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The synthesis of oxygenated products over supported ruthenium catalysts was investigated using 
both He/CO and D,/CO feed mixtures. Acetaldehyde was the principal oxygenated product formed 
over silica-supported ruthenium. By contrast, methanol was the principal oxygenated species 
formed over an alumina-supported catalyst. A significant inverse Hz/D, isotope effect was 
observed on the rate of formation of both acetaldehyde and methanol. The kinetics of acetaldehyde 
synthesis was determined and compared with those for methane synthesis. The form of the rate 
expressions obtained for each product and the origins of the observed isotope effects are explained 
in terms of a mechanism for the synthesis of both products. A reaction mechanism for methanol 
synthesis is also proposed. 

INTRODUCTION 

It is well recognized that oxygenated 
products such as alcohols, aldehydes, 
acids, etc., are produced in parallel with 
hydrocarbons during Fischer-Tropsch syn- 
thesis over iron and cobalt catalysts (I ). By 
contrast, though, very little is known about 
the synthesis of oxygenated compounds 
over ruthenium. The purpose of the present 
investigation was to establish the activity of 
Ru/SiOz and Ru/A1203 catalysts for the 
synthesis of such compounds and to shed 
some light on the mechanisms by which 
these products are formed. For this pur- 
pose rate data were acquired, over a broad 
range of reaction conditions, using both 
HZ/CO and D2/C0 feed mixtures. 

EXPERIMENTAL 

Preparation of the 1.2% Ru/Siq and 
1.0% Ru/A1203 catalysts used in this study 
have been described in detail elsewhere (2- 
4). The initial dispersion of the alumina- 
supported catalyst determined by HZ che- 
misorption, was found to be near unity. 
Measurements of dispersion following use 
of this catalyst showed that the dispersion 
gradually decreased to about 0.6 and re- 
mained fairly constant thereafter. The dis- 

persion of the silica-supported catalyst 
could not be determined by Hz chemisorp- 
tion since the uptake of Hz, even at ele- 
vated temperatures, was exceedingly slow, 
and hence the point at which equilibrium 
was attained could not be established reli- 
ably. As a result, the dispersion of this 
catalyst was measured by CO chemisorp- 
tion 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/A1203 cata- 
lysts (5) and by the observation that infra- 
red spectra of CO adsorbed on the Ru/SiOl 
used in this study (6) show only a single 
band, attributable to linearly adsorbed CO. 

The experimental apparatus and proce- 
dure have been described previously (2). 
All of the experiments were carried out in a 
stainless-steel microreactor heated in a 
fluidized bed. A premixed feed composed 
of H,(D,) and CO at a ratio of H,(D,)/CO = 
3.0 was supplied to the reactor and the 
product gas was analyzed by a gas chro- 
matograph equipped with flame ionization 
detectors. The detector sensitivities for 
deuterated and hydrogenated products 
were established to be identical by injecting 
pure samples of CH, and CD,. 
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Each experiment with a fresh catalyst 
charge (100 mg) was initiated by a lo- to 12- 
hr reduction in flowing HE 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 (NTP). Ten 
minutes after the reaction began, a gas 
sample was taken for analysis and the gas 
feed was switched over to pure HZ 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 deactivation. In all cases the 
reaction rate measured at 498 K could be 
reproduced to within a few percent. It 
should be noted further, that in all instances 
the conversion of CO was low, ranging 
from 0.02% to 453 K to 1.5% at 548 K. 

RESULTS 

Ru /SiOz 

The primary oxygen-containing organic 
product produced over the Ru/SiOz cata- 
lyst was acetaldehyde. Measurements of 
the rate of formation of this product as well 
as the rate of methane formation were 
obtained at pressures of 1 and 10 atm, over 
the temperature range of 448 to 548 K, 
using Hz/CO ratios of 1 and 3. The kinetics 
for producing both products could be repre- 
sented by power law expressions, and the 
constants appearing in these relations were 
determined by means of a nonlinear least- 
squares regression analysis. The resulting 
expression for acetaldehyde is given by 

NCH,CHO = 7.1 
X l@ Poti: exp(-15,000/R?) (1) 

and that for methane by 

N CH4 = 8.0 
X 10’ P&,” P;&O exp(-29,60O/RT). (2) 

In both equations, the rates of acetaldehyde 
and methane synthesis, NcH3CH0 and NcHq, 
are expressed in molecules of product pro- 
duced per second per Ru surface site, and 
the partial pressures of H, and CO, PH, and 
Pco, are expressed in atmospheres. Devia- 
tions of less than 57% were observed be- 
tween the rates predicted by Eqs. (1) and 
(2) and the rates of each product observed 
experimentally. It is of further interest to 
note that Eq. (2) is in very good agreement 
with the rate expression recently reported 
for methane synthesis over the Ru/A1203 
catalyst used in the present studies (4). 

Substitution of D, for Hz in the synthesis 
gas mixture affects the rates of acetalde- 
hyde and methane formation. The left panel 
of Fig. 1 shows Arrhenius plots for the 
formation of acetaldehyde from Hz/CO and 
D,/CO mixtures at 1 and 10 atm. At both 
pressures the rate of acetaldehyde forma- 
tion is seen to be approximately twice as 
rapid when DP rather than Hz is present in 
the feed. The right panel of Fig. 1 shows 
that the rate of methane formation is 
influenced to a much lesser degree when Dz 
is substituted for HP. At 10 atm, the rate of 
CD4 formation is approximately 1.1 times 
that observed for CH,; however, no isotope 
effect can be observed at 1 atm. 

Ru /A1203 

In contrast to the Ru/SiOz catalyst, the 
Ru/A1203 catalyst was active for the forma- 
tion of methanol but produced very little 
acetaldehyde. For a given temperature, 
pressure, and Hz/CO ratio, the rate of 
methanol formation was found to be a 
strong function of the feed flow rate. As 
shown in Fig. 2, the observed rate of meth- 
anol formation increases substantially with 
increasing flow rate and approaches a pla- 
teau at high flow rates. Since the rate of 
forming methane and Cz+ hydrocarbons is 
unaffected by flow rate, the trend observed 
in Fig. 2 suggests that at low flow rates, a 
part of the methanol formed decomposes 
back to CO and H2 or reacts with the 
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FIG. 1. Arrhenius plots for the synthesis of acetaldehyde and methane from H2(D,) and CO over a 

1.2% Ru/SIOp 
Hz, D2/C0 = 3 

10-Z - IOotm I atm 
CH$HO o 0 
CD$DO l + 

I/T x 

I .9 2.0 2.1 2.2 
IO3 (K-l) 

silica-supported Ru catalyst. 

alumina support to form formates (7). The 
duration of each experiment also has a 
strong influence on the production of meth- 
anol. Figure 3 shows that the rate of metha- 
nol synthesis increases from practically 
zero to an asymptotic level, over a 20-min 
period. During the same interval, the rate of 

I I I I I I I I I 

Flow Rote (cm3h”) 

FIG. 2. Effect of feed flow rate on the steady-state 
rate of methanol synthesis over an alumina-supported 
Ru catalyst. 

methane formation declines by about a 
third. While not shown, a similar decline 
was also observed in the formation of C,+ 
products. The similarities in the dynamics 
of the deactivation of the catalyst for hy- 
drocarbon synthesis and its apparent acti- 
vation for methanol synthesis suggest that 
the latter trend is due to a progressive 
poisoning or deactivation of the catalyst 
sites responsible for methanol decompo- 
sition. 

The influence of total pressure and 
HZ/CO ratio on the synthesis of methane 
and methanol is presented in Table 1. As 
can be seen, both rates increase with in- 
creasing pressure and HZ/CO ratio. The 
formation of methanol relative to methane 
is favored at high pressures, but the HZ/CO 
ratio has only a negligible influence on the 
product selectivity ratio. The effects of 
temperature on the rates of methanol and 
methane synthesis are shown in Fig. 4. The 
apparent activation energies for methanol 
and methane synthesis determined from 
these data are 21.6 and 28.0 kcal/mole, 
respectively. Arrhenius plots for the syn- 
thesis of methanol and methane from I& 
and CO are also shown in Fig. 4. Utilization 
of DZ in the feed gas increases the absolute 
rate of methanol synthesis by a factor of 1.6 



SYNTHESIS OF OXYGENATED PRODUCTS 291 

Ttme (min) 

FIG. 3. Effect of reaction time on the rates of meth- 
ane and methanol synthesis over an alumina-sup- 
ported Ru catalyst. 

over that observed for a feed containing Hz 
and CO and increases the rate of methane 
formation by a factor of 1.4. 

DISCUSSION 

The mechanism of acetaldehyde forma- 
tion can be envisioned as an extension of 
the mechanism recently proposed (4, 8) to 
explain the synthesis of hydrocarbons over 
Ru catalysts and is similar to that proposed 
by Ellgen et al. (9) to explain the synthesis 
of oxygenated compounds over Rh. Since 
detailed discussions of the steps entering 
the latter scheme have already been pre- 
sented, only a brief summary will be given 
here. As may be seen in Fig. 5, the syn- 
thesis of hydrocarbons is initiated by disso- 

TABLE 1 

The Effects of Hz/CO Ratio and Pressure on the 
Rates of Methanol and Methane Formation over a 

1.0% Ru/AlzOa Catalyst at 498 K 
- 

WC0 P NC”,,, NC,, 
(atm) cs-‘) CC’) 

3 10 1.5 x 10-R 2.5 x lo-” 
3 5 9.7 x 10-a 2.0 x 10-z 
3 1 2.4 x 1O-a 1.3 x 10-Z 
2 10 9.7 x 10-a 1.4 x 10-R 
2 5 7.0 x 10-i 1.1 x lomR 
2 1 1.4 x lo-’ 6.6 x lo-’ 
1 10 6.0 x lo-” 8.7 x lo-” 
1 5 3.4 x lo-’ 6.7 x 10-4 
1 1 7.3 x 1o-5 4.0 x 1o-J 

ciative chemisorption of CO and Hz. 
Stepwise hydrogenation of the atomic car- 
bon, released by CO dissociation, results in 
the formation of methyl groups. These spe- 
cies then act as precursors to the formation 
of both methane and Cz+ olefins and 
paraffins. The first of these products is 
formed by hydrogen addition to the methyl 
group, while the growth of hydrocarbon 
chains is initiated by the addition of a 
methylene group. Olefins and paraffins are 
formed by either P-hydrogen elimination 
from or, a-hydrogen addition to, the ad- 
sorbed alkyl intermediates. The formation 
of acetaldehyde is proposed to occur via a 
two-step process. In the first, CO is in- 

10-c 
b He, DZ/CO = 3 Hp. D/CO = 3 

I/T x IK ‘1 

FIG. 4. Arrhenius plots for the synthesis of methanol and methane from H,(D.J and CO over an 
alumina-supported Ru catalyst. 
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I. co + s = co, 

2. co, + s z c, + 0, 

3. Hp + 2s s 2H, 

4. OS + "2 - Hz0 + S 

5. Cs + "s = CH, + S 

6. CH, + H, Z CH2 + S 

7. CH 2s + H, t CHSS + S 

0. CH 
3s 

+ti, - wqS+2s 

9. CH3, + CH2 
s - C2H%+ s 

IO. ‘2”5, +’ - C2H4 + H, + s 

I I. C2H5s + Hi - C2H6 + 25 

12. CH 
3s 

+ co, - CH3C0, 

13. CH$O, + H, - CH$HO + 2s 

14. C*H5,+ CHzs - C3HTs+ s 

etc. 

FIG. 5. Proposed mechanism for the synthesis of 
hydrocarbons and acetaldehyde. 

serted into the metal-carbon bond of a 
methyl group. The addition of hydrogen to 
the resulting acetyl group then produces 
acetaldehyde in the second step. It should 
be noted that higher-molecular-weight alde- 
hydes could be formed via similar pro- 
cesses starting with alkyl groups containing 
two or more carbon atoms. 

The proposed mechanism of acetalde- 
hyde formation is supported by a number of 
precedents originating in the field of coordi- 
nation chemistry. The insertion of CO into 
the metal-carbon bond of transition metal 
complexes, containing methyl ligands, is 
well documented (IO, I I ) and is believed to 
occur via migration of the methyl group to 
form an acetyl group (10). CO insertion has 
also been demonstrated to occur during the 
hydroformylation of ethylene, catalyzed by 
transition metal complexes (12). The for- 
mation of acetyl derivatives has been re- 
ported via the reaction of CH3RuCp(C0)2 
in the presence of tertiary phosphines. It 
has been noted (IO-13), though, that these 
complexes are not as stable as those pro- 
duced with metals appearing further to the 
left in the transition series. Acetyl deriva- 
tives can also be formed from acetalde- 
hyde. Thus, for example (M), the reaction 

of Os(CO)z(PPh)S with excess acetaldehyde 
produces structure I. 

PPh3 ; 
CO& C-CH3 

CO’/ ‘H 
PPhS 

(I) 

In view of this result and the concept of 
microreversibility, it seems reasonable to 
suggest that the formation of acetaldehyde 
can occur by reductive elimination of an 
acetyl group (step 13 in Fig. 5). 

If it is assumed that reactions 8 and 12 are 
the rate-limiting steps for the formation of 
methane and acetaldehyde, respectively, 
then the rate of formation of each product 
can be described by Eqs. (3) and (4): 

N 
CH4 = k&c,&, (3) 

N CHaCHO = Mh3&o> (4) 

where k8 and k,, are the rate coefficients for 
reactions 8 and 12, respectively, and OCH3, 
19*, and 8co are the fractional coverages of 
the catalyst surface by adsorbed CH3 
groups, H atoms, and CO, respectively. 
Under the assumptions that reactions 1 
through 3 and 5 through 7 are at equilibrium 
and that atomic oxygen is removed from 
the catalyst surface at the same rate that 
methane is formed, it has previously been 
shown (4, 8) that OCH3, Oco, and 8, can be 
represented by 

8 CH3 = 
0 

2 1’Z(K2K3KsKsK?)1/2e~~PH2, (5) 

ec, = KlPCO~“~ (6) 

fjH = K;‘2P@?,, (7) 

where kl is the rate coefficient for reaction i, 
Ki is the equilibrium constant for reaction i, 
and Oy is the fraction of the catalyst surface 
which is vacant. Furthermore, in situ infra- 
red studies (6, 15, 16) indicate that 

(3 co = 1.0 (8) 

and 

tIv = l/K,Pco. (9) 
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Substitution of Eqs. (5), (6), and (7) into 
Eqs. (3) and (4), and elimination of 8co and 
8, from the resulting equations by substitu- 
tion from Eqs. (8) and (9), leads to the 
following rate expressions for methane and 
acetaldehyde: 

N cH4 = 3 (k,k4KzK5K6K,)1’2 F, (10) 
1 co 

N CH3CHO = kl, 

x (&K&,&&)1’2PH2. (11) 
It should be noted that Eq. (10) is identical 
to the expression derived in previous dis- 
cussions of methane synthesis based upon 
the mechanism presented in Fig. 5 (4, 8). 

Comparison of Eqs. (2) and (10) shows 
that the rate expression for methane syn- 
thesis obtained theoretically is in reasona- 
bly good agreement with that observed 
experimentally using the Ru/Si02 catalyst. 
A similar level of agreement is also noted 
for acetaldehyde synthesis, as may be 
judged by comparison of Eqs. (1) and (11). 

The mechanism outlined in Fig. 5 also 
provides a basis for understanding the ori- 
gin of the inverse isotope effects observed 
for acetaldehyde and methane synthesis 
and the reason why the effect is larger for 
acetaldehyde. To proceed, we must first 
examine the influence of isotopic substitu- 
tion on the factors entering into Eqs. (3) 
and (4). A normal primary kinetics isotope 
effect is expected for reaction 8, since this 
reaction involves the addition of a hydro- 
gen atom (17, 18). Consequently, ksH 
should be larger than ksD. Since hydrogen is 
not involved directly in reaction 12, only a 
secondary kinetic isotope effect is ex- 
pected, and k,2H should be approximately 
equal to k12D. The only factor influencing 
the fractional surface coverage by hydro- 
gen, which is sensitive to isotopic substitu- 
tion, is KS. An analysis of the ratio KxH/KsD 
based upon statistical mechanics (2) shows 
that 1.27 < KaH/KsD < 1.61 for tempera- 
tures between 453 and 543 K. Conse- 
quently, we can deduce from Eqs. (7) and 
(9) that &, > &,. 

Examination of Eq. (5) indicates that 
several factors will influence the relative 
magnitudes of ocHB and OCD1. The ratio of the 
rate coefficients for reactions 4 and 8 should 
contribute only a small effect since similar 
primary kinetic isotope effects are expected 
for reactions 4 and 8. Reaction 2 will not 
exhibit an isotope effect and the isotope 
effect on reaction 3 has already been dis- 
cussed. An inverse equilibrium isotope ef- 
fect should occur for reactions 5 through 7, 
since these reactions involve the addition of 
a hydrogen atom to a C1 intermediate in a 
reversible process (17, 18). Taking all of 
the factors into account, and recognizing 
that the inverse isotope effect associated 
with the product K5K6K7 should be larger 
than the normal isotope effect associated 
with K3, it seems reasonable to expect that 
0 CD3 Will be larger than &H3’ 

The isotope effects predicted for k, and 
0 cH3 in the preceding discussion can be 
confirmed by a comparison of the overall 
isotope effects associated with the forma- 
tion of methane and acetaldehyde. As the 
first step in this process, Eqs. (3) and (4) are 
combined to obtain Eq. (12). 

N 
k&z P,t/; 

CH4 = k,,~, &%H~CHO. (12) 

The ratio NcH4/NcIj4 can then be expressed 
as 

N cH4 keH KsH 1’2 NCH~CHO 

N CD4 =p KsD (-) ~. (13) N CD3CDO 

Substitution of the experimentally deter- 
mined values for NcH~INcD~ and 
N CH~CHO/NCD~CDO~ and an average value for 
KaH/KsD of 1.43 (2) into Eq. (13), leads to 
an estimate of k8H/k,D = 1.51. The fact that 
the ratio of ksH to kaD is greater than unity is 
consistent with the nature of reaction 8, as 
discussed above. The relationship between 
0 CH3 and f&D3 is obtained very simply. In- 
spection of Eq. (4) shows that &H3/&D3 = 
N cH3CH~INCD3~~~, SO that ~cH~/~cD~ = 0.5. 

This result is consistent with the projection 
based on the analysis of Eq. (5) given 
earlier. 
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To summarize, the analysis given here 
indicates that the isotope effects found for 
acetaldehyde and methane synthesis can be 
interpreted in terms of a product of equilib- 
rium and kinetic isotope effects. The in- 
verse isotope effect observed for acetalde- 
hyde appears to be due totally to the 
inverse equilibrium isotope effect associ- 
ated with the surface coverage by 
C&(CD,) groups. In the case of methane, 
the inverse isotope effect is due to a prod- 
uct of three factors: a normal kinetic iso- 
tope effect associated with reaction 8; a 
normal equilibrium isotope effect associ- 
ated with the chemisorption of Hz(D2), re- 
action 3; and the inverse equilibrium iso- 
tope effect associated with the surface 
coverage by CH3(CD3) groups. This last 
result is consistent with the projection 
given recently by Wilson (17) and subse- 
quently confirmed by Kellner and Bell (2). 

A possible mechanism for the formation 
of methanol, similar to that recently pro- 
posed by Kung (19), is shown in Fig. 6. In 
this instance it is proposed that CO hydro- 
genation proceeds without rupture of the 
C-O bond and that the first stage of this 
process involves the rearrangement of lin- 
early adsorbed CO to form a p-bridge- 
adsorbed structure. Species of this type are 
known to occur in transition metal com- 
plexes (20) and can also be formed by 
interaction of the oxygen and of a linearly 
bonded CO ligand with a Lewis acid site 
(21). Furthermore, some evidence for the 
presence of bridge-adsorbed CO on 
Ru/A1203 has been obtained in recent infra- 
red studies (16). Hydrogenation of the 
bridge-adsorbed intermediate is postulated 
to occur initially at the carbon end of the C- 
O bond. Continuation of this process pro- 
duces a methoxy species which then under- 
goes reductive elimination to form 
methanol. 

The results of the present studies of 
methanol synthesis over Ru/A1203 do not 
permit a detailed assessment of the extent 
to which the mechanism presented in Fig. 6 
is correct, Nevertheless, it is significant to 

I. co+s = S-CEO 

2. s-cso + 6’ t s-cso .,. S’ 

3. lip + 2S ~2 2H, 

4. s-c=0 “. S’ + H, z s- p=o . S’ 

5. s&o . S’ + H, z S-c”2-o-s, 

6. S-CH2-O-S’ + H, = S + C~~-~-cy 

7. CH$-6’ + H, Sr CH301i + S’ + S 

FIG. 6. Proposed mechanism for the synthesis of 
methanol. 

point out that the proposed scheme is con- 
sistent with two important observations. 
The first is the occurrence of a substantial 
increase in the rate of methanol synthesis 
(see Fig. 4) when DZ is substituted for HZ in 
the synthesis feed. This suggests that one 
or more of the hydrogenation steps (reac- 
tion 4-6 in Fig. 6) is at equilibrium (17). 
The second observation is that the yield of 
methanol declines as the flow rate of syn- 
thesis gas is reduced (see Fig. 2). As noted 
earlier, this implies that at lower flow rates 
the methanol concentration over the cata- 
lyst builds up and as a result methanol 
decomposition enters into competition with 
the synthesis of this product. Studies by 
Madix and co-workers have shown that 
methanol decomposition over Fe, Ni, and 
Pt (22, 23) is initiated by the loss of the 
hydroxyl hydrogen and the concurrent for- 
mation of an adsorbed methoxy structure. 
Assuming that Ru behaves in a similar 
fashion to these other group VIII metals 
and that the concept of microreversibility 
holds, we conclude that the last step in the 
formation of methanol proceeds as indi- 
cated in Fig. 6. 

The difference in the nature of the pri- 
mary oxygenated product formed over 
Ru/SiOe and Ru/A1203 cannot readily be 
explained. Recent work by Ichikawa and 
co-workers (24-27) and by Ryndin et al. 
(28) have demonstrated that metal-support 
interactions can strongly influence the ac- 
tivity and selectivity of Rh, Pd, and Pt for 
the synthesis of oxygenated products. It is 
interesting to note, though, that based on 
the results of those studies, silica rather 
than alumina would have been expected to 
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be the preferred support for the synthesis of 
methanol. A clear interpretation of this 
unexpected result must await the develop- 
ment of a better understanding of metal- 
support interactions and their influence on 
catalyst activity and selectivity. 

CONCLUSIONS 

The present results demonstrate that un- 
der appropriate conditions Ru catalysts ex- 
hibit a significant activity for the formation 
of oxygenated products from CO and Hz. 
For Ru/SiO, the principal product ob- 
served was acetaldehyde. The kinetics of 
acetaldehyde synthesis and the observation 
of an inverse Hz/D2 isotope effect can be 
explained in terms of a mechanism in which 
acetaldehyde is formed by insertion of CO 
across the metal-carbon bond of an ad- 
sorbed methyl group followed by reductive 
elimination of the resulting acetyl group. 
On the other hand, methane is formed by 
reductive elimination of the methyl group. 
Comparison of the rate expressions derived 
for acetaldehyde and methane synthesis, 
and the Hz/D2 isotope effects for both prod- 
ucts, makes it possible to estimate the 
individual kinetic and equilibrium isotope 
effects associated with the synthesis of 
each product. 

When Ru is supported on y-alumina, 
methanol is produced as the principal oxy- 
genated species. This product readily de- 
composes back to CO and Hf and hence the 
kinetics of methanol formation are sensitive 
to the methanol concentration in the prod- 
ucts. The formation and decomposition of 
methanol can be explained in terms of a 
simple mechanism which involves the hy- 
drogenation of p-bridge-adsorbed CO to 
form a methoxy species. This group then 
undergoes reductive elimination to form 
methanol, The observation of an inverse 
H2/Dz isotope effect on the rate of metha- 
nol synthesis suggests that one or more of 
the initial hydrogenation steps is reversible 
and at equilibrium. 
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