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Previous results for zeolite-supported Ru prepared by ion-exchange suggested a possible effect of 
the nature and concentration of the neutralizing cations in the zeolite on the catalytic properties of 
the metal. The interpretation of these results were complicated by the fact that a series of zeolites 
with different WA1 ratios was used. This paper reports the results of a study of a series of RuY 
catalysts prepared from NH4Y, LiY, NaY, KY, RbY, and CsY zeolites. The nature of the group IA 
cations was found to have little effect on chemisorptive properties and on the activity and chain 
growth probability in CO hydrogenation on Ru. However, the nature of the cations produced 
changes in secondary reactions of primary olefinic products as a result of differences produced 
during catalyst preparation in Ru distribution in the zeolite crystallites and of possible modifica- 
tions of the acid sites generated during reduction of the Ru. 8 1986 Academic press, 1~. 

I. INTRODUCTION 

Among the metals which catalyze carbon 
monoxide hydrogenation, ruthenium is 
considered to be one of the most active (2). 
Its characteristics for the Fischer-Tropsch 
(F-T) synthesis have been the object of a 
number of investigations. Several studies 
(1-6) have provided evidence that the ad- 
sorption and catalytic properties of ruthe- 
nium for CO hydrogenation depend mark- 
edly on the nature of the material on which 
it is supported, especially in well-dispersed 
systems. Zeolites are one class of supports 
upon which much attention has been fo- 
cused in the ongoing search for means by 
which the product selectivity of F-T cata- 
lysts may be controlled. Due to their equiv- 
alent high surface areas, high metal disper- 
sion can be maintained on such supports 
(7-10). Owing to the incorporation of the 
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metal particles in a geometrically restricted 
environment, zeolite-supported catalysts 
may exhibit shape selectivity (ZZ-25), thus 
restricting the normal chain growth process 
which characterizes F-T catalysts. In addi- 
tion, for many zeolite-based catalysts, ow- 
ing to their acidic nature, secondary reac- 
tions such as isomerization, usually 
acid-catalyzed, can influence the product 
distribution (16). 

Earlier studies in this laboratory (17, 18) 
have provided evidence that the adsorption 
stoichiometries and states of Hz and CO on 
ruthenium can be significantly affected by 
the type of zeolite in which the metal is 
entrapped. The observed changes in ad- 
sorption as well as in the activity and selec- 
tivity of these catalysts (9, 10, 19) have 
been attributed mostly to modifications of 
the electronic structure of the metal parti- 
cles as a result of metal-support interac- 
tions. Although these previous studies sug- 
gested ways in which the zeolite support 
might affect adsorption and catalytic prop- 
erties of ruthenium catalysts, the trends for 
these support effects still remained some- 
what inconsistent and ambiguous. Indeed, 
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at least as far as the activity of these cata- 
lysts is concerned, Jacobs et al. (19) found 
that the less acidic zeolites acted as pro- 
moters for CO hydrogenation. However, 
others have demonstrated just the opposite 
effect of support acidity (20) or have found 
no effect at all (3). In fact, such conflicting 
results are not so surprising since, in addi- 
tion to particle size effects, a large number 
of parameters may change the environment 
of the metal particles encaged in zeolites 
and hence their adsorption and catalytic 
properties. Some zeolite properties, such 
as acidity, depend on constituent atoms or 
ions of the zeolite framework (21). 

The present work was undertaken to in- 
vestigate systematically the influence of al- 
kali neutralizing cations on CO hydrogena- 
tion over ion-exchanged zeolite-supported 
ruthenium catalysts. 

II. EXPERIMENTAL 

Materials. The zeolites NaY and NH4Y 
(84% exchanged) were obtained from Strem 
Chemicals. Extensive ion-exchange of NaY 
with alkali nitrates (Alfa Products, ultra- 
pure) was carried out in order to obtain MY 
(M = Li, K, Rb, Cs) zeolites with an ex- 
change level as high as possible. NaY was 
vigorously stirred at room temperature for 
18 h in an aqueous solution containing a 
twofold equivalent excess of MN03. Re- 
peated contacts and higher temperatures 
were used in the case of the large-sized cat- 
ions. Finally, the MY samples were washed 
several times with distilled water and then 
dried at 323 K. 

The Ru-loaded zeolites were prepared by 
ion-exchange with Ru(NH3)& (Strem 
Chemicals) which had been first dissolved 
in a very dilute hydrochloric acid aqueous 
solution (pH = 4.5). Subsequently, the so- 
lution was mixed with the required amount 
of a given zeolite and stirred continuously 
for 50 h at room temperature. The solid was 
then filtered, thoroughly washed with de- 
ionized water in order to free it of Cl ions, 
and dried in air for 24 h at 323 K. 

The resulting ruthenium catalyst precur- 
sors were then decomposed under vacuum, 
while heating at 0.5 K mine1 up to 673 K. 
This temperature was maintained for 4-5 h. 
The samples were then reduced for 1 h in 
hydrogen at that maximum temperature. 
This decomposition method using vacuum 
has been shown to result in higher disper- 
sions of the metal than that resulting from 
decomposition under flowing helium (22). 
This is especially the case when the ruthe- 
nium-zeolites contain large-sized cations 
such as Rb and Cs. 

In order to compare properties of Ru/ze- 
olite catalysts with a more conventional 
system, one silica-supported Ru sample 
was prepared following the ion-exchange 
method recently reported by Gay (23). A 
calculated amount of RuC& . 1.5HzO 
(Strem) was dissolved in 6 ml H20 per gram 
of SiOZ used and added to the SiOl (Strem) 
under vigorous shaking. Hydrazine hydrate 
(Fisher Scientific) (0.8 ml per gram of silica) 
was then added slowly in order to generate 
in situ Ru(lI) ammine species (24). The 
mixture was stirred continuously for sev- 
eral hours, then washed with cold 1 M am- 
monia solution (Fisher), and dried at 373 K 
for 3 h. The pretreatment and reduction 
conditions were the same as previously de- 
scribed. 

Catalyst characterization. The composi- 
tion of the various catalysts obtained was 
determined by atomic absorption and 
flame-emission spectroscopy using a 
Perkin-Elmer 380 atomic absorption spec- 
trometer, before and after exchanging the 
ruthenium. A quantitative analysis of Ru in 
all samples was also performed by atomic 
absorption. The method applied was essen- 
tially the same as that described by Fabec 
(25) with minor modifications. The crystal- 
linity of the catalysts were examined by X- 
ray diffraction at various stages of prepara- 
tion, pretreatment and after reaction. 

Chemisorption of hydrogen and carbon 
monoxide were carried out at ambient tem- 
perature in a conventional volumetric appa- 
ratus where a vacuum of 1 x 10m6 Torr was 
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achieved. Air Products UPC grade hydro- 
gen and helium were passed through a liq- 
uid-nitrogen trap and carbon monoxide 
through a dry-ice trap before being admit- 
ted to their respective reservoirs. Helium 
was used for dead-volume determination. 
The prereduced catalyst (OS-1 g) was 
evacuated at room temperature, heated 
slowly (0.5 K min-‘) to 673 K in the pres- 
ence of ca. 300 Torr HI, and held at that 
temperature for 2 h. The sample was then 
evacuated for 2 h at 673 K and cooled to 
room temperature. The total uptake of hy- 
drogen or carbon monoxide was deter- 
mined from 50 to 300 Torr and the linear 
part of the isotherm was extrapolated to 
zero pressure. For this first point of the iso- 
therm, the system was allowed to equili- 
brate during 24 h; for the subsequent points 
equilibrium was reached in about 1 h. A 
second isotherm was performed in the same 
manner after evacuating the catalyst for a 
short period of time (ca. 5 min). The differ- 
ence between the two isotherms, at zero 
pressure, gave the amount of irreversibly 
(strongly) chemisorbed hydrogen or carbon 
monoxide (26, 27). 

Hydrogen chemisorption measurements 
were used to calculate the surface area as- 
suming a stoichiometry of Hi&U, = 1 (26) 
and an average Ru surface area of 8.17 A2 
(10 A = 1 nm) (28). The relationship dp = 51 
Sp, where p is the density of the metal and 
S the surface area of Ru per gram of Ru, 
was used to assess the average Ru crys- 
tallite size, &. The Ru dispersion was cal- 
culated by D(%) = (Ru,/RuT) X 100. 

Reaction studies. Fischer-Tropsch syn- 
thesis was carried out in a tubular micro- 
reactor made from a stainless-steel tube of 
& in. diameter (1 in. = 2.54 cm). The reac- 
tion temperature was controlled by a ther- 
mocouple inserted into the catalyst bed. 
The prereduced catalyst (0.2-0.5 g) was 
loaded into the reactor and heated under a 
hydrogen stream of 3.6 liters/h. The tem- 
perature was ramped to 673 K at 2 K/min 
and held there for 2 h before cooling to re- 
action temperature. Ultrahigh purity Hz 

TABLE 1 

Unit Cell Composition of the Alkali 
Y-Zeolites 

Zeolites Composition 

NaYa Na&WN&l02h 
LiY Na96.4Li15.6(A102)52(Si02),40 
KY Na2.6K49.4(A102)52(S102)140 
RbY Nam ~Rb~4.8(AlO2)52(Si02)140 
CSY Na21.~Cs~5.~(A102)520140 

a Starting material. 

and CO supplied by Air Products were 
passed through molecular sieve traps to re- 
move water. Prior to passage through the 
molecular sieve trap, the hydrogen was 
passed through a Deoxo unit to react any 
oxygen present to water. Reaction was car- 
ried out at atmospheric pressure and 483- 
573 K using a 1: 1 mixture of HZ/CO flowing 
at 2.4 liters/h. Under these conditions, CO 
conversion was found to be lower than 
lo%, even at the highest temperatures used 
in this study. After 5 min of reaction, a sam- 
ple of the effluent gas was analyzed on-line 
using two chromatographs. A Varian 3700 
gas chromatograph fitted with a flame ion- 
ization detector and a 12 m SP-1700 column 
maintained at 353 K permitted separation of 
all hydrocarbons and most isomers in the 
C3-C6 fraction. A second chromatograph 
(Varian 1400) equipped with a thermal con- 
ductivity detector and a 2-m stainless-steel 
column packed with Porapak Q was used to 
separate CO, COZ, CH4, C2H4. CZH~, and 
H20. Peak areas were determined by an 
electronic integrator (Varian CDS I 1 I). The 
hydrogen bracketing technique, which gave 
the catalyst a 30-min hydrogen exposure af- 
ter every 5 min of reaction, was found suffi- 
cient to maintain a clean metallic surface, 
thus giving reproducible results. 

III. RESULTS AND DISCUSSION 

Chemical Composition and Structural 
Character of the Zeolites 

The dehydrated unit cell composition of 
the various zeolites is given in Table 1. The 
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metal loading of the ruthenium-exchanged 
zeolites is given in Table 2 with the chemi- 
sorption results. Except for LiY-zeolite, 
maximum amounts of exchange reported in 
the literature (29) were obtained for the 
other alkali zeolites. Chemical analysis af- 
ter Ru exchange indicated that only 50% of 
the lithium exchanged remained in the zeo- 
lite. However, as will be seen in the follow- 
ing sections, even this small amount of lith- 
ium was sufficient to produce noticeable 
changes in the acid-catalyzed secondary re- 
actions occurring during CO hydrogena- 
tion. 

The X-ray diffraction measurements 
showed that the samples were highly crys- 
talline. Furthermore, the X-ray diffracto- 
grams indicated that the structures of the 
zeolites were essentially unaffected by the 
various steps of catalyst preparation, re- 
duction procedure, and reaction condi- 
tions. This is in agreement with the X-ray 
diffraction results reported by Pearce et al. 
(30) for the Ru/Y-zeolite system. 

Relatively high values of nitrogen physi- 
sorption capacities obtained for the various 
catalysts before and after Ru exchange and 
reduction also indicated preservation of 
crystallinity with no loss of internal surface 
area due to breakdown of the zeolite 
framework during the preparation and re- 
duction of the catalysts (31). 

Hz and CO Chrmisorption 

The hydrogen chemisorption measure- 
ments were used to calculate metal particle 
size and dispersion. However, Hz chemi- 
sorption alone may not be very reliable for 
characterization when the metal is highly 
dispersed on acidic supports such as zeo- 
lites (8). With such supports, the suppres- 
sion of hydrogen chemisorption may be sig- 
nificant. CO chemisorption has also been 
shown to be inadequate for surface area de- 
termination, since the stoichiometry for CO 
adsorption varies with Ru particle size (32, 
33). However, CO adsorption can be used 
to compare relative metal dispersions and 
the presence of HZ chemisorption suppres- 

TABLE 2 

Catalyst Characteristics Based on Hydrogen 
Chemisorption 

Catalyst Ru Hz (irr.) 
(wt%) (mol/g cat.) 

RuHY 3.8 57 30 28 
RuLiY 3.4 89 53 16 
RuNaY 3.8 126 67 12 
RuKY 3.2 83 52 16 
RuRbY 3.6 87 49 17 
RuCsY 3.7 102 56 I5 
RuSiOz 1.8 48 53 16 

sion, since suppression of CO chemisorp- 
tion appears to be less significant than that 
of Hz (18). From consideration of CO/H 
and CO/Ru(,,,,,, ratios, it is possible to tell 
whether suppression of hydrogen chemi- 
sorption has taken place on Ru catalysts. 

The results of Hz and CO chemisorption 
for the various Ru catalysts are given in 
Tables 2 and 3. As estimated by hydrogen 
chemisorption, the average diameters of 
the ruthenium particles, formed in the vari- 
ous alkali cation type Y-zeolites, were at or 
slightly above the upper limit of the super- 
cage diameter (13 A). Several interpreta- 
tions can be found in the literature to ex- 
plain such relatively large particle sizes. 
First, it is known that RuO? is readily 
formed at ambient temperature in air from 
small metal particles and that it is highly 
mobile. Upon heating, the ruthenium diox- 
ide may migrate to the external surface of 
the zeolite where larger crystallites could 

TABLE 3 

CO Chemisorption Results 

Catalyst CO (in-.) 
(molig . cat.) 

RuHY 404 3.5 I.1 
RuLiY 665 3.7 2.0 
RuNaY 924 3.7 2.5 
RuKY 567 3.4 1.8 
RuRbY 640 3.7 1.8 
RuCsY 725 3.6 2.0 



130 OUKACI, SAYARI, AND GOODWIN 

be formed (8, 30). If some metal exists as 
large particles on the external surface of the 
zeolite, an average metal particle diameter 
larger than the size of the zeolite pores 
would be calculated from chemisorption 
measurements, even though most of the 
metal might exist as very small particles in- 
side the zeolite. Such a situation has been 
observed by TEM for highly dispersed Ru/ 
NaY catalysts (26). Second, Pearce et al. 
(30) have observed by X-ray methods that, 
for ruthenium-exchanged zeolites pre- 
treated under vacuum then reduced, up to 
18% of the metal is atomically dispersed in 
the sodalite cages. Since, at room tempera- 
ture, this ruthenium is inaccessible for hy- 
drogen chemisorption, the average particle 
size calculated from hydrogen chemisorp- 
tion is larger than the actual. Furthermore, 
localized destruction of the lattice to form 
cracks and holes has been observed by Ver- 
donck et al. (8). Thus encapsulation of Ru 
clusters of intermediate size in these holes 
would also result in low dispersion being 
measured. Gustafson and Lunsford (34) 
have also suggested that in the presence of 
H2 the mobility of Ru is increased, resulting 
in the agglomeration of Ru in several adja- 
cent unit cells where the particles may be 
connected through the windows of the zeo- 
lite framework. This would render some 
portions of the metal particles inaccessible 
to hydrogen adsorption. Finally it has been 
reported that suppression of irreversible 
hydrogen chemisorption could be signifi- 
cant for most zeolite-supported ruthenium 
catalysts prepared by ion-exchange, result- 
ing in an overestimation of the average par- 
ticle diameter (18). The concentration and 
strength of acidic hydroxyl protons (corre- 
lated with the Si/Al ratio) are suggested to 
be the reason for this hydrogen chemisorp- 
tion suppression. Luckily, the CO/H ratio 
has been shown to be a good indication of 
H2 chemisorption suppression (18). Fur- 
thermore, CO/H ratios have been found in 
previous studies (9, 33) to be a function of 
particle size. 

A comparison of the dispersions given in 

Table 2 with the CO/H ratios in Table 3 
suggests that the dispersions of the ruthe- 
nium in the various Y-zeolites were high 
and similar, except for RuHY. The latter 
had higher concentration of acidic hydroxyl 
groups than the alkali cation neutralized ze- 
olites. Thus, the suppression of hydrogen 
chemisorption would be expected to be 
more significant with RuHY, resulting in a 
much higher CO/H ratio than that normally 
found for a dispersion of Ru of 30% (33). A 
consideration of CO/RL+~,,~,,, for this catalyst 
suggests that the metal dispersion of this 
catalyst was in effect lower than that of the 
other Ru catalysts. 

Catalytic Activity 

The turnover frequencies (TOF) for the 
various catalysts studied were calculated 
using the estimated site concentrations pro- 
vided by hydrogen chemisorption measure- 
ments. Because of the possible suppression 
of hydrogen chemisorption on zeolite-sup- 
ported catalysts prepared by ion exchange, 
chemisorption measurements may not pro- 
vide an exact measure of the metal disper- 
sion and of the active ruthenium sites. 
Thus, the calculated TOF ‘s based on hy- 
drogen chemisorption and summarized in 
Table 4, should be considered as maximum 
values. Table 4 compares the TOF’s at 523 
K for CO conversion on the various cata- 
lysts. 

No significant effect of the nature of the 
neutralizing alkali cations on TOF was 

TABLE 4 

Catalytic Properties of Ru Catalysts at 523 K 

Catalyst CO conversion TOF & 
(%) (s-1 x 103) (kJ/mol) 

RuHY 8.3 40.5 74.5 
RuLiY 3.4 10.7 67.3 
RuNaY 3.1 6.9 66.1 
RuKY 2.3 8.0 80.7 
RuRbY 4.4 14.1 100.6 
RuCsY 4.5 12.4 100.1 
RuSiO* 1.5 8.8 99.1 
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FIG. 1. Reduction scheme of ion-exchanged Rulzeo- 
lites. 

found, and the TOF’s measured do not dif- 
fer markedly from that of Ru/SiOz. Having 
similar metal loadings, the concentration of 
the structural groups, formed during the re- 
duction of the ruthenium ions in LiY, NaY, 
KY, RbY, and CsY, should be comparable 
in all these catalysts. This occurs since dur- 
ing ion-exchange, alkali cations M+ (M+ = 
Li+, Na+, K+, Rb+, Cs’) are replaced by 
Ru ions: 

~[Ru(NH&]~+ + 3mCl- + nM+[Y] + 
[Ru(NH~)sI;~;‘M~~-~,,,,[YI + 3n7MCI 

The reduction step leads then to the simul- 
taneous formation of acid sites, as illus- 
trated in Fig. 1 where the complex ion 
[Ru(NH&13+ is shown as Ru3+ for simplic- 
ity. 

It is generally accepted that for alkali cat- 
ion zeolites, exchange of sodium ions for 
smaller or larger cations produces a change 
in the electrostatic field inside the zeolite, 
and hence a change in the strength of their 
acid sites (21, 35). As shown in Table 5 
adapted from Ref. (36), the larger the 
charge-to-radius ratio, the greater will be 
the electrostatic field, hence the stronger 
the acidity. Considering the results in Table 
4 then, for monovalent cations such as Li+, 
Na+, K+, Rb+, and Cs+, either the variation 
in the acidity of the zeolites remain too 
small to produce significant differences in 
the activity of supported Ru or, as will be 
discussed later, the olefinic products may 
“neutralize” the acid sites, rendering them 
ineffective for electronic interactions with 
the metal particles. However, the TOF ob- 
tained for RuHY is four times greater than 
that for the other catalysts. This high activ- 
ity of RuHY cannot be attributed only to an 
overestimation of metal particle size calcu- 
lated from H2 chemisorption. Assuming a 
similar dispersion to that for RuNaY, the 
TOF for RuHY still remains greater by at 
least a factor of 2. A possible metal-sup- 
port interaction which increases the TOF of 
CO conversion on Ru sites in HY zeolite 
could be suggested. 

Several workers have observed a similar 
trend of increasing activity for CO hydroge- 
nation with increasing acidity of the sup- 
port. Fajula et al. (37) found a higher activ- 
ity for methanation on PdHY than on 

TABLE 5 

Physical Parameters for the Various Cationic 
Y-Zeolites” 

Zeolite Ionic radius Electrostatic Electrostatic 
(‘Q field (V/A) potential (A-1) 

LiY 0.6 2.1 1.67 
NaY 0.95 1.3 1.05 
KY 1.33 1.0 0.75 
RbY 1.48 0.8 0.67 
CSY 1.69 0.6 0.59 

u From Ref. (36). 
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PdNaY catalysts. They suggested a partici- 
pation of acid sites of the support in CO 
hydrogenation. Similarly, Arai (38) found 
that the activity for F-T reactions was 
higher for RhHY than for RhNaY. Vannice 
(39) has also suggested that increasing the 
acidity of the support produces an increase 
in methanation activity of palladium. Leith 
(20) reported that, when sodium ions in Y- 
zeolites were exchanged by multivalent cat- 
ions or protons, a two- to threefold increase 
in the specific activity of Ru resulted. 

In all the works reviewed above, the en- 
hancement of the activity of the metal, be it 
Pd, Rh, or Ru, in more acidic zeolites was 
attributed to an increase in the surface con- 
centration of less strongly bound carbon 
monoxide species, resulting from an elec- 
tron-deficient character of the supported 
metal which increased with the acidity of 
the support. Several research groups have 
examined the infrared spectra of CO ad- 
sorbed on Pd (40), Rh (38), and Ru (27) 
catalysts and found evidence that an in- 
crease in strength of the support acidity 
produces a shift to higher frequency and an 
enhancement of bands assigned to linearly 
adsorbed CO. It has been suggested that the 
presence of electron-acceptor sites on the 
support, i.e., the acidic hydroxyl groups, 
produces some electron depletion at the 
metallic surface and hence a decrease in the 
availability of d-electrons for back dona- 
tion. These results are consistent with the 
suggestions by Vannice (1) and Okuhara et 
al. (41) that a weakening of the metal-car- 
bon monoxide bond, paralleled by an in- 
crease in hydrogen adsorption, results in a 
higher activity for CO hydrogenation. 
However, such an interpretation for these 
results may be doubtful when one considers 
that the electron deficient character of the 
metal particles would also result in signifi- 
cant suppression of hydrogen chemisorp- 
tion (18). In addition, Romannikov et al. 
(42), based on IR studies of coadsorption of 
CO and 1-hexene, have suggested that in 
the presence of electron-donating mole- 
cules such as olefins, the electron-deficient 

character of the metal particles may disap- 
pear as a result of interactions of the olefin 
molecules with the electron-acceptor sites 
of the zeolite, i.e., the acidic sites. As ole- 
fins are one of the major primary products 
of CO hydrogenation, they would act to 
“neutralize” the acid sites of the zeolite, 
thus interrupting the interaction of these 
acid centers with the metal particles ac- 
cording to the scheme: 

-c-c- 

Me+SZ-S e MelI \ / 
Z 

Thus, if such a mechanism is indeed opera- 
tive, one must be cautious in trying to cor- 
relate the catalytic properties of a sup- 
ported metal with IR results for CO 
adsorption alone. Such a phenomenon of 
adsorption “neutralization” would also ex- 
plain why no effect of the nature of the neu- 
tralizing alkali cation on TOF was ob- 
served, even though these cations produce 
variations in the acid strength of the pro- 
tonic sites, detected by the secondary acid- 
catalyzed reactions (43). 

As for the higher activity observed for 
RuHY in CO hydrogenation, another inter- 
pretation may be proposed. It has been 
shown (44) that when Fischer-Tropsch re- 
action is carried out on a composite catalyst 
consisting of a physical mixture of CO hy- 
drogenation component and an acid compo- 
nent (a zeolite), CO conversion is in- 
creased. This synergistic effect is provided 
by the presence of the acid sites of the zeo- 
lite which remove reaction intermediates 
formed on the F-T component by convert- 
ing them to new species inert for further 
readsorption and chain growth on the metal 
sites. Thus, for RuHY, because of its 
higher concentration and strength of acid 
sites, the same “drain-off” mechanism 
must be in effect, resulting in the higher 
overall activity of this catalyst. However, 
this increase in activity is probably due in 
large part to the fact that the Ru particles 
were significantly large in this catalyst. It is 
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FIG. 2. Variation in E, with neutralizing cation ra- 
dius. (M) RuHY. 

well known that TOF increases dramati- 
cally with Ru particle size in the range l-4 
nm (9). 

The apparent activation energy for CO 
conversion, E,, varied with the neutralizing 
cation (Table 4). While the values of E, for 
RuRbY and RuCsY were equal to that for 
Ru/SiO;! and are comparable to common 
values in the literature, the values for the 
other zeolite-supported catalysts were sig- 
nificantly lower. Values as low as 66 KJ/ 
mol suggest some possible mass transport 
limitations. An explanation can be offered 
to the cause of this variation in E,. Figure 2 
shows a plot of E, versus the crystal ionic 
radius of the initial charge-balancing cations 
of the zeolites used for catalyst prepara- 
tion. Since the Ru exchange to give ca. 3 
wt% is not the maximum exchange possible 
and the exchanging solution becomes de- 
pleted in Ru, it is suggested that Ru is ini- 
tially more uniformly distributed through- 
out the zeolite crystallites for the small 
cation zeolites. Because of the limitations 
on the diffusion of [Ru(NH&13+ in the 
larger cation zeolites, Ru is probably less 
uniformly distributed and ion exchanges 
preferentially in the external shell of the ze- 
olite crystallites. This difference in distribu- 
tion of the Ru, if true, would not seem to 
affect the percentage dispersion of the re- 
duced metal but would affect the activation 

energy of reaction by introducing diffusion 
limitations on reactants and products for 
the zeolite catalysts having smaller neutral- 
izing cations. E, for RuHY is plotted versus 
the crystal ionic radius of NH: (1.43 A), 
since Ru was initially exchanged with 
NH4Y, and does not fall squarely on the 
relatively smooth curve through the results 
for the alkali zeolites. This is probably due 
to the fact that NH4Y is fairly easy to de- 
compose and possibly contained a mixture 
of H+ and NH: neutralizing cations at the 
time of Ru exchange. This conclusion about 
possible diffusion limitations during reac- 
tion in RuHY, RuLiY, RuNaY, and RuKY 
is further confirmed by the nonlinearity of 
the Arrhenius plots for these catalysts 
above 523 K. 

Methane Selectivity and Chain Growth 
Probability 

The term selectivity used in the present 
paper refers to the weight percentage of the 
total CO reacted which was converted into 
a given hydrocarbon or group of hydrocar- 
bons. Table 6 compares the hydrocarbon 
product distributions obtained at 523 K on 
the various catalysts, and Fig. 3 gives the 
selectivity for CH4 as a function of reaction 
temperature. The product selectivity shift 
towards lower molecular weight hydrocar- 
bons, especially methane, with increasing 
temperature is consistent with the behavior 
of classical Fischer-Tropsch catalysts and 
reflects the thermodynamics of the system. 

TABLE 6 

Product Distribution at 523 K 

Catalyst Selectivity (wt%) 

Cl cz c, Cd cs C6 

RuHY 34.3 13.7 19.1 17.1 12.5 3.5 
RuLiY 33.4 14.3 21.8 17.6 11.8 1.1 
RuNaY 32.7 14.0 21.5 17.0 10.9 3.9 
RuKY 30.7 13.7 23.5 15.8 11.0 5.2 
RuRbY 33.5 14.4 22.0 15.3 9.7 5.1 
RuCsY 36.1 13.2 21.6 15.1 9.8 4.2 
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FIG. 3. Methane selectivity vs temperature. (0) 
RuHY, (0) RuLiY, (A) RuNaY, (+) RuKY, (x) 

RuRbY, (0) RuCsY, (V) Ru/Si02. 

It is seen that, for the different Y-zeolite- 
supported Ru catalysts, the selectivity for 
CH4 formation and the chain growth proba- 
bility at 523 K were essentially the same 
regardless of the nature of the neutralizing 
alkali cations. Moreover, use of protons to 
neutralize the A104 groups of the zeolite 
did not seem to produce any significant 
change in CH4 selectivity or chain growth 
probability. Therefore, a fundamental dif- 
ference exists between the influence of al- 
kali cations when used as neutralizing cat- 
ions in a zeolite framework and their effect 
when added as promoters. In the latter 
case, it has been repeatedly shown (26, 45) 
that alkali promoters cause a shift to higher 
hydrocarbons at the expense of methane 
formation. Consequently, it may be con- 
cluded that neither the nature of the group 
IA cations (H+, Li+, Na+, K+, Rb+, Cs’) 
nor the total acidity has a substantial effect 
on chain growth, at least at atmospheric 
pressure. There are some more pronounced 
differences at higher reaction temperatures; 
however, no cation effect appears to be in- 
dicated . 

In studying CO hydrogenation over a se- 
ries of Ru/zeolites, Jacobs et al. (19) re- 
ported that under typical Fischer-Tropsch 
conditions (HdCO = l/l, GHSV = 1800 
h-i, T - 523 K), RuNaX gave a higher se- 

lectivity for higher hydrocarbons than Ru 
NaY did. This behavior was explained on 
the basis of a stronger metal-support inter- 
action in the case of RuNaY due to the fact 
that NaY is more acidic than NaX. How- 
ever, in the present work, RuHY and Ru 
NaY exhibited the same selectivity for CH4 
despite the higher acidity (greater number 
of acid sites) of the former catalyst. There- 
fore, our results cannot be fully explained 
in the same terms as those employed in Ref. 
(29). The possible linkage between CH4 for- 
mation and the acidity of the support, how- 
ever, cannot be totally ruled out. Indeed, 
the correlation between the selectivity for 
methane and Si/Al ratio of the support (10) 
suggests that the relative amount of CH4 
formed is connected to the acid strength 
of the support rather than the total acidity. 
Indeed, Barthomeuf (46) has reported 
an excellent correlation between the acid 
strength of a series of zeolites and their Si/ 
Al ratios. In addition, another important 
factor was stressed by this author: the na- 
ture of alkali cations as well as the partial or 
total decationization (replacement of the al- 
kali cations by H+) of a given zeolite in- 
duces a much less pronounced change in 
the acid strength than that brought about by 
a variation in Al content. This should ex- 
plain why all the ion-exchange RuY zeolites 
gave almost the same selectivity for CH4 
and the same chain growth probability (a = 
0.5) regardless of the neutralizing cations. 

Olejin Fraction 

The C3-fraction was selected for compar- 
ing the olefinic fractions yielded by the vari- 
ous catalysts, because, as expected (3, 19), 
the &-fraction was mainly paraffinic and 
the olefin fractions of hydrocarbons having 
more than three carbon atoms were compli- 
cated by possible secondary isomerization 
reactions. 

In order to compare the ability of these 
catalysts to produce unsaturated hydrocar- 
bons, the following question must be ad- 
dressed: under which experimental condi- 
tions should the comparison be made? 
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TABLE 7 

Cation Effect on Selectivity at Constant CO 
Conversion 

Catalyst T(K) CO con”. C, (v/t%) CT/C; i-C, (%)” 
6) 

RuHY 503 4.5 23.4 2.3 58.2 
RuLiY 533 4.5 38.3 2.00 23.5 
RuNaY 533 4.0 38.4 2.9 16.2 
RuKY 543 4.5 35.3 4.2 2.1 
RuRbY 523 4.4 33.5 5.1 0.9 
RuCsY 523 4.5 36.1 6.1 1.1 

a % Isobutane in total &fraction. 

Previous workers have considered several 
situations. King (3) insisted mainly on con- 
stant CO conversion. Using as many as 16 
supported Ru catalysts and despite some 
scatter in experimental data, he reported a 
unique inverse correlation between CO 
conversion and CT/C; ratio. Only very few 
samples did not fit the correlation. Kikuchi 
et al. (5) reported two different plots of CT/ 
C; vs CO conversion for Ru/A1203 and Rul 
VZ03. However, the data obtained with Ru 
on other supports does not fit either corre- 
lation. McClory and Gonzalez (6), using 
Ru/SiOz with various promoters, reported 
three types of comparisons where one of 
the following parameters was kept con- 
stant: temperature, CO conversion, or turn- 
over number of CH4 formation. They found 
that the first kind of comparison leads to 
larger differences between the catalysts. 
Morris et al. (4) varied the space velocity 
such that a constant conversion (10%) 
could be achieved at a given temperature 
(493 K). In the present work, the compari- 
son was carried out both at constant tem- 
perature (523 K) and at constant CO con- 
version. 

The nature of the neutralizing cations in 
Y-zeolites was found to have a strong influ- 
ence on the olefin-to-paraffin ratio (CT/C;), 
regardless of whether the comparison was 
made at constant temperature (Fig. 4) or 
constant CO conversion (Table 7). Whether 
at constant temperature or conversion, the 
CT/C; ratio was highest where the larger 
alkali cations had been exchanged into the 

zeolite and followed more or less the se- 
quence Cs - Rb > K > Na > Li - H. The 
variation in the amount of isobutane in the 
C4-fraction is included in Fig. 4 and Table 7 
as this reflects the secondary acid-cata- 
lyzed reactions which were enhanced in the 
order: Cs - Rb < K 4 Na < Li e H. These 
results indicate that the major primary hy- 
drocarbon products formed under the re- 
action conditions described above were 
olefins which could undergo either direct 
secondary hydrogenation on metal sites or 
secondary acid-catalyzed reactions. Fur- 
thermore, the nature of the alkali cations in 
the zeolites was found to have a consider- 
able effect only on these secondary reac- 
tions, since the activity and chain growth 
probability remained practically constant 
whatever the nature of these cations. 

Leith (47) has also observed that the ole- 
fin selectivity of zeolite-supported ruthe- 
nium in the hydrogenation of carbon mon- 
oxide is enhanced when potassium and 
cesium are exchanged into Y-zeolites. He 
interpreted his findings in terms of a lower- 
ing of the hydrogenation activity of the 
metal as a result of a decrease in the elec- 
tron-deficient character of the metal parti- 
cles brought about by the introduction of 
larger alkali cations into the support. How- 
ever, this interpretation cannot fully ac- 
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FIG. 4. Effect of neutralizing cation on olefin frac- 
tion and isobutane formation. Catalysts: (H) RuHY, 
(L) RuLiY, (N) RuNaY, (K) RuKY, (R) RuRbY, (C) 
RuCsY. 
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count for these results, since, if the electron- 
deficient character of the metal varied with 
the nature of the alkali cation, one would 
also anticipate an effect on both activity 
and chain growth probability. Except for 
RuHY which had a higher activity, no such 
effect was observed. Thus, one must look 
to other parameters which might possibly 
affect the olefin selectivity through changes 
in the nature of the alkali cation. 

Ru particle size effects can certainly be 
ruled out completely since the hydrogen 
and carbon monoxide chemisorption 
results show that the dispersions of all the 
catalysts used in this study were similar, on 
the order of 50 to 60%. Furthermore, 
Kellner and Bell (48) have shown that the 
ratio CT/C; is not dependent on particle 
size for dispersions below about 70%. 

It has also been suggested (49, 50) that 
the hydrogenation activity of zeolite-sup- 
ported metals may be enhanced under the 
action of the electrostatic field inside the 
zeolite acting directly on the reacting mole- 
cules rather than on the metal. As can be 
seen in Table 5, the difference in electro- 
static field between LiY- and Nay-zeolites 
is much more important than between NaY 
and any other alkali Y-zeolite. Thus, if the 
electrostatic field were to have a major ef- 
fect on the secondary reactions, one would 
expect to see a much more significant dif- 
ference in olefin selectivities between Ru 
LiY and RuNaY and a less pronounced dif- 
ference between RuNaY and the catalysts 
containing the larger alkali cations. How- 
ever, this was not the case, since RuHY, 
RuLiY, and RuNaY had almost the same 
selectivity for olefins, and the CT/C; ratios 
were two to three times higher for RuKY, 
RuRbY, and RuCsY. As pointed out previ- 
ously, the polarizing power of the cations 
or the electrostatic field generated by them 
may have an effect on the strength of the 
Bronsted acid sites which would increase 
with decreasing cation radius (35). Al- 
though the variations in the strength of 
these acid sites with the nature of the cation 
are not significant enough to produce an 

electronic effect on the metal particles, 
they still may play an important role in the 
acid-catalyzed reactions. Thus, if the pri- 
mary products of CO hydrogenation desorb 
mainly as olefins, as the results in Table 7 
seem to indicate, these olefins may read- 
sorb on metal sites to be further hydroge- 
nated to paraffins. The rate of this reaction 
would remain unaffected by the nature of 
the alkali cations if the electronic structure 
of the metal particles is itself unchanged by 
the latter. 

Olefins may also adsorb on the acid sites 
and undergo carbonium ion-type reactions. 
The most important proton-catalyzed reac- 
tions of olefins are isomerization, oligo- 
merization, polymerization, disproportion- 
ation, paraffin formation via hydrogen- 
transfer, cracking, and coke formation. The 
rates of these reactions are influenced by 
the concentration and the acid strength of 
the hydroxyl groups present in the zeolite 
(51, 52). Thus, the decrease of the olefin-to- 
paraffin ratio with decreasing cation radius, 
paralleled by an increasing acidity strength, 
may be partly explained by a second olefin 
hydrogenation mechanism, i.e., the en- 
hancement of hydrogen-transfer reactions 
catalyzed by acid sites. Formation of paraf- 
fins by similar hydrogen-transfer reactions 
have been observed in propylene polymer- 
ization over silica-alumina (53) and various 
olefin reactions on zeolites (51, 54-56). 
These studies of acid-catalyzed olefin reac- 
tions have demonstrated that the interac- 
tion of the acid hydroxyl groups with the 
adsorbed olefins is accompanied by olefin 
oligomerization. At temperatures higher 
than 370 K, the olefin oligomers decompose 
by a disproportionation mechanism to pro- 
duce gaseous paraffins and some polyene 
species which remain on the zeolite (52). 
The gaseous paraffins produced from this 
oligomer decomposition are rich in isobu- 
tane and isopentane. 

However, it is doubtful that the decrease 
in the CT/C; ratio with decreasing cation 
radius can be accounted for completely by 
an enhancement of the hydrogen-transfer 
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FIG. 5. Variation of CT/C; ratio and i-&-fraction 
with E, at constant conversion. 

reactions as well as the disproportionation 
reactions of olefins with increasing support 
acidity. Otherwise, one would expect the 
hydrocarbon distribution with carbon num- 
ber to be more different for RuHY, RuLiY, 
and RuNaY than for RuRbY and RuCsY. 
In addition, even though RuHY has a much 
larger concentration of acid sites than the 
other catalysts, it did not produce a CT/C; 
ratio that was significantly out of line. 

An important effect of mass transport 
limitations on the Cc/C; ratios due to a uni- 
form versus shell distribution of Ru in the 
zeolite cannot be ruled out. The value of 
the activation energy can be used as an in- 
verse measure of diffusion resistance dur- 
ing reaction. Figure 5 shows a plot of the 
C,/C, ratio versus E, for the zeolite-sup- 
ported catalysts at constant conversion. 
This plot suggests a significant effect of dif- 
fusion on this ratio. Since hydrogenation of 
olefins is easy even during CO hydrogena- 
tion, the increase in residence time of ole- 
fins following their formation results in an 
increased probability for readsorption on 
the metal sites and hydrogenation. How- 
ever, this interpretation is still not sufficient 
to explain the decrease of CT/C; ratio with 
cation radius, since it has also been shown 
(43) that when all the protonic sites are re- 
placed by K+ in RuHY, the CT/C; ratio in- 
creases from a low value of 2.6 to 16.9 for 
similar conversions. Such a result points 

again to the participation of acid sites in 
olefin hydrogenation. 

It is thus suggested that, in addition to 
secondary hydrogenation on metal sites, 
the primary olefinic products may be hy- 
drogenated significantly on the acid cen- 
ters, the hydrogen being supplied not only 
by hydrogen transfer from adsorbed olefins 
but also by hydrogen spillover from the 
metal to the support. 

Structural Isomerization 

As mentioned earlier, the selectivity for 
isobutane in the Cd-fraction varied in the 
order Cs - Rb < K 6 Na < Li G H. Struc- 
tural isomerization occurred primarily as a 
result of secondary reactions of olefins on 
the acid sites in the zeolites. As discussed 
in the previous section, formation of 
branched hydrocarbons from olefins can 
result from decomposition of oligomers 
formed on acid sites. Datka (51) has shown 
that the higher the concentration and 
strength of the acid sites in a zeolite, the 
more branched the olefin oligomers. Thus, 
a decomposition of the oligomer formed on 
the more acidic zeolites would result in the 
formation of more isoparaffins. Weeks and 
Bolton (57) have also demonstrated that the 
major products of 1-butene reaction on HY 
zeolite at 200°C are isobutane and isopen- 
tane formed by the breakdown of polymeric 
compounds. 

The formation of isobutane via a bifunc- 
tional mechanism, i.e., direct isomerization 
of n-butenes to isobutenes on acid sites fol- 
lowed by hydrogenation on metal sites, is 
less likely, since the former reaction is 
known to be very slow compared to the car- 
bonium ion-type reactions such as olefin 
oligomerization (52). 

In order to gain insight into possible mass 
transfer effects on structural isomerization, 
a plot was made of the fraction of isobutane 
in the Cd-fraction versus E, at constant con- 
version and is shown in Fig. 5. Since the 
formation of isobutane involves acid sites 
and since RuHY has a significantly greater 
number of acid sites than the other zeolite- 
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supported catalysts, it may be expected 
that it would deviate from any trend estab- 
lished by the other catalysts. This appears 
to be the case, as is apparent in Fig. 5. Thus 
a possible effect of diffusion on structural 
isomerization, represented by the line in 
Fig. 5 for catalysts with comparable acid 
site concentrations cannot be completely 
ruled out. Steric factors may also influence 
olefin oligomerization in the presence of the 
larger cations such as K, Rb and Cs, thus 
inhibiting formation of the typical oligomer 
breakdown products such as isoparaffins. 

There is also a good possibility that the 
nature of the alkali cations modified the 
properties of the acid sites. Certainly, the 
trend in selectivity for isobutane suggests 
this. Thus, at this time, it may be concluded 
that both modifications of the acid sites by 
the alkali cations and mass transfer effects 
may play a role in structural isomerization 
of olefins during CO hydrogenation. 

Secondary acid-catalyzed reactions will 
be dealt with in more detail in a forthcom- 
ing paper (43). 

IV. CONCLUSIONS 

The results presented in this paper pro- 
vide evidence that the nature of the cations 
used to neutralize the AlO; groups of the 
zeolite can have a marked effect on the cat- 
alytic properties of ruthenium for CO hy- 
drogenation in ion-exchanged zeolite-sup- 
ported Ru catalysts. Although the nature of 
the neutralizing alkali cations in Y-zeolites 
has hardly any influence on the specific ac- 
tivity of the catalysts or on the overall chain 
growth probability, it has a pronounced ef- 
fect on the olefin and branched hydrocar- 
bon selectivities. Electronic and electro- 
static field effects on reactions occurring on 
the metal particles may easily be ruled out. 
However, variations in the strength of the 
acid sites as a function of the nature of the 
neutralizing alkali cations as well as mass 
transfer limitations apparently play a major 
role in shaping the olefin and isoparaffin se- 
lectivities. Indeed, one probable reason for 
the variation of the olefin-to-paraffin ratio 

with the nature of the cation is the enhance- 
ment of olefin hydrogenation by a hydrogen- 
transfer mechanism on the acid sites fol- 
lowing the decomposition of oligomers ad- 
sorbed on these sites. Spillover hydrogen 
may also enhance this process of olefin hy- 
drogenation on the acid sites. The selectiv- 
ity for isobutane, suggested to be formed by 
the breakdown of branched oligomers, was 
found to decrease with increasing cation ra- 
dius. The variation in the strength of the 
acid sites generated during reduction as a 
function of the nature of the neutralizing 
alkali cations as well as steric factors are 
believed to have produced this effect. Fi- 
nally, evidence suggests that the nature of 
the neutralizing cations in the zeolite can 
indirectly produce mass transfer effects 
during reaction as a result of effecting a uni- 
form versus a shell distribution of Ru in the 
zeolites during catalyst preparation. 
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