- 
ber of carbon atoms in the product. The 
synthesis of C, through C,, hydrocarbons 
appears to be favored by Hz, and, thus, a 
normal isotope effect is observed for these 
products. 

The olefin to paraffin ratio of the products 
also depends on whether D, or Hz is the 
reactant. Olefin formation is favored with 
H, over both silica- and alumina-supported 
catalysts. 

The observed isotope effects can be ra- 
tionalized on the basis of a mechanism 
proposed to describe the formation of CH, 
and higher molecular weight products. Rate 
expressions derived from this mechanism 
lead to the conclusion that the overall iso- 
tope effect results from a combination of 
the kinetic and equilibrium isotope associ- 
ated with individual elementary steps. The 
proposed mechanism also provides ex- 
planations for the decline in the magnitude 
of the inverse isotope effect with increasing 
product carbon number and the higher 
olefin to paraffin ratio observed when using 
Hz- 
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