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Synthesis of Oxygenates from CO and Hydrogen over Supported 
Metal Clusters 

Metal clusters serve as precursors to 
highly dispersed or unique supported metal 
catalysts (see, for example, Ref. (I)). While 
numerous studies describe the preparation 
and characterization of cluster derived cat- 
alysts, only a few describe their use for se- 
lective synthesis gas reactions. For these 
reactions, the product type (i.e., oxygen- 
ates or hydrocarbons) is generally similar to 
that produced on conventionally prepared 
catalysts (2). 

We report here studies on supported 
metal cluster derived catalysts for CO hy- 
drogenation that illustrate the differences 
between cluster precursors and conven- 
tional precursors. We show that cluster 
precursors can result in product types that 
are different than those produced by con- 
ventional catalyst preparations. We also 
show that the choice of cluster and support 
is critical in determining the product distri- 
bution. 

Catalysts were prepared in the absence 
of air and water to avoid oxidation of the 
cluster. Reactor studies were carried out in 
tubular reactors with on-line gas chromato- 
graphic analysis of the products. Reactions 
were conducted at pressures of 300-900 
psig with Hz/CO ratios of 0.5-2. Catalysts 
were not reduced prior to exposure to syn- 
thesis gas. Two types of catalyst systems 
were studied: an anionic metal cluster 
based on Fe and Mn impregnated on MgO, 
A1203, or Zr02/A1203; and Ru carbonyl 
clusters on TiOz . 

FeMn cluvter catalysts. K[MnFe,(CO)n] 
was prepared as described in the literature 
(3). The cluster was dissolved in diethyl 
ether and aliquots of this solution were 
added to the support using the technique of 

incipient wetness. The solvent was evapo- 
rated after each addition. Metal loadings of 
1.4-2.4% were obtained. 

The ZrOz/A1203 support was prepared by 
the addition of [Zr(OC3H7)4] to dried A1203 
(Catapal SB). After addition of the Zr alk- 
oxide, the solid was dried in vacua at room 
temperature. The Zr loading was 10.1 wt%. 
This support was chosen to provide a 
source of high surface area ZrO:! . 

Table 1 summarizes the results of clus- 
ters supported on A1203 and MgO (J. T. 
Baker Co.) as catalysts for the reaction of 
CO and Hz. The MgO (2.1% metal loading) 
and A1203 (2.4% metal loading) based cata- 
lysts exhibited product distributions typical 
for conventional Fe catalysts. The primary 
product under our reaction conditions was 
methane with selectivities of 55-58% for 
the MgO support. For K[MnFe2(CO)& 
MgO the oxygenate selectivity was initially 
zero. Increasing the temperature and low- 
ering the H,?/CO ratio resulted in the forma- 
tion of alcohols. The selectivity to oxygen- 
ates was 19%, with methanol and ethanol as 
the only observable products. The oxygen- 
ate selectivity seemed to remain stable for 
at least 24 h. The hydrocarbons formed 
over the MgO catalyst showed the high ole- 
fin/alkane ratio than one would expect from 
an FeMn catalyst (4). Previous work with 
K[MnFe2(C0)t2] supported on SiOz and 
carbon showed enhanced olefin selectivi- 
ties from synthesis gas (5, 6). 

Ichikawa showed that the use of basic 
supports, such as MgO, for clusters re- 
sulted in unusually high oxygenate selectiv- 
ities from synthesis gas (7). Others, how- 
ever, have shown that the use of Fe 
carbonyls supported on MgO resulted in 
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TABLE 1 

Results of CO Hydrogenation over AlzOl and MgO Supported K[Fe2Mn(C0),Ja 

support T(“C) H$O TOS(h) GHSV(h-‘) co COW(%) Selectivities (wt%) 

Cl cz-c‘f GCII C:, DME MeOH EtOH PrOH 

wo 262 I % 596 15.6 58.6 29.6 11.0 0 0 0 0 0 
WO 277 0.5 149 592 9.0 54.6 22.6 0 0 0 11.2 7.3 0 
AWh 265 1 24 590 44.5 25.9 39.3 18.6 12.8 1.0 0.8 2.0 0.5 
403 265 0.5 62 598 32.8 27.9 52.5 II.2 0 3.5 0 4.9 0 

a Pressure = 300 psig, catalyst volume = 10 cm3, bed length = 17.5 cm 

the selective formation of olefins (2). The 
K[MnFez(CO)iJMgO catalyst appears to 
exhibit both of these features. Some oxy- 
genates are observed with the remainder of 
the products being olefins. 

K[Fe2Mn(C0)12]/A120J was more active 
than K[Fe2Mn(CO)iJMgO, but produced a 
significantly different product distribution. 
The methane yield was only 18%, and the 
formation of oxygenated products was evi- 
dent from the beginning of the run. The se- 
lectivity to oxygenates (dimethyl ether, 
methanol, ethanol, and propanol) was 24% 
at 265°C. The high olefimparaffin ratio ob- 
served with the MgO support for the C: 
hydrocarbons was not observed on the 
A&O3 support. The major products were al- 
kanes. 

Table 2 summarizes the results for syn- 
thesis gas conversion for K[Fe2Mn(CO),J/ 
Zr02/A1203 (1.4% FeMn loading). At 2OO”C, 
the catalytic activity was higher than ex- 
pected for an Fe catalyst. Typically, tem- 
peratures of 25O+“C are required for good 
activity. Conversions of 20% were obtained 
even at this low temperature. The product 

distribution obtained with K[MnFe2(CO)n]/ 
ZrOJA1203 at 200°C was significantly differ- 
ent than the alumina or magnesia supported 
clusters. The formation of oxygenates pre- 
dominated at all temperatures studied. The 
major products were dimethyl ether, meth- 
anol, ethanol, and propanol. The propanol 
was present only in the early stages of reac- 
tion and could have resulted from the de- 
composition of the alkoxide. The selectivi- 
ties for oxygenate formation approached 
81% at 280°C. The effect of temperature 
can also be seen in Table 2. Increasing the 
temperature from 250 to 280°C resulted in a 
shift in the oxygenate selectivity from Cl- 
C3 alcohols to dimethyl ether. Higher tem- 
peratures favored the formation of metha- 
nol which then dehydrates to give the ether. 
At 280°C the selectivity to dimethyl ether 
was 65% with the other major product be- 
ing methanol. Surprisingly, the methane se- 
lectivity dropped to 7% on increasing the 
temperature. Changing the GHSV resulted 
in the expected drop in conversion with no 
change in the oxygenate selectivity. Even 
after 160 h on stream, the catalyst remained 

TV3 HJCO 

TABLE 2 

Results of CO Hydrogenation over K[Fe2Mn(C0)12]/Zr02/Alz03m 

TOS(h) GHSV(h-‘) co conv(%) Selectivities (wt%) 

Cl c2-CI c5-c11 C& DME MeOH EtOH PrOH 

203 1 13 598 20.0 12.8 20.6 10.6 0 14.9 31.2 3.4 6.6 
251 1 45 299 48.0 7.9 6.5 3.9 0 46.8 19.7 0.6 13.0 
247 0.5 132 612 34.7 18.0 18.9 0 0 42.8 20.4 0 0 
280 1 158 299 58.4 6.9 13.3 0.7 0 65.7 13.5 0 0 

L? Pressure = 300 psig, catalyst volume = 10 cm3, bed length = 17.5 cm. 
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stable with conversions of 50% while main- 
taining the high selectivity to dimethyl 
ether. The selectivity to hydrocarbons 
showed the expected high ratio of olefin to 
paraffins that are common for FeMn cata- 
lysts (4). At low temperatures (200°C) the 
only C: hydrocarbon products were ole- 
fins. At higher temperatures some paraf- 
finic products are formed, but the high ole- 
fin/paraffin ratio was maintained. 

In summary, for the K[Fe2Mn(CO),J cat- 
alyst systems, the MgO and A1203 sup- 
ported catalysts gave typical Fischer- 
Tropsch (F-T) product distributions. 
Likewise, the product distribution and 
product type changed with time over these 
two catalysts. The MgO supported catalyst 
initially gave only hydrocarbon products, 
but after another 50 h oxygenates were ob- 
served. The Al203 supported catalyst ini- 
tially resulted in a mixture of oxygenates 
and hydrocarbons. The oxygenate selectiv- 
ity with the Al203 supported catalyst was 
minimal. The product distribution for the 
ZrOz . A&O3 was more stable. At all condi- 
tions studied, oxygenates were the major 
products, although there were changes in 
the distribution of the oxygenate products. 
This latter catalyst shows that long-lived 
selectivities for the synthesis of oxygenates 
can be obtained with a supported cluster 
catalyst. 

Ru cluster catalysts. Ru is one of the 
most active Fischer-Tropsch catalysts (8). 
The product distributions over Ru catalysts 
generally consist of methane or higher hy- 

drocarbons depending on the reaction con- 
ditions. Vannice reported that RulTiOl, 
prepared by conventional techniques, was 
an extremely active F-T catalyst (9). His 
results showed that at low pressures (150 
psig) the catalyst produced about 50-60% 
olefins with a fairly low selectivity to meth- 
ane. He also reported that the catalyst pro- 
duced exclusively hydrocarbons with no 
oxygenates, a product distribution typical 
of Ru catalysts. Our results using cluster 
derived catalysts result in substantial oxy- 
genates. 

We prepared TiOz (Degussa) supported 
Ru catalysts by impregnating the support to 
incipient wetness with a hydrocarbon solu- 
tion of clusters such as [Ru~(CO)~Z] and [H4 
Ru~(CO),~]. Metal loadings were 0.2% for 
[Ru~(CO),z]/TiOz and 0.9% for [HdRuq 
(CO)JTi02. 

Results for the conversion of synthesis 
gas are summarized in Table 3. The effect 
of pressure and Hz/CO ratio was examined 
for the [Ru3(CO)&TiOz while [HdRuq 
(CO)12]/Ti02 was only examined at two dif- 
ferent temperatures. OWC0hdTi02 
showed fairly good activity for the conver- 
sion of synthesis gas but only at tempera- 
tures greater than 300°C. Conversions at T 
< 300°C were too low to measure accu- 
rately in our system. A these temperatures, 
the conversions at 900 psig were 3040% 
with the product distribution showing some 
surprising results. The distribution of the 
products was not the expected hydrocar- 
bon distribution normally observed for Ru 

TABLE 3 

Results of CO Hydrogenation over TiOz Supported Ru ClusterscJ 

Cluster T(T)  Hz/CO GHSV PC psigl co CO”” Selectivitlec (wtW) 

Cl c2-c, CT-C,, C:, DME MeOH EtOH PrOH 

RuZCOhz 316 I 305 am 76.9 25.7 25.0 6.5 0 0 41.9 0.9 0 
RudCOhz 316 I 609 900 30.0 23.6 26.4 4.7 0 0 44.2 I.1 0 
RuJ(CO)IZ 320 I 305 3M) 10.2 54.6 19.7 3.6 0 0 22.0 0 0 
RuCOh 320 2 298 300 19.8 47.6 17.4 1.8 0 0 33.2 0 0 
Hdh(COh~ 260 I 309 300 25.4 48.6 39.6 6.8 0 0.9 I.3 2.4 0.4 
H&MCOh 301 I 604 300 28.8 44.7 29.5 7.6 0 0 11.5 1.4 II 

’ Catalyst volume = IO cm’, bed length = 17.5 cm. 
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catalysts. Instead, the products consisted results show that metal clusters can be used 
of a mixture of hydrocarbons and oxygen- to prepare active, stable catalysts for the 
ates. At 900 psig, the methanol selectivities conversion of synthesis gas. Although the 
were 40-45 wt% of the total product. Low- product distribution changes, the product 
ering the pressure to 300 psig resulted in the type stays fairly constant with time. There- 
expected drop in conversion and a drop in fore, through the appropriate choice of 
the methanol selectivity. At 300 psig, rais- cluster and support, one can alter the selec- 
ing the Hz/CO ratio to 2 resulted in an in- tivities for synthesis gas reactions. Anionic 
crease in the conversion and an increase in clusters, in particular, seem to provide in- 
the methanol selectivity. This result was teresting catalytic properties for CO hydro- 
rather surprising. We would expect metha- genation reactions (12). 
no1 to decompose on reaction with Ru 
metal at 3OO+“C. Others have shown signifi- ACKNOWLEDGMENTS 

cant methanol synthesis activity at temper- The experimental work of Ellen Valagene is grate- 
atures of 300°C (8). Earlier we suggested fully acknowledged. This work was carried out under 
that methanol forms by a CO insertion DOE Contract DE; AC22-80PC30021. 

mechanism that involves an intact metal 
cluster (10). An increase in the HZ partial 
pressure should result in the formation of a 
higher concentration of Ru metal and a loss 
in the methanol selectivity. Likewise, if the 
pressure is increased the cluster should be 
more stable and the methanol selectivity 
will be higher. 
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