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This method can also be particularly powerful in cases where 
the EPR spectrum is very poorly resolved and yields no infor- 
mation, as is t h e  case with t h e  neutral  paramagnet ic  compound 
[ ( $ - C , M e , ) Z r ( ~ o t ) ] ; ~ ~  ENDOR then becomes valuable in sup- 

plying the desired information without  necessarily resorting to  
X-ray diffraction methods. Proton and 91Zr ENDOR studies on 
t h e  la t ter  compound are under way.  

Registry No. [CpTi(cht)], 51203-49-7; [CpTi(cht)]-, 115338-78-8; 
[(TI’-C,D,)T~(C~~)], 115338-79-9; [(s5-C5D5)Ti(cht)]-, 115338-80-2; (22) Blenkers, J.; Bruin, P.; Teuben, J. H. J .  Orgonomet. Chem. 1985, 297, 

61. THF,  109-99-9. 
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Zeolite-supported ruthenium catalysts for the hydrogenation of carbon monoxide and carbon dioxide have been prepared by sorbing 
RU(CO)~ (molecular diameter 6.3 A) onto Na-Y zeolite and Linde 5A molecular sieve. Although the metal carbonyl is not 
absorbed into the pores of the molecular sieve (diameter 4.2 A), it is readily absorbed into the pores (diameter 7.4 A) and supercages 
(diameter 13 A) of the Na-Y zeolite. The Ru(CO)~ in Na-Y converts in the absence of carbon monoxide to the much larger 
R U , ( C O ) ~ ~  (diameter 9.2 A), which remains on the surface of the molecular sieve but is trapped within the supercages of the Na-Y 
zeolite because it cannot pass through the smaller pores. Slow, temperature-programmed heating of the R U ~ ( C O ) ~ ~  in Na-Y to 
350 OC under a flow of hydrogen results in decarbonylation and formation of a CO hydrogenation catalyst that produces a very 
atypical (for ruthenium) hydrocarbon distribution truncated at  about Clo. The unusual product distribution presumably arises 
because the catalyst sites are situated within the zeolite supercages. Thus the metal is highly dispersed and/or the growing 
hydrocarbon chains are subject to geometrical limitations on their growth. Consistent with this hypothesis, ruthenium carbonyl 
clusters immobilized on the external surfaces of Na-Y zeolite, Linde 5A molecular sieve, and y-alumina all exhibit typical, 
nonselective hydrocarbon product distributions. The same supported ruthenium carbonyl clusters are also extremely active catalysts 
for the selective hydrogenation of C 0 2  (H2:C02 = 4:l) to methane. At a lower H2:C02 ratio ( l : l ) ,  however, Na-Y-supported 
R u ~ ( C O ) , ~  catalyzes the hydrogenation of C02 to higher hydrocarbons as well (up to C16). Interestingly, C 0 2  hydrogenation 
differs from CO hydrogenation in that the former process (a) yields no olefins or isoalkanes, both of which are prominent from 
CO hydrogenation, and (b) does not result in a product distribution exhibiting the depletion in C2 products normally obtained 
from CO hydrogenation. In spite of these apparently significant differences, it is argued that C 0 2  hydrogenation involves initial 
reduction of the COz to CO and that hydrogenation of both proceeds via the same carbidic mechanism proposed elsewhere. 

In recent years, considerable research has been directed toward 
gaining a bet ter  understanding of reactions involving the ruthe-  
nium-catalyzed hydrogenation of carbon monoxide’ and dioxide.2 
Catalysts formed by supporting both inorganic ruthenium salts3 
and ruthenium carbonyl ~ I u s t e r s ~ ~ ~ ~ ~ ~ ~ ~  on simple oxides have k e n  

shown to  reduce CO to a wide variety of products, and there have 
also been a number of publications dealing with CO-hydrogenation 
catalysts containing ruthenium in zeolites and similar  material^.^ 
In contrast, t h e  hydrogenation of C 0 2  catalyzed by ru thenium 
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CO and C 0 2  Hydrogenation 

has been much less studied, in large part presumably because 
methane is normally the only product obtained over most supported 
ruthenium catalysts., Relatively little is known concerning the 
effects of catalyst precursor, dispersion, and nature of the support 
on CO, hydrogenation, and although hydrogenation of COz 
probably occurs via the intermediacy of sorbed CO:g*h,1*2m details 
of the mechanism remain obscure.4h For both C O  and CO, 
hydrogenation, the effects of varying the catalyst precursors, the 
reaction conditions, the metal dispersion, and the nature of the 
support have been investigated in There have also been 
extensive spectroscopic investigations of the nature of the species 
formed on sorption of ruthenium carbonyl clusters such as 
R U ~ ( C O ) , ~  on oxide supports.6 

We have earlier shown that catalysts based on Ru3(CO)1Z are 
very effective for the hydrogenation of both CO and COz at  
atmospheric pressure.zjvk We have now extended this work to a 
much wider investigation of CO and COz hydrogenation by various 
ruthenium clusters at higher pressures, with particular attention 
to the possible effects of a novel method for encapsulating Ru3- 
(CO),, in the pores of a zeolite. We also describe experiments 
designed to throw light on the mechanism of the hydrogenation 
of CO,. Aspects of this work have appeared previously.' 

Experimental Section 

Infrared (IR) spectra were run on a Bruker IFS 85 FTIR spectrom- 
eter. Catalyst testing was performed for the most part under essentially 
differential conditions in a Chemical Data Systems 803 Micro Pilot Plant 
stainless steel fixed-bed reactor with an on-line H P  5880A gas chroma- 
tograph equipped with both TC and FI detectors and n-octane Porasil-C, 
Porapak Q, and OV-101 columns. 

All supports used (y-alumina, Na-Y zeolite, and Linde 5A molecular 
sieve) were purchased from Strem Chemicals as 1/16-in. pellets and were 
dried at 500 OC and IO-2 mm pressure for 24 h prior to catalyst loading. 
The compounds R U , ( C O ) ~ ~  (I), N ~ [ H R U ~ ( C O ) ~ ~ ] ~  (11), [PPN][H- 
Ru,(CO), (111), H4Ru4(CO) lzlo (IV), and Ru6(CO) 18Cu2(toluene)z11 
(V) were prepared as in the literature. Impregnation onto y-alumina was 
achieved by dissolving each cluster in pentane or methanol (for anionic 
clusters), filtering the solution into a flask containing the support under 
nitrogen, and allowing the mixture to stir for 2 h. The solvent was then 
removed under reduced pressure, and the supported catalyst was dried 
in vacuo for several hours at room temperature. Catalysts prepared in 
this way were generally pretreated in the reactor tube with flowing hy- 
drogen (20 mL/m) at 200 OC for 20 h before use and contained 2-5% 
Ru by weight. 

The cluster R U , ( C O ) ~ ~  was introduced into the supercages of the 
Na-Y zeolite by vapor impregnation of the unstable monomer Ru(CO)~,  
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which was synthesized by published thermal and photochemical proce- 
dures.I2 In a typical experiment, 0.21 g of solid RU,(CO)~, and 5 g dried 
Na-Y zeolite were treated with 200 atm of C O  at  160 OC in a Su- 
perpressure Micro Series reactor. After 12 h the reactor was allowed to 
cool, and the zeolite pellets were transferred quickly to a nitrogen-filled 
flask as  they turned from colorless to orange. Alternatively, treatment 
of the ze~l i te /Ru,(CO),~ mixture with 80 atm of C O  in a Parr Stirring 
Minireactor gave the same results, although a longer time period (48 h) 
was required. 

An alternative procedure involved the treatment of a suspension of 
0.28 g of R U ~ ( C O ) ~ ~  in 200 mL of n-decane with 80 atm of C O  in a Parr 
Stirring Minireactor a t  150 OC for 3 h. The resulting colorless or very 
pale yellow solution was then transferred under C O  to a distillation 
apparatus, and Ru(CO)* (with some decane) was fractionally distilled 
at  room temperature and 4 mmHg pressure into a flask containing dried 
zeolite cooled to -78 "C. On back-filling of the collection flask with 
nitrogen and warming to room temperature, the zeolite pellets changed 
from colorless to orange. 

The R~, (CO)~~/zeol i te  catalyst precursors, which contained 2-5% Ru 
by weight, were subjected to two alternative pretreatment procedures. 
Procedure A involved rapid heating of the R ~ ~ ( C O ) ~ ~ / z e o l i t e  catalyst 
from room temperature to 200 "C in a reactor tube under flowing hy- 
drogen (20 mL/min, 21 atm). The sample was then held at  200 OC 
under the hydrogen flow for 20 h. Procedure B involved treatment of 
the R ~ ~ ( C O ) ~ ~ / z e o l i t e  catalyst under vacuum mmHg) or flowing 
hydrogen (20 mL/min, 21 atm) in the reactor tube, with temperature- 
programmed heating (1 OC/min) from room temperature to 350 OC. 
The catalyst sample was then held at  350 OC under hydrogen for 3-12 
h. 

Catalytic runs were typically performed with 1.4 g of catalyst a t  21 
atm and a gas hourly space velocity (GHSV) of 1000 h-I. Ratios of 
H2:C0 and H2:COZ were varied in the range 1:l to 4:1, with tempera- 
tures in the range 150-320 OC. Steady-state product distributions and 
C O  or COz conversions were normally achieved within 24 h, and runs 
were typically of 4-5 days' duration. 

Results and Discussion 
Zeolite-Supported Catalysts. (1) Catalyst Preparation. Mo- 

nomeric, colorless Ru(CO), has been synthesized essentially 
quantitatively by the carbonylation of Ru3(C0),, via both pho- 
tochemical and thermal procedures12 and has been characterized 
by its IR spectrum8-l2 (vc0 2037 (s), 2001 (vs) cm-' in cyclo- 
hexane). Although the monomeric pentacarbonyl appears to be 
rapidly sorbed into Na-Y zeolite to give a colorless, Ru(CO),- 
containing zeolite catalyst precursor, the system rapidly loses CO 
when exposed to an atmosphere of nitrogen rather than CO, as 
is suggested by the observation of a rapid color change of the 
loaded zeolite from colorless to orange, the color of Ru3(C0),,. 
It has been reported, and we have confirmed, that the monomeric 
pentacarbonyl is unstable with respect to quantitative conversion 
to Ru3(C0),, in hydrocarbon solution in the absence of added 
CO.I4 Interestingly, it has also been reported that Na-Y absorbs 
precisely three molecules of the slightly smaller Fe(C0),,lS sug- 
gesting that the formation of R U ~ ( C O ) ~ ~  occurs with ease in part 
because a zeolite supercage can hold three molecules of the 
pentacarbonyl precursor. Indeed, it is our experience that Ru- 
(CO), converts to the trimer more rapidly in the zeolite than in 
solution. l 4  

More direct evidence that Ru(CO), does indeed sorb into the 
Na-Y has been obtained from IR studies. Samples of the colorless 
pellets loaded with Ru(CO), as described in the Experimental 
Section were handled in a CO-filled glovebag; under these con- 
ditions, the pellets became orange only over about a 15-min period. 
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Table I. Results of CO Hydrogenation Experiments over Catalysts a, a, and y',b 

% CO conversione re1 mol % olefin contentd 
catalyst to hydrocarbons to CO, Cl C2 C,+ C m n .  C, C? Cd 

3L 3.0 0.5 67 5 28 c20 0.47 0.74 0.72 
P 4.2 0.8 49 6 45 c16 0.39 0.70 0.73 
Y 4.0 2.0 66 8 28 CII 0.52 0.68 0.52 

OCatalysts a, p, and y were prepared as described in the Experimental Section. bCatalytic conditions: P = 320 psig, T = 200 OC, GHSV = 1000 
h-', H,:CO = 1 : l .  cTotal conversions 3.5-6%. dolefin content = no. of moles of olefin of carbon no. nltotal hydrocarbon of carbon no. n. 

FTIR spectra of freshly prepared Nujol mull samples were run 
quickly and were found to contain broad absorptions at 2134 (w), 
2079 (w, sh), 2062 (m), 2043 (s), 2021 (m), 2002 (w), and 1987 
(w, sh) cm-I. This rather complicated spectrum is very similar 
to that reported by Bein and Jacobs15 for Fe(CO), in Na-Y zeolite. 
Ru(CO), and Fe(CO)5 are both trigonal-bipyramidal molecules 
and exhibit very similar IR spectra in cyclohexane solution (vco 
2037 (s) and 2001 (vs) and uco 2023 (s) and 2000 (vs) cm-I, 
respectively). It has been proposed that the IR spectrum of 
Fe(CO)5 is much more complicated in the zeolite than in solution 
because of weak interactions of the carbonyl oxygen lone pairs 
with Lewis acid sites within the zeolite;I5 similar interactions would 
be expected for the larger Ru(CO),. Frequency shifts and ac- 
tivation of otherwise IR-inactive vibrational modes ensue, ap- 
parently for the ruthenium analogue also. 

The conversion of Ru(CO), to RU,(CO)~,, as evidenced by the 
development of an orange coloration of the pellets, involved sig- 
nificant changes also in the Nujol mull IR spectra of the pellets. 
The spectral features attributed to sorbed Ru(CO), disappeared, 
giving rise to a series of absorptions at 2167 (w), 2135 (w), 2123 
(w), 2103 (m, sh), 2075 (s, br), 2040 (m, sh), 2002 (w, sh), and 
1974 (w, sh) cm-l, which correspond to those reported else- 
where6b~c.f~h~' for adsorbed Ru3( CO) *. 

It seems clear from the above results that the relatively small 
Ru(CO), (molecular diameter 6.3 A) can diffuse readily into the 
pores (diameter 7.4 A) and supercages (diameter 13 A) of the 
ze01ite.I~ In the absence of a partial pressure of CO, however, 
this monomer converts to the cluster Ru3(CO),, (molecular di- 
ameter 9.2 A),  which, although small enough to fit inside the 
zeolite supercage, is presumably too large to pass through the 
zeolite pores.,] Relevant to this point are observations that similar 
experiments with 200 atm of nitrogen at room temperature and 
100 "C did not lead to coloration of the pellets, while experiments 
under nitrogen at temperatures > 100 "C resulted in decomposition 
of R U ~ ( C O ) ~ ,  to give a black material (ruthenium metal?) and 
a brown cluster that extracted into chloroform (vco 2072 (s, sh), 
2068 (s), 2035 (m) cm-I). The compound is probably Ru,C(C- 
0)1613 (uco 2077 (m), 2057 (s), 2028 (m) cm-' (hexane)). The 
failure of Ru3(CO),, to sublime into Na-Y zeolite at 100 OC under 
nitrogen rather than CO pressure strongly implies that loading 
occurs only via RU(CO)~, and we are sceptical of a literature claim 
that Ru3(CO) has been successfully sorbed into Na-Y  eol lite.,^ 
We note that others have also found that Ru3(C0),, does not 
diffuse into Na-Y ~ e o l i t e . ~ J  

Interestingly, attempts to sublime R u ( C O ) ~  into the ores of 
Linde 5A molecular sieve (kinetic pore diameter 4.2 Wl6) ap- 
parently failed, as tetrahydrofuran readily leached Ru3(C0),, from 
the molecular sieve after impregnation with Ru(CO),. Fur- 
thermore, a Nujol mull spectrum of the residual Ru3(C0),, on 
Linde SA was very similar to the IR spectrum of a Nujol mull 
of unsupported Ru3(CO),, but very different from that of Ru3- 
(CG),, sorbed in Na-Y zeolite (which could not be extracted with 
tetrahydrofuran). The Linde SA material also exhibited very 
different catalytic properties (see below). 

Temperature-programmed decomposition of Na-Y-sorbed 
RU,(CO)~, was studied by IR spectroscopy. Heating to 150 OC 
resulted in disappearance of the carbonyl bands attributed to 
Ru3(CO),, and appearance of broad features at about 2050, 1969, 
and 1950 cm-I, assignments of which are subject to controversy.6 

(16) R ~ c k .  Il U Zedire Molecuiar Siecjes: Wiley: New York, 1974. 
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Figure 1. Anderson-Schulz-Flory plots for catalysts (Y (a), p (b), and 
y (c) (conditions as in Table I). 

The latter absorptions were still very apparent at 280 OC but had 
disappeared by 350 OC, suggesting that catalysts prepared by our 
pretreatment procedure A (rapid heating to 200 O C  under flowing 
hydrogen) were probably not completely decarbonylated. In 
contrast, catalysts prepared by pretreatment procedure B (slow 
heating to 350 OC under flowing hydrogen) would be completely 
decarbonylated. The possible implications of these inferences will 
be discussed below. 

Catalysts for CO and C 0 2  hydrogenation were synthesized via 
essentially two preparative and two pretreatment procedures, as 
described in the Experimental Section. Catalysts hereafter 
designated CY and f l  were prepared by sorbing Ru(CO), into Na-Y 
zeolite at high temperature (160 "C) and pressure (200 atm), and 
catalyst y was prepared by sorbing distilled R U ( C O ) ~  into Na-Y 
zeolite at room temperature, i.e. under significantly milder con- 
ditions. Subsequent pretreatment of CY involved the above-de- 
scribed procedure A, i.e. rapid heating of the sample to 200 "C. 
In contrast, catalysts f l  and y underwent procedure B, which 
involved temperature-programmed heating ( 1  "C/min) to 350 
OC, a much milder treatment in the initial stages. Thus, the three 
classes of catalysts, a,  f l  and y, were prepared under conditions 
of decreasing severity, in that order. 

(2) Carbon Monoxide Hydrogenation. Studies of the hydro- 
genation of CO, catalyzed by the three classes of catalysts, were 
carried out under a variety of conditions, as outlined in the Ex- 
perimental Section. Typical results are presented in Table I, and 
representative product distributions are shown in Figure 1 as 
Anderson-Schulz-Flory (ASF) plots. Methane was a major 
product in all cases, although significant amounts of n-alkanes, 
isoalkanes, and olefinic (up to 75% of the total for C,) hydro- 
carbons were also obtained. Increasing the temperature and the 
H,:CO ratio resulted in increased methane production, although 
altering the total pressure by a factor of 2 had little effect on 
product distributions. 

It was found that catalyst a exhibited a CO conversion and 
nonselective product distribution typical of those reported else- 
where both for Ru,(CO),,-on-Na-Y c a t a l y s t ~ ~ J . ~  and for poorly 
dispersed catalysts derived from ruthenium compounds on non- 
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zeolitic supports at medium p r e s ~ u r e . ~ ~ * ~ ~ , g  Indeed, the ASF plot 
for catalyst a (Figure l a )  is typical of those of many Fischer- 
Tropsch catalysts based on transition metals, including ruthenium.' 
A CO conversion of about 6% was maintained for 4 days with 
this catalyst, and olefins constituted 40-60% of the total hydro- 
carbons, a proportion typical of many ruthenium-based Fisch- 
er-Tropsch Furthermore, the n-butane: 
isobutane ratio was 4.0; isoalkanes are atypical products of ru- 
thenium-based CO hydrogenation catalysts but have been observed 
for ion-exchanged Ru/Na-Y 

Interestingly, catalysts p and y, which were prepared under 
increasingly milder conditions in that order, produced atypical 
product distributions (Figure 1 b,c, respectively). This is especially 
true of catalyst y, which exhibited a dramatic truncation of the 
products a t  Cg, corresponding approximately to the dimensions 
of the Na-Y supercage. The length of time over which this 
selective product distribution was observed (up to 4 days) precludas 
the possibility that a transient phenomenon such as retention of 
higher hydrocarbons by zeolite was responsible. In addition, the 
observation of normal ASF product distributions, with similar 
conversions, early in runs involving catalyst cy is evidence that the 
shape selectivity described above is a true cage effect and not a 
transient phenomenon. 

For catalyst p, olefin proportions and CO conversions were 
much as for catalyst a,  although the n-butane:isobutane ratio was 
somewhat lower ( 2 . 2 ) .  For catalyst y, the CO conversion was 
similar, but the n-butane:isobutane ratio (0.46) and the olefin 
proportions were somewhat lower. 

The ASF profile for catalyst y is very similar to that observed 
for a Ru/Na-Y system prepared by ion exchange with [Ru- 
(NH3)6]C13,sa~b and it is interesting to note that a Fischer-Tropsch 
catalyst containing ruthenium supported on silica having a pore 
diameter less than 20 8, and very narrow pore size distribution 
also gives rise to non-ASF behavior, with a truncation in the 
C9-C,, region.sm The precise nature of the apparent cage effect, 
whether it arises from the pore size restrictions on chain growth 
or from a particular ruthenium particle size distribution induced 
by the support, cannot be defined with confidence, as it is becoming 
increasingly apparent that Fischer-Tropsch product distributions 
are sensitive to many subtle factors having to do with the mode 
of catalyst preparation.]' 

However, similar distributions have also been observed for 
catalysts based on Fe3(CO)12se~19 and C O ~ ( C O ) ~ I ~  in Na-Y, and 
the fact that different metal catalyst systems give rise to a common 
cutoff point corresponding to the dimensions of the Na-Y su- 
percage suggests the operation of a cage effect. In addition, the 
product distribution exhibited by catalyst y is novel for Ru3- 
(CO),*/Na-Y systems; no shape selectivity has been observed 
for R U ~ ( C O ) ~ ~ / N ~ - Y  catalysts prepared under c~nditions~~J~O that 
our results suggest cannot involve vapor impregnation of the cluster 
within the zeolite supercages. The novel loading procedure de- 
scribed here, in which the smaller, more volatile R U ( C O ) ~  is 
employed, is the first to ensure that Ru, (CO)]~  is formed within 
and is immobilized by the zeolite supercage. 

In contrast, catalysts a and p were formed under conditions 
in which R U ( C O ) ~  could diffuse into the zeolite pores but a t  a 
sufficiently high temperature (200 "C) that thermal degradation 
of either the R U ( C O ) ~  or the R u ~ ( C O ) ] ~  to which it was being 
transformed could also lead to immobilization of some of the 
ruthenium on the outside surfaces of the support.6 In addition, 
catalyst a underwent a pretreatment procedure involving very rapid 
heating of only partially decarbonylated material, and it would 
appear that extensive migration of metal out of the supercages 
had occurred. In any case, the catalytic behavior of the system 
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(17) For discussions, see ref 5p, 5q, and 18. 
(18) Jacobs, P. A. In Catalysis by Zeolites; Imelik, B., Naccache, C., Ben 

Taarit, Y.,  Vedrine, J. C., Coudurier, G., Praliaud, H., Eds.; Elsevier: 
Amsterdam, 1980; p 293. 

(19) Ballivet-Tkatchenko, D.; Chau, N. D.; Mozzanega, H.; Roux, M. C.; 
Tkatchenko, I. In Catalytic Activation of Carbon Monoxide; Ford, P. 
C., Ed.; ACS Symposium Series 152; American Chemical Society: 
Washington, DC, 1982; p 187. 

Table 11. Results of C 0 2  Hydrogenation over Catalyst CY and a 
Catalyst Prepared by Supporting Ru,(CO),~ on Linde 5A Molecular 
Sieve' 

prod. distribn, mol 
% % conversion 

catalyst (as%)  c, c2 c3+ c m * x  

ff 100 99.8 0.2 c2 
Ru/Linde 5A 92 99.5 0.5 c2 

"P = 200-320 psig, GHSV = 1000 h-l, T = 320 OC, H2:C02 = 4:l .  

Table 111. Results of C02 Hydrogenation over Catalysts CY and 
% conversion rei mol % 

catalyst to hydrocarbons to CO C,  C2 C3+ C,,, 
a b  25 0 97 1.8 1.2 CI6 
YC 4.2 2.8 90.2 5.0 4.8 CI, 

O P  = 320 psig, T = 200 "C, GHSV = 1000 h-I, H2:C02 = I:1. 
bTotal conversion 25%. 'Total conversion 7%. 

was clearly not dominated by intracage catalyst sites. Catalyst 
p, which was prepared under the forcing conditions of catalyst 
cy but pretreated under the mild conditions of catalyst y, exhibited 
bimodel behavior characteristics of the presence of two distinctly 
different types of sites1* and/or of a catalyst with both surface 
and supercage active sites.I9 

Interestingly, a catalyst prepared by sorbing R u ( C O ) ~  onto the 
small pore Linde 5A molecular sieve exhibited a nonselective 
hydrocarbon product distribution very similar to that observed 
for catalyst a. In the molecular sieve system, the ruthenium clearly 
existed only on the external surface of the support. In addition, 
catalyst y appeared to begin to lose some of its selectivity after 
50 h on stream, as heavier hydrocarbons began to appear. It has 
been reported that ruthenium volatilization via carbonyl formation 
can occur in systems similar to those studied here,20 providing a 
mechanism for migration of the metal to the zeolite surface. Thus 
the product selectivities exhibited to varying degrees by catalysts 
/3 and y seem best rationalized on the basis of cage-encapsulated 
ruthenium particles. Consistent with this conclusion, it was found 
that a catalyst loaded into Na-Y zeolite as per catalyst a,  but 
then treated with methyl iodide, exhibited reduced activity and 
a product selectivity very similar to that of catalyst y. This 
behavior, not noted previously by others who have done similar 
 experiment^,^^ may be attributed to selective poisoning of the 
ruthenium on the surface, leaving only catalytic sites within the 
pores of the zeolites. Unfortunately, we did not observe the C2 
enhancement reported elsewhere.50 

All three catalyst systems, a, p, and y, produced significant 
quantities of isobutane, a property heretofore associated only with 
ruthenium catalysts formed by ion-exchange impregnation into 
zeolite The interpretation to be given these results is 
not clear. 

(3) Carbon Dioxide Hydrogenation. C 0 2  hydrogenation ex- 
periments were carried out by using the same catalyst systems 
(cy, p, y) described above, but under two distinct sets of reaction 
conditions. Those discussed first have involved high temperatures 
and H2:C02 ratios, conditions under which methanation is the 
dominant reaction, in order to compare the catalyst activities and 
selectivities with those of previously studied, very active C 0 2  
methanation catalysts.2J,kJ' Experiments were also carried out 
under conditions designed to favor the formation of higher hy- 
drocarbons, which are not normally obtained from C 0 2  hydro- 
genation. Interesting comparisons with the properties of catalysts 
a, and y as CO hydrogenation catalysts became possible, leading 
to information pertinent to the mechanism of C02  hydrogenation. 

As indicated in Table 11, catalyst a and the R ~ ~ ( C 0 ) ~ , / L i n d e  
5A catalyst were both superb C 0 2  methanation catalysts a t  320 
O C ,  producing methane but very little CO and C2-C4 hydro- 
carbons; both catalysts exhibited C 0 2  conversions nearing 1 OO%, 

(20) Goodwin, J. G.; Goa, D. 0.; Erdal, S.; Rogan, F. H. Appl. Catal. 1986, 
24, 199. 
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Figure 2. Anderson-Schulz-Flory plots for CO hydrogenation (a) and 
C 0 2  hydrogenation (b) over catalyst a (conditions as in Tables I and 111). 

essentially independent of the total pressure (1, 8, 22 atm). The 
conversions were temperature-dependent for both the Na-Y 
supported and Linde SA supported materials, and an Arrhenius 
plot of the latter system gave an activation energy of 30 f 2 
kJ/mol in the temperature range 150-240 OC. This value is 
probably less certain than suggested because no precautions were 
taken to minimize heat-transfer effects, but linearity in the Ar- 
rhenius plot was achieved in the temperature ranged noted. The 
value determined is a t  the lower end of the range of activation 
energy data that have been reported for supported ruthenium C 0 2  
methanation catalysts (~41-103 k J / m ~ l ) ; ~ g , ~ , ' , ~ ~  there appears to 
be as yet no rationale for the widely varying values. 

Attempts to minimize methane formation and to enhance the 
formation of higher hydrocarbons were made under typical 
Fischer-Tropsch conditions (200 OC, 20 atm, H2:C02 = 1:l). Our 
initial experiments involved the use of catalyst a, which was very 
nonselective for CO hydrogenation. As shown in Table 111, small 
but significant amounts of up to CI6 hydrocarbons formed, a result 
apparently without precedent in the literature for C 0 2  hydro- 
genation. The product distribution obtained is illustrated as an 
ASF plot in Figure 2, where it is compared with the profile 
obtained with the same catalyst for CO hydrogenation. The 
amount of Cz  and higher hydrocarbons is very much lower for 
CO, hydrogenation, but the more significant observation is that 
the two profiles are strikingly different. Absence of the C2 de- 
pletion observed for CO hydrogenation and characteristic of many 
Fischer-Tropsch catalysts is particularly noteworthy; in addition, 
no olefins or isoalkanes were observed in the case of C 0 2  hy- 
drogenation. These experiments were entirely reproducible, both 
in separate experiments with the two carbon oxides and in ex- 
periments in which the HI-CO and Hz-C02 feed gases were 
repeatedly alternated with the same catalyst sample on stream. 

In an attempt to demonstrate for the first time shape selectivity 
during CO, hydogenation, a run was made by using catalyst y; 
the results are shown in Table I11 but are inconclusive. A cutoff 
point may exist at C,,,  but the small amounts of hydrocarbons 
formed are near the limits of GC detection. 

(4) Mechanistic Considerations. Differences in activities and 
product distributions have been noted in the hydrogenation of CO 
and CO, over identical catalysts, suggesting at first sight that the 
two reactions proceed via different mechanisms. However, our 
results can nevertheless be rationalized within the prevailing view 
that C 0 2  hydrogenation proceeds via initial transformation of 
adsorbed C 0 2  to adsorbed CO and oxygen, followed by disso- 
ciation of the CO to active carbidic carbon, which is in turn 
h y d r ~ g e n a t e d . ~ ~ * I - ~ ~  Thus, the hydrogenations of CO and C 0 2  

111 IV v I I1 

reactinggas C 0 2  CO CO, CO C02 C 0 2  C 0 2  
conversion, 70 9 4 9 4 2 9 23 
re1 mol 9i 

Cl 91 65 96 65 96 98 97 

c3+ 0.3 28 1 27 0.2 0.4 0.5 
c2 3 1 3 8 4 2 3  

c m a ,  CIS c22 CIO c2, c, c,, CIS 
tot. % olefins 0 20 0 20 0 0 0 

'Activated at 350 OC under H2 flow unless stated otherwise; 1-2% 
Ru; H2:C02 or H2:C0 1:l;  temperature 220 O C  and GHSV = 1700 
h-! . 

would both involve the same active carbon intermediates(s). 
It has been determined that the concentration of adsorbed CO 

and active carbide species on a supported ruthenium catalyst 
surface is significantly lower during C 0 2  than during CO hy- 
drogenation, resulting in much higher surface hydrogen concen- 
trations during hydrogenation of C02.2h If the rate-determining 
steps of both CO and C 0 2  hydrogenation processes involve hy- 
drogenation of the active carbon,2h the localized, relatively hy- 
drogen-rich environment at the active sites during C 0 2  hydro- 
genation would be expected to increase the proportion of methane 
formed relative to the amount formed during CO hydrogenation. 
As we have demonstrated here for the first time, extensive hy- 
drocarbon chain growth can occur during C 0 2  hydrogenation, but 
this result in fact provides further evidence for the validity of the 
proposed mechanism. No olefins are observed during CO, hy- 
drogenation, consistent with there being a relatively high hydrogen 
concentration; if olefins are formed, they are rapidly hydrogenated, 
in contrast to behavior during CO hydrogenation. In addition, 
there is no deficiency of ethane in the ASF plot illustrated for 
CO, hydrogenation in Figure 2; if ethylene is formed, it is hy- 
drogenated rather than incorporated into growing hydrocarbon 
chains as is believed to occur during CO hydrogenation.Ia The 
formation of branched hydrocarbons during CO but not during 
CO, hydrogenation may be rationalized similarly; secondary re- 
actions involving incorporation of olefins into growing chains, to 
form branched isomers,Ia will be prevented if olefin hydrogenation 
is rapid. 

y-Alumina-Supported Catalysts. The rationale behind the use 
of the various ruthenium carbonyl clusters followed our earlier 
low-pressure studies2Jsk involving Ru3(CO),, (I)  and was based 
in part on reports of promoter effects on CO hydrogenation. For 
instance, N ~ [ H R U , ( C O ) ~ , ]  (11) was studied because sodium is 
known to be a catalytic promoter of chain growth and olefin 
f~rmat ion;~ '  [PPN] [ H R U , ( C O ) ~ ~ ]  (111), for purposes of com- 
parison. H4Ru4(C0),, (IV) has been shown to exhibit unusual 
product distributions in CO hydrogenation experiments.4d Thus 
it seemed worthwhile to investigate the possibility of these in- 
teresting properties being carried over into CO, catalytic hy- 
drogenation. In addition, copper is involved in the catalytic 
conversion of C 0 2  to methanol,21 and it seemed possible that the 
bimetallic copper-ruthenium cluster, Ru6(CO) &u,(toluene), (V), 
might form oxygenates from CO, hydrogenation. 

The results of several comparative experiments are shown in 
Table IV. As can be seen, the results were generally disap- 
pointing, although again rather long hydrocarbon chains were 
obtained during CO, hydrogenation over most of the clusters. 
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