
Table I 

C a t a l y s t  ~ t s p e r s i o n ,  % *S.A. 

m2/ ; 
3Z EuNaY 65.5 9.56 

1.5Z RuNaY 55.3 4.03 

0.7 6Z RuNaY 77.4 2 • 86 

0 J9Z RuNaY 95,8 0.89 

1% Ru/NaY 77 4.12 

3.86% Eu/SiO 2 26 4.88 

C a t a l y s t  C h a r a c t e r i z a t i o n  Data 

Treatment Procedure 

a-b-c-d-e-f-g 

a-b-c-d-g 

a-5-c-d-e-f-g 

a-b-c-d-e-f-g 

h-b-g 

i-c-d-g 

a .  Prepared by i o n - e x c h a n g e w i t h  Ru(NH3)6C13. 

b .  Decomposed i n  vacuum a t  l °C/min  up to  400°C. 

c .  H 2 r e d u c t i o n  a t  450°C (PH2 = 0.2 a r m ) .  

d .  H 2 a d s o r p t i o n  a t  25°C. 

e .  Desorp t lon  a t  400°C ~or  2 h r .  

f .  CO a d s o r p t i o n  a t  25°C. 

g. Exposed to air at room temperature. 

h. Prepared by Ru3(C0)12 vapor phase deposition. 

i. Prepared by RuCI3-H20 wet impregnation. 

* Euthev/ummetal surface area,.determlned by H 2 chemisorptlon at 25°C. 
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Figure 1. Arrhenius plots for ethane hydrogenolysis. Feed composition: 
6% ethane, 15% hydrogen, 791~ hel ium. 
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Figure 2= Arrhenius plots• for cyclopropane hydrogenolysis on ruthenium 
Supported on dif ferent supports. Feed co~position: 3%'cyclopropane, 
20~ h3drogen, 77% helium. • 
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THE INFLUENCE OF THE SUPPORT ON K PROMOTION 
OF Ru FOR THE FISCHER-TROPSCH SYNTHESIS 

C.H. Yang, Y.W. Chen, J.G. Goodwin, Jr., and I. Wender 

Abstract 

An investiEatio~ of the effect of the support on the K promotion of Ru 

F-T catalysts has been made. The support was found to play a Ereat role in 

determlnin E the modification in selectivity able to be obtained by promotion. 
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INTRODUCTION 

'. Ruthenium is holm as a 8ood hFdrog~ti0n catalyst and has been found" to 
have the highest Fischer-Tropsch (F-T)activity amon~ Group Vii! transition 
metals in producin=~ linear hydrocarbons at high pressure and moderate temperature. 
Supported Ru, such as Ru/SiO 2 and Ru/A1203, has been used to produce gaseous and 
liquid hydrocarbonsD (i-3) but such catalysts have been found to give a poor 
selectivity for oiefins and to produce methane as the major product at temperature 
higher than 260Oc. Recent studies have shown that significant improvements in the 
catalytic selectivity in the F-T synthesis at low pressure can be obtained by 
mata!-support interactions (4) or by alkali promotion (5) of the Ru. 

• Potassium and potassium salts e have !on~ been used to enhance the activity 
and the selectivity for both o!efinic and !on~ chain hydrocarbons of Fe catalysts. 
For Ru~ such K promotion has been found to activate the ch~misorption of di- 
nitrogen and thus increase the activity of ammonia synthesis at low temperatures 
and pressures. (6) it has been suggested that this occurs by electron donation 
to the catalytic metal. • Activation of Ru by K promotion has been found to be. 
considerable' for both ammonia synthesis and CO hydrogenation reactions if a 
conductive support~ such as graphite~ is used. it has been inferred that an elec- 
tron conductor may facilitate the transfer Of electrons from the potassium to 
the ruthenium. (6 - 8) Earlier research reported that the addition of K to the 
Ru had no signlficant effect in chan~in ~ the catalytic properties of the metal, 
either supported or non-supported. (9~i0) Ho~aver~ Okuhara et el, (5) have 
recently found that the presence of K in a carbony!-derived, highly dispersed 
Ru catalyst enhanced the preferautia! formation of C2-C 5 olefins at 260oC but 
at the same time depressed the activity of the reaction. 

This paper reports the results of an investlgation into the effect of the 
support on the influence of K addition on the hydrocarbon selectivity of the Ru 
metal in the F-T reaction. In this study~ different classes of Ru catalysts 
ware prepared usin~ traditional SiO 2 and A!203 supports~ SMSi titan!a~ graphite, 
and zeolite Y supports° 

EXPERIMENTAL 

The titania support was from De~ussa~ and SiO 2 and NaY supports were from 
Str~n Chemicals. The catalysts ware prepared By impregnation of the supports 
with an aqueous solution of RuCI 3. 3H20 or By ion-~ch~n~e of the NaY zeolite 
~!th Ru(NH3)6Ci 3. All the Impre~nated samples were made by the incipient wetness 
techni~ueo These catalysts were dried in air at 40oC for 50 hours. Ru/A1203 and 
Ru/sraphlte were also obtained from Siren Ch~mica!s. The addition of potassium 
was made By an impre~aatlon of K2CO 3 solution to the Ru catalysts followed By 

~eati~nhe standard pretrea~ment used for all the samples consisted of a stepwise 
procedure to 400oC in flowln~ hydroSen (50 CO/rain). The samples were 

held at 400Oc in hydrosen flow for at least 2 hours before coo!ing to the 
chosen reaction temperature in the range 250oC to 325oc. 

* refer to all different forms of potassi~: des!~nate~ ask in this study. 
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Kinetic studies were carried out in two similar microreactor systems.. The 
product gas was transferred from the reactor to the sampling valve of the G.C. 
via a heated transfer llne and was analyzed either by a Hewlett-Packard 5750 or 
by a Perkin-Elmer Sigma 115 Gas Chromatograph equipped with TCD, FID, and Porapak 
Q columns. 

The reactant gases used ware H2(99,999%) , He(99.997%), and a H2/CO mixture 
(H2/CO = I , 99.9%) which were further purified by passing through traps to 
r~ove water and metal carbonyl contaminants before passage through the reactors. 

The steady state reaction rate w%s measured after catalyst stabilized. A 
Hydrogen Bracketing Techniqu~ was used in which the reactant stream was replaced 
by a pure H 2 flow after short reaction periods so as to maintain a clean metal 
surface. For all the samples studied, the catalytic activities were measured 
after 30 minutes of reaction and calculated from CO conversions based on CO flow 
rates coupled with carbon balances on the produce stream. The CO conversion was 
kept below 5% to minimize the effects of heat transfer and concentration gra- 
dients. Typical F-T reaction conditions were applied to a variety of supported 
Ru catalysts at H2/CO = 1 , 1 arm pressure, and a space velocity G.H.S.V. of 
1800 hr -~. 

RESULTS AND DISCUSSION 

The catalystic activities and the distributions of hydrocarbons for the 
various Ru catalysts are presented in Table i for a react.ion temperature of 
280oc. The specific rate of CO conversion for the unpromoted 5 wt% Ru catalysts 
was found to increase in the sequence: TiO 2 < A1203, SiO 2 < NaY < graphite. 
The high activity of graphite-supported Eu is consistent with the result found 
in the literature for graphite-supported Fe in the synthesis reaction. (11) 
This behavior is probably due to the fact that graphite can enhance electron 
transfer to the metal. The Ru/Ti02, although having the lowest activity in the 
series, shows high yields of olefins while methane formation is greatly reduced, 
as expected. It is obvious that the SMSI behavior is responsible for this 
superiority in olefin production. 

In each case, the addition of K significantly enhanced the fraction of ole- 
finic products (C2-C 4) for the impregnated Ru catalysts. On the other hand, the 
rate of the synthesis is decreased by this addition. However, the selectivity 
of methane formation does not change markedly upon K addition. 

The effect of temperature on methane and olaf in fractions formed over 
these Ru catalysts is shown in Figures I and 2 , respectively. Methane formation 
normally increases with increasing temperature of the reaction, since the 
possibility of hydrogenation of the primary surface complex is expected to be 
greater at higher temperature. A trend towards a decreasing fraction of olefins 
with an increasing temperature is also to be expected. It is apparent (Figure 2) 
that methane formation is not affected by the addition of K to the Ru catalysts 
in the temperature range 250oc to 325oc, except for Ru/Al203. On the other 
hand, the C2-C 4 olefin fraction for all the promoted catalysts examined was 
found to remain essentially independent with increasing temperature. This beha- 
vior indicates that the presence of potassium atoms in the vicinity of Eu crys- 
tallites may have deactivated some active Ru sites for olefin hydrogenation. 

The formation of liquid hydrocarbons (C5+) over the SiO2- and AI203- 
supported Ru catalysts were also greatly enhanced by K promotion (Table I). 
The hydrocarbon distribution from the F-T reaction over these catalysts can be 
fitted into the Anderson-Schulz-Flory equation. The chain growth probabilities 
calculated both from the slope and from the intercept of the fitted straight 
line are given in Table 2, "designated as Ps and Pi, respectively. Obviously, 
the addition of K has promoted chain growth on both SiO 2- and AI203- supported 
Ru. However, it has no effect on higher hydrocarbon formation for the SMSI 
Ru/TiO 2 catalyst. 
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TABLE 2 

PROBABILITY OF CHAIN GROWTH ACCORDING TO 
A~ERSON~SCRIFLZ-~LORY PLOT a 

Probability - 
Catalyst Pi Ps 

Ru/SiO 2 0°39 0,38 

K~ Eu/SiO 2 0,45 0,4~ 

Ru/Al203 0o~I 0.42 

K~ Eu/A!203 0,53 0,53 

Eu/Ti02 0,50 0,50 

K- Ru/Ti02 0,50 0,50 

Reaction a~ 280°C ~ E2/CO = 12 and GHSV = 1800 hr -I 

Both ionoexchan~ed and ~npre~nated RuNaY catalysts produced predominantly 
m~tha~ao The addition of K increased the olefin fraction by an order of mas- 
nitude for the impregnated RuNaY but it had no effect for that of the ion-exchanged 
catalyst. Since the ion~exchen~ed RuNaY is hi~h!y dispersed ( >60~ ) and wit~ 
Kupredomlu~n~ly i~side the zeolite czys=ai~ the Eu~ therefore= is probably not 
accessible to ~he impre~nated potassium sai~. This can also be verified by 
comparin~ the activation energy of the razction for 5orb the unprompte d and the 
promoted catalysts, i~ was found that the activation energy for CO conversion 
decreased between 20 to 50~ after K addition for all the Eu catalysts except 
ion-~chan~ed EuNaY. For ion-exchanged EuNaY~ it r~nained unchanged (ca. 22 Keel/ 
~nole ), I~ has beenpos~u!eted that the addition of K decreases the activation 
energy of the F-T reaction on Fa by ceusin~ a lo~aring of the local ionization 
emzz~y in the vicinity of an adsorbed K atom. (i2) 

The most slsnificant chan~e in hydrocarbon se!ectivity~as found On ~raphite 
Usu~p~r~edEu cata!ys~s. The unpromoted Eu/~raphi~e produces essentially only 
paraffins in the C2-C 4 range while the K-Ru/~raphlte produced main!y olefins= 
surprisinsiy 82~ of the total C2-C 4 hydrocZrbons produced was propylene, 
P~avious research of K promotion on the Ru~(CO)!2/AI203 catalyst has indicated that 
thzmaximum propy!ene produced from the F-T synZhesiswas ~2Z in tO=el C2-C ~ 
hydrocarbons, (S) The fact that the ~raphite is an eiectronconductormay be 
involved in this effect. Ozak! (6) and Sa~ert and Poutesu (7) have su~ested that. 
th~ elect~on density of the transition metal may have increased when it is sup- 
~oz~a~ondzaphita, ~ddi~ionofE~o~heRu~~e ~robably enhanced ~hls effect. 

CONCLUSION 

The addition of a potassium ~promoter can ~reat!y affect the catalytic pro- 
psrties of Ru in the F-T raaction~ dependln~ on the support chosen, it enhances 
o!afin for-marion and hi~her hydrocarbon production for the traditiomal AI203- and 
Si02.-su~ported Ru, On Ru/g~aph!te at i aZm~ it prefementlal!y promotes propy!ene 
foraationo Potassium enhances 5y about .20~ the o!efin production over Ru/TiO 2 
in thz t~mp~ra~ure ran~e 250°C ~o 325°C~ As a resu!t of a!kali promotion of 
the Eu eataiy~s~ the o!efin f~antio~ of the C2-C 4 hydrocarbons produced bec~nes 
a ~_ak function of the react!on tem=eratUreo Furzher study is needed to delineate 
the p~cmote~ms~ai-support interactions° . 
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EFFECT OF P~PA~ATION METHOD ON T~ 
CAT~,YTIC P~0PF, RTI~$ OF 2~OLiTE~SUPP0~TED .R~NXU~I 

iN THE FISC~R=TEOPSCH SY~?I~SiS 
T, ',' __ 

ABSTRACT 

Yo Wo Cnen1~ Ho T. Wan~2+ and J .  G@+C+o~!n~ Jr. 3+ 

Three preparation techniques [incipient=-~etness using a so!ution of 

R c13° va or=±  e  tlon by   3(Coh  .a d Ion . c an e 
have been used to prepare NaY zeolite euppozted rutheni~n catalysts. The 

effect of these preparetion me_thods on the activity aud product selectivity of 
l 

"the Ru catalysts in the Fischer=Tropsch synthesis was examined at temp. era~uras 

inthe range'of 220~320°C~ apressure of I atm~ a CO/H 2 ratio of i~ and f!o~ 

ra~ee in the range GHSV = 1800=3600 hr "! . 

~t was found that there is a good inverse correlation of turnover n~be~s 

for CO conversion to the CO/H adsorption ratio~ sug~estin~ that the re!e~Iva 

availability of adsorbed H 2 and CO datez~nas catalyst activltyduring 

reaction. Selectivity in the F-T synthesis was 8rosily influenced by the 

preperation Eethod and metal ioadingo Catalysts prepare d by incipien~ ~tness 

produced mainly m~thaneo Cata!ysts prepared by vapor impregnation had the 

bast ee!ectivities for hisher hydrocarbons and o!eflns even thoush they had 
• ° 

the smallest average R~ particle sizes° 

The observed changes in adsorption~ actlvity~ and selectlvltywith - 

preparation method appear to result from difZerenees produced in metal 

!oaation in/on the seo!ite~m~_ta!particle sise~ and zeo!i~e~mtal 

InteractiOnSo 
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X. INTRODUCTION 

Ruthenium has been recognized as one of the bes t  c a t a l y s t s  fo r  the  

Fischer-Tropsch s y n t h e s i s .  (1) I t  has the a b i l i t y  to produce s i g n i f i c a n t  

amounts of h ighe r  hydrocarbons even a t  a p re s su re  of  on ly  one atmosphere.  Tn 

a d d i t i o n ,  i t  i s  cons iderab ly  e a s i e r  to reduce than o ther  FT c a t a l y s t s ,  such as 

Fe and Co, and i s  not  conver ted to a carb ide  under FT r e a c t i o n  c o n d i t i o n s .  

The use of zeolite supports for FT synthesis is of particular interest since . 

these supports .offer several advantages over conventional supports, such as: 

(I) ability to maintain high metal dispersion, (ii) metal-zeolite 

i n t e r a c t i o n s ,  ( i i i )  b i f u n c t i o u a l c a t a l y s i s ,  and ( iv)  shape s e l e c t i v i t y .  

Various p repa ra t ion  techniques  e x i s t  which enable one to prepare  z e o l i t e -  

supported metals  having d i f f e r e n t  p h y s i c a l  and chemical  p r o p e r t i e s .  This 

paper  r epor t s  on an i n v e s t i g a t i o n  i n t o  t h e  e f f e c t  o f  these  techniques  on the 

c a t a l y t i c  p r o p e r t i e s  of  NaY-supported R u f o r  CO hydrogenat ion .  

I1 .  EXPERIMENTAL 

Materials 

Synthetic zeo l i te  NaY, RUC13"1.5 H20 , Ru(NH3)6C13, and Ru3(C0)12 were 

obta ined  from SCrem Chemicals, Inc .  All  gases  used were UHP grade from Air 

Produc ts .  

P r epa ra t i on  and P r e t r e a ~ e n t  

Three p repa ra t ion  techn iques ,  i nc ip i en t -we tne s s  (X.W.), ion-exchange 

( I . E . ) ,  and vapor impregnation ( V ' I . ) ,  were used to  i n t roduce  Ru on or i n t o  

the  NaY z e o l i t e  suppor t .  The i n c i p i e n t - w e t n e s s  c a t a l y s t s  were prepared from 
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RuC13"!.5 H20 dissolved in distiiled water at a concentration sufficient to 

yield the proper metal lo~ding when impregnating each gram of the support with 

0.7 cm 3 of solution° After the impregnatlon~ the samples were dried overnight 

in air at 40°C. 

For preparing the ior~=exchanged catalysts, Ru(NH3)6CI 3 was dissolved in a 

weakly acidic hydrochlorlde solution (pH = 4.5). ~his solution was then mixed 

with ~Y zeolite and stirred Continuously for 50 hours at ambient 

temperature° Excess Solution was used to maintain an approximately constant 

pH during ion-exchan~eo After the ion-exchange reaction, the cata!ys~s were 

filtered and washed several times in delonized water and dried in air 

overnight at 40°C. 

The vapor=impregnated cata!ysts were prepared via the vapor phase of 

Eu3(CO)12. NaY zeolite was calcined in vacuo at 450°C to remove water. ~he 

impregnation then took place in an evacuated~ sealed pyrex ee!! held at a 

temperature of 80°C. ~Is temperature ensured that the vapor pressure of 

Ru3(CO)12 was high enough for reasonably rapid adsorption on the zeolite but 

not high enough to cause decomposition of £he carbony!. A more detailed 

procedure is given elsewhereo (2-3) 

• After preparation~ cat~aiysts prepared by inciplent-wetness were reduced 

In flowing hydrogen by heating to 420°C at 0.5°C/rain and holding at that 

temperature for 2 hourSo The 10n-exchanged and vapor=Impregnated catalysts 

were decomposed slowly under vacuum (ca. 3 x 10 -7 Ze~.~r.) by heating to 420°C 

(0,5°C/rain) and holding for 2 hours° The catalysts were then reduced in pure 

hydrogen at 420°C for two hours. 

Characterization 

The reduced samples were characterized by A.A.~ I.E.,. and H 2 and CO 
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c h e m i s o r p t t o n  measurements .  The Eu m e t a l  load tngs  of the  c a t a l y s t s  were 

d e t e r m i n e d  by a Pe rk ln  Elmer 380 Atomlc Absorp t ion  Spec t ropho tomete r  u s i n g  the  

method of  Fabec.  (4) 

The gas chem/so rp t ton  measurements were made a t  ambient  t e m p e r a t u r e  i n  a 

g l a s s  a d s o r p t i o n  sys tem capab le  of  a c h i e v i n g  a vacuum of  c a .  3 x 10 -7  t o r t .  

The i n i t i a l  p o i n t  on the  i so the rm r e q u i r e d  1 day f o r  e q u i l i b r i u m .  E q u i l i b r i u m  

was a t t a i n e d  f o r  each a d d i t i o n a l  p o i n t  of  t he  f i r s t  i s o t h e r m  and u s u a l l y  

r e q u i r e d  2-4 hour s .  To ta l  c h e m t s o r p t t o n  of  hydrogen or  carbon monoxlde was 

de t e r m ine d  by e x t r a p o l a t i o n  of  t h e  l i n e a r  p a r t  of  t he  f i r s t  i s o t h e r m  to  ze ro  

p r e s s u r e ,  co r r e spoud tng  to the  method d e s c r i b e d  by Benson and Boudart  (5) and 

Wilson and P a l l .  (6) A s e c o n d  i s o t h e r m  was measured a f t e r  e v a c u a t i o n  o f  t he  

sample f o r  2-3 mln. f o l l o w i n g  the  f i r s t  i so the rm.  The second i s o t h e r m  

p r o v i d e d  a measure of  t h e  r e v e r s i b l y  bound hydrogen o r  ca rbon  monoxide (both  

chemlsorbed  and p h y s t s o r b e d ) .  The d i f f e r e n c e  between the  two i so the rms  gave 

t h e  amount o f  i r r e v e r s i b l y  chemtsorbed  hydrogen  o r  ca rbon  monoxide.  

I . R .  s p e c t r o s c o p y  was used to s tudy  CO a d s o r p t i o n  on Ru. The I . R .  c e l l  

was c o n s t r u c t e d  of  pyrex and had KC1 windows. The c e l l  had vacuum s t o p c o c k s  

a t  bo th  ends to  p rov ide  gas f low i n  and o u t .  The c a t a l y s t  was ground s l i g h t l y  
i 

i n  an aga t e  mor t a r  and then  compressed under  3 x 104 ps i  i n t o  a s e l f -  

s u p p o r t i n g  d l s c  having  a d i a m e t e r  of  2.5 cm and a weigh t  between 30 and 50 

mg. Fol lowing c a t a l y s t  p r e t r e a t m e n t  and a d s o r p t i o n  of  CO, s p e c t r a  were 

r e c o r d e d  a t  25°C, u s i n g  a P e r k t n  Elmer 683 g r a t i n g  i n f r a r e d  s p e c t r o p h o t o m e t e r ,  

i n  t h e  range  1500-2500 cm "1 w i t h  a r e s o l u t i o n  of  2 cm - 1 .  

F t s c h e r - T r o p s c h  

K i n e t i c  measurements were made a t  1 a t~  t o t a l  p r e s s u r e  u s i n g  a 3/8 i n .  

stainless steel tube reactor contalnlng approximately 0.5 g of catalyst. The 
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catalyst particles were sieved and only 100=120 mesh were used° %'he reactant 

gases used ware H 2 (99.999~), P~ (99.997%), and a H2/CO mixture (H2/CO = 

1,99.9%)~ which, were purified by passing through drierite and 5A molecular 

sieve traps to remove water and metal carbonyl contaminants. Prior to passage 

through the molecular sieve trap, the hydrogen was passed through a Deoxo unit 

to react any oxygen to water. ~e flow rate of each gas was controlled by a 

micro-meterlng valve and measured by a rotameter. The product gas was 

transferred from the reactor to the sampling valve of the gas chromatograph 

via a heated transfer line and was analyzed by a Perkin Elmer Sigma I G~s 

Chromatograph. Products were separated using a 6 ft. x 1/8 in. stainless 

steel column packed wi£h Porapak Q and were detected by T.C.D.. A 0.5 cm 3 gas 

sample was injected into the column while its temperature Was held at 50°C for 

2 rain. The column oven was then temperature programmed at 15°C/rain to 

180°C. The hydrogen bracketing techniques which gave the catalyst a 40 min. 

H 2 exposure after every kinetic measurement, did an exceptionally good job of 

maintaining a Glean Ru surface and giving reproducible results, in order to 

make sure that there was no hydrocarbon produced due to the mixing of pure H 2 

and the reaction mixture by gaseous diffusion during .the initial perlod of 

each .reaction run~ both flows were. separated by a short flow of He. The CO 

conversion was kept below 5Z to minimize the effects of heat and mass transfer 

and secondary reactions. 
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III. RESULTS AND DISCUSSIONS 

H? and C0 ~ e m i s o r p t i o n  

In r e c e n t  r epo r t ed  s t u d i e s ,  Ru me ta l  s u r f a c e  a r ea s  and p a r t i c l e  s i z e s  

have been measured  by s e l e c t i v e  gas a d s o r p t i o n ,  X-ray l i n e  b roaden ing ,  

e l e c t r o n  m i c r o s c o p y a n d  r e l a t e d  t e c h n i q u e s .  However, when h igh  d i s p e r s i o n s  of  

Ru or  any o t h e r  me ta l s  a re  p r e s e n t  i n  suppor ted  me ta l  c a t a l y s t s ,  i t  becomes 

i m p o s s i b l e  to use X-ray l i n e  b roaden ing  and e x c e e d i n g l y  d i f f i c u l t  to  use  

e l e c t r o n  microscopy methods f o r  d e t e r m i n a t i o n  of  c a t a l y s t  d i s p e r s i o n .  Also,  

H 2 ¢hemiso rp t i on  may not  be a r e l i a b l e  f o r  c h a r a c t e r i z a t i o n  due to the  

s u p p r e s s i o n  of  c h e ~ s o r p t i o n  on e l e c t r o n ~ e f f c i e n t  l ~ .  (7) CO chemlso rp t iou  i s  

no t  t y p i c a l l y  an a c c u r a t e  method f o r  c h a r a c t e r i z a t i o n  

s t o i c h i o m e t r y  may change as  the  Ru p a r t i c l e s  become s m a l l e r .  (8) 

s u p p r e s s i o n  of  H 2 and CO ¢hemiso rp t ion  on SMSI c a t a l y s t s  

o c c u r .  (9) However, even w i t h  a l l  t he  p o s s i b l e  d i f f i c u l t i e s ,  H 2 c h e ~ s o r p t i o n  

s t i l l  remains the  b e s t  o v e r a l l  method to  de te rmine  Ru meta l  su r f ace  a rea  i n  

h i g h l y  d i s p e r s e d  Ru c a t a l y s t s .  

In t h i s  s t udy ,  the  Ru s u r f a c e  a r e a s  were c a l c u l a t e d  from the hydrogen 

a d s o r p t i o n  measurements ,  a s s ~ n g  a s t o i c h t o m e t r y  of  ~ r r / R U  - 1 and an  

ave rage  thl a r ea  of  8.17 A2. (10) The average  "Ru c r y s t a l l i t e  s i z e s ,  d, were 

c a l c u l a t e d  u s i n g  the  r e l a t i o n s h i p  d = ~ where p i s  the  d e n s i t y  o f  t h e  S'p ' 

m e t a l ,  S t h e  s u r f a c e  a r e a  o f  Ru pe r  gram of  1~, and the  assumpt ion  i s  made 

t h a t  the  p a r t i c l e s  a r e  cubes of edge s i z e ,  d, w i th  f i v e  s i d e s  exposed to  the  

gas  phase .  ~he r e s u l t a n t  r e l a t i o n s h i p s  between I~ m e t a l  l o a d i n g  and average  

p a r t i c l e  s i z e  f o r  Y - z e o l i t e  suppor ted  Ru prepared  by d i f f e r e n t  methods are  

g iven  i n  F igure  1. B e  average  p a r t i c l e  s i z e  f o r  c a t a l y s t s  p repared  by i o n -  

exchange was found to  be independent  of Ru c o n c e n t r a t i o n  (below 3 wt%) and had 

because the  

In a d d i t i o n ,  

i s  known t o  
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values between I and io5 nm~ about the size of the zeol~te suparcages. In' 

contrast to the long.changed cata!ysts, catalysts prepared via vapor 

impregnation by Eu3(CO)I2 had average particle diameters of I nm~ which were 

also independent of m~ta! ioading. ~ha average particle size for the 

catalysts prepared by incipient©wetness using an aqueous solution of RuC! 3 was 

found to vary linearly with Rumetal loading. ~he Ru ÷3 in the RuC13. solution 

used was probably in its hydrated form and~ thus~ too bulky to enter the 

zeolite pores. ~bst of the P~, therefore~ ended up on the limited external 

surface of the zeolite sranuies in these catalysts° Consequently~ an increase 

in metal loading resulted in an increase in metal sintering due to its high 

concentration on the external zeolite surface. 

Thereduction of ion-ex6hanged RuY zeolite samples has been studied by 

several reseercherso(!l-15) Most of these researchers have agreed that when 

an ion~e_xchan~ad sample is evacuated and heated slowly to 400°C prior to H 2 

reduction~ the average Ru particle size is ca° I nmo ~wever. when H 2 is 

present during the dehydration procedure~ the average particlesize'is ca. 2 

nm~ Our results are in agreement with these'conclusions. 

Some of the average particle sizes for the ion-exchanged catalysts in 

this study were iarger then the free diameter of the zeolite supercageso 

Tease results can be rationalized in two ways. The first explenetion~ 

proposed by Verdonck et a!.~ (15) involves the localized destruition of the 

lattice by H20 to form cracks and holes. Filling of these voids by Rumeta! 

could result in average particle sizes greater than the free diameter of 

zaoiiteA The second explanetion~ su~Sested by Gustafson and iunsford~ (12) is 

that in the presence of hydrogen =he mobiiityof Eu is increased resulting in 

an agglomeration of the metal in several adjacent supercages such that the 

particles are connected through the 12-membered windo~So Based on earlier 
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T.E.M. r e s u l t s ,  (16) most of the  Ru i s  i n s i d e  the  z e o l i t e  framework and the  

l a r g e s t  p a r t i c l e s  a re  c o n c e n t r a t e d  on the  e x t e r n a l  z e o l i t e  s u r f a c e .  ~he 

p re sence  of even a r e l a t i v e l y  few l a r g e  p a r t i c l e s  i s  ab l e  to  s i g n i f i c a n t l y  

i n c r e a s e  t h e  ave rage  p a r t i c l e  s i z e  c a l c u l a t e d .  

In our s tudy of the  Ru/NaY c a t a l y s t s  p repared  from Ru3(CO)12, a l l  the  

average  p a r t i c l e  s i z e s  a t  d i f f e r e n t  meta l  l o a d i n g s  were found to  be 

e x c l u s i v e l y  arou,~d 1 nm. The d i f f e r e n c e s  i n  average  p a r t i c l e  s i z e  found  fo r  

the  ion-exchanged  and the  vapor - impregna ted  c a t a l y s t s  may be due to  one or  

bo th  of the  f o l l o w i n g  e x p l a n a t i o n s :  ( i )  The p resence  of r e s i d u a l  wate r  i n  

ion-exchanged  c a t a l y s t s  r e s u l t s  i n  a bimodal d i s t r i b u t i o n .  (15) Since the  

z e o l i t e  i s  p r e c a l c i n e d  i n  a vacuum be fo re  i n t r o d u c i n g  the  Ru i n  the  vapor-  

impregnated  c a t a l y s t s ,  l e s s  r e s i d u a l  wa te r  i s  p r e s e n t  dur ing  decompos i t ion  and 

r e d u c t i o n  than i n  the  ion-exchanged  c a t a l y s t s .  The Ru remains h i g h l y  

d i s p e r s e d  i n  the  supercage  and,  hence ,  produces  a more mono-d i spersed  

system.  ( i i )  The g r e a t e r  c o u c e n t r a t i o n  of  Na i n  the  vapor - impregna ted  

c a t a l y s t s  r e s u l t s  i n  a lower a c i d i t y  f o r  the  z e o l i t e ,  t he r eby  s u p p r e s s i n g  

i n t e r a c t i o n s  between the  oxygen atoms of  the  z e o l i t e  and the  ruthenium. For 

ion-exchanged  c a t a l y s t s ,  t he  Na atoms have been exchanged wi th  Ru(NH3)63+ 

c a t i o n s  du r ing  p r e p a r a t i o n .  Upon r e d u c t i o n ,  the  z e o l i t e  i s  g r a d u a l l y  

t rans formed  i n t o  a p a r t i a l  hydrogen z e o l i t e  hav ing  a s t r o n g  o x i d i z i n g  agen t  ( -  

OH group) .  The p o s s i b l e  e x i s t e n c e  of  m e t a l - s u p p o r t  i n t e r a c t i o n s  might  cause 

the  ru thenium to  be i n  a h i g h e r  o x i d a t i o n  s t a t e  than  t h e  presumed va lue  o f  

ze ro .  Evidence  f o r  an i n t e r a c t i o n  between the  oxygen atoms of alumina and 

ru thenium has been p r e s e n t e d  by F e l l n e r  and Be l l (17 )  u s ing  i n f r a r e d  

spec t roscopy  and Clausen and Good (18) u s i n g  Mosshauer Spec t roscopy.  E l e c t r o n -  

d e f i c i e n t  Pd, r e s u l t i n g  from i n t e r a c t i o n  w i t h  OH groups i n  NaY, has  a l s o  been 

r e p o r t e d .  (19) Format ion of  e l e c t r o n - d e f i c i e n t  s u r f a c e  spec i e s  could  suppress  
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hy'drOgan adsorption to a certain eEtent~ since highly electron=deflcient 

metals do not appreciably interact with hydrogen, (20) ~h!s w~u!d result in 

overestimation of the average particle size in the Ion=exchanged catalysts° 

Co=parln~ the sto!chiom~try of irreversible C0 chem!so~ptlon to that of 

H 2 sho~s some very interestln s differences (see Figure 2). %'no CO/H ratio 

(Molecule of CO per atom of hydrogen strongly adsorbed)hes a value of 2-3 for 

vapoz~impregnated catalystsD while the C0/}{ ratio has a value of 4~5 for ion 

exchanged catalysts having average I~ particle diameters less than 1.6 nmo 

This ratio decreases rapidly as particle size Increases~ The C0/E ratio £or 

the Incipient-~atness catalysts is independent of average particle size in the 

range above 5 nm and has a value of about 1.5. C0/H ratios gre~ter than 

unityD in the absence of H 2 chemisorpt!on suppresslon~ imply multiple C0 

chemlsorption to form surface species of the form Eu(CO)2~ Eu(CO)3 ~ and even 

Ru(C0)4. (12) It can be surmised that multiple chemisorption should take place 

on lo%7 coordinated metal surface sites° As the particle size increeses s the 

fraction of surface atoms Of low coordination number decreaseso (22) . ~his 

explains the decrease in the CO/}{ ratio with increas!n=~ average particle size. 
u 

The difference in CO/H ratios for Ion-exchanged and. vapor=i~re~nated " 

catalysts having similar dispersions is probably due to mete'l-zoo!Its 

interactions, ~ased on IR results~ it appears that Eu metal in Ion-exchanged 

catalysts is-probably more electron~deficient than Ru in vapoz~impra~na£ed 

cata!ysts,(24'-25) ~ ~hls would result in some h~rosen suppression for =he ion- 

exchanged catalyst, Indeed~ it has been found (23) that there is a measurable 

amount of hydrogen suppression • for the Ion-exchanged Eu/NaY catalysts o " 

Eowsver~ supp~esslon of CO chemlsorptlon appears not to be si~r!ficant, 

~herafore~ the 90/}{ chemisorptlon ratios for the ion=sxchansed•catalysts are 
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h i g h e r  than those  f o r  the  vapor - impregna ted  c a t a l y s t s  w i th  the  same meta l  

d i s p e r s i o n s .  

I n f r a r e d  Spect roscopy 

Carbon monoxide chemiso rp t ion  on suppor ted  ruthenium has been  e x t e n s i v e l y  

studied by IR. (24-31) ~he IR bands observed have not yet been completely 

a s s i g n e d .  However, most r e s e a r c h e r s  (31-35) a g r e e  t h a t  s m a l l e r  me ta l  p a r t i c l e s  

a r e  l e s s  t h r o u g h l y  reduced or  a r e  more mod i f i ed  by the  p r o x i m i t y  to  t he  

s t r u c t u r a l  oxygen of the  ox ide  suppor t .  As can be seen  i n  F igure  3, CO 

chemisorbed on the  v a p o r - i u p r e g n a t e d  c a t a l y s t  absorbs  a t  lower  wavenumbers 

t han  t h a t  on the  ion-exchanged  c a t a l y s t s .  The d i f f e r e n c e  i n  the  wavenumbers 

r e f l e c t s  d i f f e r e n c e s  i n  the  ruthenium p a r t i c l e  s i z e s  and q u i t e  l i k e l y  t he  

e f f e c t  of  the  z e o l i t e  on t he  e l e c t r o n i c  s t r u c t u r e  of  t he  meta l  p a r t i c l e .  ( 2 , 2 4 -  

25) Reduction of  Ru has been shown to  produce a d e c r e a s e  i n  t he  CO 

v i b r a t i o n a l  f r equency ,  co r respond ing  to  a dec rease  i n  e l e c t r o n  d e f i c i e n c y  of 

t h e  me ta l  a toms.  (26) In  an IR s tudy  of  Pd suppor ted  on NaY, Chukin e t  a l .  (19) 

found h i g h e r  f r e q u e n c i e s  than  normal f o r  CO adsorbed on .reduced Pd. They 

a s c r i b e d  t h i s  r e s u l t  t o  t h e  i n t e r a c t i o n  of  the  me ta l  w i t h  s t r o n g l y  a c i d i c  OH 

groups v i a  a dono r - accep to r  mechanism. 

Cons ide r ing  both  the  chemiso rp t ion  and IR r e s u l t s ,  i t  i s  p o s s i b l e  t h a t ,  

f o r  ion-exchanged  c a t a l y s t s ,  p a r t i a l  m i g r a t i o n  of  f r e e  e l e c t r o n s  from m e t a l  

atoms to the  p ro ton  of  the  s t r o n g l y  a c i d i c  OH groups r e s u l t s  i n  the  fo rma t ion  

o f  a c h a r g e - t r a n s f e r  complex: 

R  -0<zeollte 
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The presence of Na + cations in vapor=impre~aated catalysts neutralizes the 

strongly acidic sites: 

Ru=--~Na-O<zeo!!te. 

and results in less interaction of the Ru with the zeolite. 

The electron=deflcient character of Ra for the ion-exchanged catalysts 

should be more than that for the vapor-ium, regnated catalysts° Although we are 

still no£ able to obtain CO peaks with IE for the !nclplent-~etness catalysts 

due to low Ru surface area and IR opacity of the samples ~ the electronic state 

of the Ru shoiid be the same as bulk metal due to its large particle size and 

location prlmarily.on the external zeolite surface. ESCA studies of a Ru/NaY 

catalyst prepared by the inciplent~etness method support this Idea:(36) 

~action St~ies 

All fresh~ 

earlier' ~he 

reduced catalysts were given the pretreatmen~ described 

primary hydrocarbon products produced under all reaction 

conditi0ns were a~oiefins and normal paraffins° The oxygen released in 

conjunction with the synthesis of hydrocarbons appeared as water and small 

amounts of carbon dioxide. Trace amounts of methanol were also detected at 

low tempera6ureso The term '~ercentage total conversion of CO'! refers to the 

conversion of CO to hydrocarbons through pentane and to CO 2. All turnover 

numbers were based on irreversible hydrogen chemlsorpt!on on the fresh 

catalysts° The steady state refers to a time frame of about 30-.200 rain. after 

the start of  the reactions All designated initial reaction data w~re taken 5 

mino after the start of the reaction. By using a hydrogen-bracketlng 

techn!que~ activities were reproducible to within a few .percent after the 
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c a t a l y s t s  became s t a b i l i z e d .  M a i n t a i n i n g  the  c a t a l y s t s  i n  hydrogen fo r  

p ro longed  p e r i o d s  was a l s o  de te rmined  to  have no e f f e c t  ou c a t a l y s t  a c t i v i t y °  

Particle Size Effects: 

As can be seen  i n  F igure  4, the  tu rnover  number of  the  ion-exchanged Ru 

catalysts was found to increase with increasing average metal particle size in 

the range of I to 3 nm. For the incipient-wetness catalysts, turnover number 

was constant as average particle size varied above 3 nm. A smooth curve can 

in fact be fit to the points from bosh the ion-exchanged a.d incipient~wetness 

catalysts. Selectivity for methane decreased significantly with increasing 

metal loading for the ion-exchanged catalysts (see Figure 5). This was less 

true for the catalysts prepared by the incipient-~etness techinque, which had 

an anomalously high methane selectivity. King (37) also found the latter 

result for unsupported I~. ESCA studies have indicated that catalysts 

prepared by incipient-wetness method have the same properties as bulk 

Ru.(36) Catalysts prepared by the vapor-lmpregnation method, however, 

exhibited greater selectivltles for C2-C 4 olefins and higher hydrocarbons than 

t he  o t h e r  c a t a l y s t s .  In a d d i t i o n ,  t h e i r  turnover,  numbers were much g r e a t e r  

than  those  of ion-exchanged c a t a l y s t s  hav ing  s i m i l a r  d i s p e r s i o n s  of  Ru. 

The t r e n d  of  d e c r e a s i n g  t u r nove r  number w i t h  d e c r e a s i n g  p a r t i c l e  s i z e  i n  

t h e  range of  1-4 nm i s  i n  agreement w i t h  the  da ta  of  Jacobs (38) f o r  Ru/NaY and 

King (37) f o r  Ru/A1203 and Ru/Si02,  bo th  d a t a  s e t s  b e i n g  ove r  s m a l l e r  r anges  o f  

p a r t i c l e  s i z e  than  the  one of  t h i s  s t u d y .  Moreover, t hey  were not  ab l e  to  

p r epa re  c a t a l y s t s  hav ing  ave rage  p a r t i c l e  s i z e s  l e s s  t han  1 nm. For t h e  sake  

o f  comparison With t he  p r e s e n t  r e s u l t s  f o r  ion-exchanged and i n c i p t e n t - ~ e t n e s s  

c a t a l y s t s ,  t he  r e s u l t s  r e p o r t e d  by ~ e l l n e r  and Be l l  (33) f o r  Ru/A1203 have a l s o  
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been replotted in Figure 6o it is evident that the data fo!!0-~ similar trends 

and that the slopes of straight lines fitted to each data set are nearly 

identical. We did not fin4 the sharp decrease in activity for the highly 

dispersed Ru catalysts (Z dispersion > 75) reported by Fa!!ner and Bell, (33) 

When one compares the C0/E ratios for irreversible chemisorption at 25°C 

for the various catalysts (FiBre 2) to their turnover numbers (Fignrl 4) one 

finds a good inverse correlation: the greater the C0/E ratio for a given 

cataiyst~ the lower its turnover number for C0 conversion. ~hls result 

suggests that~ under reaction conditions~ hydrogen may possibly compete more 

successfully with CO for adsorption sites on vapor-impregnated catalysts than 

on !on-exchanged catalysts having similar dispersions° Such an effect would 

lead to the expectation that higher specific activities should occur on the 

vapor-impregnated cetalysts~ which is in fact the case° However~ contrary to 

what would be expected~ the selectivity for methane was much less. 

Jung (39) and Bartholomew et el. (40) have reported that the larger the 

C0/E adsorption ratio on a catalyst~ the higher its se!ectlvity to C2 + 

hydrocarbons° Y hey hypothesized that small metal crystallltes which interact 

strongly with the support produce hydrogen-poor hydrocarbons (compared to 

methane) simply because the crysta!lite surfaces during reaction are deficient 

in hydrogen. Our results did not indicate for NaY-supported Ru any such 

relationship between selectivity and CO/H adsorption ratlo. However~ ~ it was 

found that the selectivity is a function of both the preparation method and 

the metal loading~ as reported by King, (37) More surpris!ngly~ the vapor- 

impregnated catalysts were very active and produced larger amounts of higher 

hydrocarbons than the other catalysts. :This finding does not support the 

particle size dependent reaction mechanism proposed by Ni~s and Jacobs.(41) 
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Slgnlflcant amounts of isobutanewere also observed for the Ion-exchanged 

catalysts but were absent for the vapor-lmpregnated ones. (42) (see Table 

I). In the ion-exchanged catalysts, Na + cations have been replaced by 

trlvalent Ru3+(NH3)6. Followlng decomposition and reduction, three Bronsted 

acld sites w111 be produced for each Ru atom reduced. The iso-butane formation 

would appear to be due to the presence of these Bronsted acld sites in the 

Ion-exchanged catalysts followlng reduction , which produces bifunctlonal 

catalytic properties. 

It has been found that the catalytlc behavior of vapor-lmpregnated Ru 

catalysts depends strongly on the level of CO conversion. (43) Anelse et 

al. (44) found the same result for iron alloy catalysts and discovered that 

thls result correlates to a high activity for the water-gas shift reaction. 

Those catalysts having the higher water-gas shift activities produced the 

higher olefln selectlvltles and also had greater abllitles for the 

incorporation of oleflns Into the growing chains. The dependence of catalytlc 

behavior for the vapor-lmpregnated catalysts on CO conversion seems to to be 

slmilarly correlated to a hlgh activity for the water-gas shift reaction. For 

zeollte-supported Ru, It has been found that the lower the acidity the higher 

the activity In the water-gas shift reaction. (37) The vapor-lmpregnated 

c a t a l y s t s  would o b v i o u s l y  have  t h e  l owes t  a c i d i t y .  

ReactlonTemperatureEffects: 

As can be seen  i n  F igu re s  7 and 8, the  t u r n o v e r  number f o r  CO and the  

methane s e l e c t i v i t y  t n c r e a s e d  w t t h  i n c r e a s i n g  r e a c t i o n  t e m p e r a t u r e  f o r  a l l  t he  

catalysts. However, the selectivity for methane increased more significantly 

for the Ion-exchanged catalysts. ~he olefln fraction in C2-C4, on the other 
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hands decreased with increasing reaction temperature in all cases (see Fisure 

9)° ~his is consistent with results cited in the literatureo(38~45~ 46) 

The selectivity chan~es observed on variation of the reaction temperature. 

are not Sust due to thermody~amicso. It can be shown that the Gibb's free 

energies of reaction for the formation of higher molecular weight hydrocarbons 

in the F=T synthesis are more negative and decrease more rapidly with 

decreasing temperature than.those .of lower molecular weight hydrocarbons for 

F-T conditions (220=320°C)o ~hus~ the for~mt!on ~of a smaller fraction of CH¢ 

~as the temperature is decreased would be expected° P~wever, the formation of 

paraffins are thermodYnamlca!iy favored at F~T te~eratures, Since the 

relative differences between the Gibb's free energies of the paraffins and 

olefins become less as temperature decreased~ it has been suggested that this 

should result in an increase in the o!efin fraction as reaction temperature is 

decreaSedo (47) ~w=-var~ ' such an explanation cannot possibly explain the 

formation of olefin fractions which exceed those of the paraffins° The 

greatest variance in the olefin'fractlon probab!y results from differences in 

various kinetic steps, it is suggested that.olefins are prlmary products in 

F-T and their fraction decreases with increasing temperature due to" an 

t =rease in hydrogenation activity.(48? 

The same ~ac~iv~t ion  e n e r g i e s  noted  i n  Fi~-~re 7 and Table 2 f o r  t h e s e  

three catalysts indicate that diffusion effects' were not sisnificant in this 

stu~ 7 at any temp~raturao 

Pedu=tion Temperature E~fects: 

The influence of the reduction temperature on the activity is sho~rn in 

Figure !OJ For the ion~xchanged c~t.a!ysts~ the activity decreases slightly 
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w i t h  i n c r e a s i n g  r e d u c t i o n  t empera tu re .  This  has been a t t r i b u t e d  by Jacobs e t  

a l .  (49) to  t he  s i n t e r i n g  of  t he  m e t a l  p a r t i c l e s .  The lower  a c t i v i t y  a t  250°C 

i s  probably  due to  an incomple te  r e d u c t i o n .  

Contrary to  the  r e s u l t s  found fo r  the  ion-exchanged  c a t a l y s t s ,  t h e  

a c t i v i t y  fo r  the  i n c i p i e n t - w e t n e s s  c a t a l y s t s  l u c r e a s e d  wi th  i n c r e a s i n g  

r e d u c t i o n  t e m p e r a t u r e .  ~ i s  may be due to  an e f f e c t  of  r e s i d u a l  c h l o r i n e .  

XPS and SIMS s t u d i e s  on unsuppor ted  Ru and FeRn a l l o y s  have shown t h a t  Ru 

m e t a l  i n d e e d  r e t a i n s  s u b s t a n t i a l  amounts o f  c h l o r i n e  a f t e r  r e d u c t i o n  of  RuC13 

to the metal. (50) Koopman et al. (51) ~ave examined the effect of reduction 

temperature on RuC13~Si02 and have found the metal surface area to be 

increased at higher temperatures due to the removal of traces of chlorine from 

the Ru surface. This would result in an Increasedspeciflc activity following 

higher reduction temperatures. 

Catalyst Stability: 

In the reaction temperature range 200-300°C, it was found that the 

activities and selectlvltles are reproducible when going up and down with the 

temperature on using the hydrogen bracketing technique. Carbon deposition was 

a l s o  found to  be r e v e r s i b l e  i n  t h a t  t he  carbon d e p o s i t e d  a t  h i g h  t emper tu res  

cou ld  be hydrogena ted  a t  lower  t empera tu res  and v i c e  v e r s a .  

Ca ta lys t  l i f e  t e s t s  f o r  Ru/NaY were performed and a r e  p l o t t e d  i n  F igure  

11. Al l  c a t a l y s t s  were ve ry  s t a b l e  and s u f f e r e d  only  a s l i g h t  dec rease  i n  the  

f i r s t  30 rain. o f  r e a c t i o n .  Accompanying a c t i v i t y  l o s s ,  s e l e c t i v i t y  s h i f t e d  t o  

h i g h e r  hydrocarbons as shown i n  F igure  12. A f t e r  30 hours  of  cont inuous  

r e a c t i o n ,  t he  c a t a l y s t s  were hydrogen t r e a t e d  a t  t he  r e a c t i o n  t empera tu re  and 

the  exper iment  r e p e a t e d .  The phenomena d e s c r i b e d  i n  F igure  11 and 12 were 
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~hus foum~ ~o be com~lete!y reprodu~ibieo This is in excellent as~eemmnt wi~i 

the ~esu!~s reported by ~autzenberg eta!, (52) for Ru/A!203 and ,~iJs and 

Jacobs (4!) for ion=exchanged Ru/NaYo These results indicated that the 

s~lectivi~y shif~ to higher hydrocarbons with reaction time is not ~ue tot he 

sinte~in~ of Ru metal. Nijs and Jacobs (4!) concluded that at the beginning of 

FT synthesis some surface carbon is formed which is easily hydrogenated to 

methane but which does not initiate chain growth° Another species is 

Sradual!y foz~sd laier on which can initiate chain 8ro%r~ho The rate at which 

this species is formed decreases when the catalyst support is more acidic. 

~he formation of this second species is enhanced by the presence of water° 

Th~ difference in activation cherries between initial and Steady state found 

here (Table 2) possib!y suggests that slightly different reaction mechanisms 

may exist~ i°eo~ as a result of an increase in water present~ since little 

deactivation is seen° 

CONCLUSIONS 

The results presented in this study indicate thatv using different 

preparation techniques~ one is able to change greatly the. chemical and 

physical properties of Eu/NaY catalysts o The CO/E ratio had a value of 2-3 

for chemisorptlon on vapor=impregnated catalysts'at ambient te~perature~ while 

the C0/E ~atlo of ion=exchanged catalysts had a value of 4~5 for averag~ Ku 

particle diameters less than !.6 nmo ~hls ratio decreased rapidly as particle 

size inczeased. T~e CO/E ratio for the in~ipient~etness catalys~s ~r~s 

independent of average particle.size in t h e  ra.n~e above 5 nm and had a va!ue ~ 

of about 1o5o These modifications in the natu,~e and s~oichiom~tz~/ of CO and 
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H 2 adsorp t ion  occur presumably because of d i f f e r e n t  s i t e  geometr ies  and/or  the  

i n t e r a c t i o n  of  the  metal  wi th  the  z e o l i t e .  

The s p e c i f i c  a c t i v i t y  of supported rutheni-m prepared by the ion-exchange 

method was "found to i nc r ea se  wi th  i n c r e a s i n g  average metal  p a r t i c l e  s i z e  i n  

the  range 1-3 um. For the i nc ip i en t -we tne s s  c a t a l y s t s  s p e c i f i c  a c t i v i t y  was 

cons tan t  as average p a r t i c l e  s i z e  va r i ed  above 3 nm. Ca ta lys t s  prepared by 

the  vapor- impregnat ion method exh ib i t ed  a ~ c h  h igher  a c t i v i t y  than ion-  

exchanged c a t a l y s t s  having s i m i l a r  average p a r t i c l e  s i z e s .  A gene ra l  p a t t e r n  

i s  ev iden t ,  namely, i nc r ea s ing  s p e c i f i c  a c t i v i t y  wi th  decreas ing  CO/H 

adso rp t ion  r a t i o ,  sugges t ing  t h a t  the r e l a t i v e  a v a i l a b i l i t y  of  adsorbed H 2 and 

CO determines c a t a l y s t  a c t i v i t y  during r e a c t i o n .  

S e l e c t i v i t y  i n  CO/H 2 r e a c t i o n  over Ru/NaY was in£1uenced by the  

p r e p a r a t i o n  method and metal  loading.  S e l e c t i v i t y  for  methane decreased wi th  

i n c r e a s i n g  meta l  load ing  f o r  the  ion-exchanged c a t a l y s t s .  ~his was l e s s  t r u e  

f o r  the c a t a l y s t s  prepared by the i nc ip i en t -we tne s s  technique,  which had an 

anomalously h igh  methane s e l e c t i v i t y .  ~he vapor-impregnated c a t a l y s t  s 

e x h i b i t e d  m~ch h igher  s e l e c t i v i t i e s  for  C2-C 4 o l e f i n s  and h igher  hydrocarbons 

than  the o the r  two c a t a l y s t s .  

I t  i s  hypothes ized t h a t ,  fo r  ion-exchanged c a t a l y s t s ,  p a r t i a l  u4gra t iou  

of e l e c t r o n i c  charge from the  meta l  atom to the  proton of  s t r o n g l y  a c i d i c  OH 

groups lead  to the format ion of a charge t r an s£e r  complex. P o s s i b l y ,  because 

of t he  presence  of  t hese  ac id  s i t e s  i n  the  ion-exchanged c a t a l y s t s ,  i so -bu tane  

i s  a l so  ab le  to be formed. As a r e s u l t  of the n e u t r a l i z a t i o n  of the z e o l i t e  

s t r u c t u r e  by on ly  Ha + c a t i o n s  i n  vapor-impregnated c a t a l y s t s ,  the  e l e c t r o n -  

d e f i c i e n t  cha rac t e r  of Ru in  those c a t a l y s t s  appears to be n e g l i g i b l e .  

Ca ta lys t s  prepared  by the i n c i p i e n t - v e t n e s s  method have the  same e l e c t r o n i c  

s t a t e  of the Ru as bulk metal  s ince  they have l a rge  Ru p a r t i c l e s  loca ted  on 
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the external zeolite surface which apparently do not interact with the 

zeolite° It is interesting to note that the catalysts containing Ruhighly 

dispersed, and in large part inside the zeolite structure (iOn~axchanged and 

vapor-i~mra~ated catalysts), have the best se!ectiv!ties for higher 

hydrocarbons° Considerlng the case of the vapoz~impregnated catalysts, this 

selectivity for higher hy@rocarbons should not be due only to a strong metal- 

zeolite interaction, 

On the' basis of this and previous studles~ it appears that the observed 

changes in adsorption, activity, and selectivity withpreparation method and 

metal dispersion are proSaS!ythe result Of differences in the location of the 

metal, average metal particle size, and Interactlon between the metal and the 

zeolite, 
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TABLE 1 - " 

~ e c t  of t~epa~a~iQu ~ h o d s  ou Zsob~taue Foz'~tion @ 250°C 

C~=a!y~t 

2Z Ru/NaY 

4N R~t~Y 

0o5~ Ru/NaY 

0 °5Z .Ru/NaY 

I 

l~mparatlom 
~thod 

r 

°. 

incipient~tnes s 

incipient=wetness 

iom~sxchan~ 

iou=sxchamge 

Vapor=!~re~atiom 

vapor~impregnatlon 

I I I  

i - -  c 4 
to ta i  c 4 -(vt~)" 

0 

0 

c a .  14 

i8  

0 

0 

1.57 



TABLE 2 

Prepara t ion  Effec ts  on Act£vation Energy 

Prep. Method 

I i i i  i i i I i i i  i i i  

mltla1(x) 
wtl Pa~ Eac t (kcal /mole)  

I i i 

Steady State  (2) 
Eac t (kcal /mole)  

lucipiene-Weeuess 

Ion-Exchange 

Vapor-Impregnation 

2 21 24 

3 16.7 23 

1 15.8 22 

I 

(1) 

(2) 

L 

5 rain, a f t e r  s t a r t  o f  r e a c t i o n  

30 min. a f t e r  s t a r t  of r e a c t i o n  
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F!SCHEE-TROPSCH SYETHESTS OVER ZEOLTTE-SUPPORTED Eu 
CAZ,, ,TSZS D, ZZVZD ZZOM (CO), 

Y.-Wo Chen, H.-T. Wang~ J. G. Goodwin, Jr., and W. K. Shlflett 

ABSTRACT 

A set of zeollte-supported Ru cata!ysts were prepared from Ru3(CO)12 

using zeo!ites NaX, NaY, KL~ and Na~rdeniteo ~hese catalysts were 

characterized and studied under Fischer-Tropsch conditions in order to 

determ!ne their unique properties and the effect of the zeolite support. For 

co~zrison, z catalyst using SiO 2 as a support was also used. Ru3(CO)I 2 did 

not appear to be able to diffuse into NaX. Overall, the best ca t~!yst in 

terms of high Ru dlspersion~ low methane selentlvlty~ and high olefln 

selectivity was Eu/NaY. ~he type of zeolite used 8s the support had a strong 

effect on methane selectivity. This method of preparatlon, compared to the 

ion-~chanEe method, is much superior in p~oduc!ng low yields of methane and 

high yields of oleflns. 
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INTRODUCTION 

Supported carbonyl complexes are  cu r r en t l y  r ece iv ing 'wide  a t t e n t i o n  both 

for their potential application as an important new class of catalysts and for 

their utility as models for more traditional types of heterogeneous 

catalysts. (I) ~here have been four techniques used to adsorb metal carbonyl 

complexes on inorganic supports: (i) wet Impregnation,(2) (ii) extractlon, (3) 

(ill) solvated metal atom dispersion (SMAD), (4) and (iv) vapor- 

Impregna~lon. (5"7) Whlle sillca, alumina, and other metal oxides have been 

wldely used as supports for transltlon-metal carbonyl complexes, the use of 

zeollte supports has been fairly llmlted. Due to their hlgh Surface area, 

shape-selectlve character, acidic nature, and well-deflned structure, zeolltes 

can play an important role in Flscher-Tropsch catalysls. (8-I0) "The high 

surface area allows a hlgh degree of metal dispersion in the zeollte, while 

.the acidity and shape-selectlvlty can significantly affect the selectivity of 

the catalyst. In addltlon, uslng zeolltes as the support may better preserve 

the orlglnalRu3(CO)l 2 metal cluster character. (5) 

Ruthenium has been shown to be one of the most active FT catalysts. (I!) 

Several researchers (12"14) have reported that highly dispersed catalysts 

prepared from Ru3(CO)I 2 are much more active and selectlve for C2~ 4 oleflns 

and higher hydrocarbons in atmospherlc pressure P-T synthesis than those 

prepared from EuCl3. In contrast, Ferkul et al. (15) found that methane was 

the primary product for Ru3(CO)12-derlved catalysts supported on A1203, SI02, 

and NaY zeolite. In addition, they reported that catalyst activities 

decreased In the followlng order: Ru/AI203 > Ru/NaY > Ru/SI02. The Ru/AI203 

catalyst was also very active for carbon dioxide hydrogenation. 

The present studies were undertaken to investigate the effect of zeolite 

supports on the catalytic properties of ruthenlum'catalysts prepared from 
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Ru3(C.O)12o These catalysts utilized as supports zeolltes NaX, NaY~ El and 

Na~brden!teo A sillca-supported catalyst was also used for comparlson. 

EXPERIMENTAL 

C.~ata!ys t P r e p a r a t i o n  

• Synthetic zeo!ites (NaX, NaY, KL), Si02, and Ru3(CO)12 were Obtained from 

S~rem Chemicals, inc. NaM~rdenlte (NaM), a synthetic large port morden!te, 

was obtained from the Norton Company° The supports were heated under vacuum 

at 450°C prior to their, impregnation by vapor-phase Ru3(CO) 12 ° This 

impregnation process took 'place in an evacuated, sealed Pyrex cell held at a 

temperature of 80°C o The detailed procedure is w~!i documented 

elsewhere° (6-7) The supported complex was then decomposed on heat!n=~ 

(0o5°C/mln) to 420°C and holding at this temperature for 2 h under a vacuum of 

10 -5 Pao 

Characterization 

The decomposed cata!yst9 were found to ba in a comp!eteiy reduced state, 

and subsequent reduction in H 2 was unnecessary. Thus, following decomp, osition ~ 

under vacuum~ H 2 and CO chemisorptlon measurements were carried out. After 

thl chemlsorption Of H 2 was reassured, the catalyst was heated under vacuum for 

2 h it 420°C " to. completely desorb the hydrogen. The chemisorption 

measurements ware carried out at room temperature in a glass adsorption system 

capable of achieving a dynamic vacuum of ca@ 10 -5 Pao Total "chemisorbad H 2 or 

CO was determined by extrapolation of the linear part of the first isotherm to 

zero pressure° A second isotherm was measured after evacuation of the sample 

for 2-3 minutes folio'~ing the first isotherm° The second' isotherm provided a 

measure of the reversibly bound hydrogen or carbon monoxide (both chemisorbed 
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and p h y s i s o r b e d ) .  The d i f f e r e n c e  between t h e s e  two i so the rms  gave the  amount 

of  i r r e v e r s i b l y  chemisorbed  hydrogen o r  ca rbon  monoxide.  Metal  l o a d i n g s  were 

de t e rmined  by a tomic  a b s o r p t i o n .  

FT Heactlon 

The kinetic data at a total pressure of I01 kPa were gathered using a 3/8 

in. (I in - 2.54 cm) stainless steel mlcroreactor containing approximately 0.4 

g of catalyst. Cases used were H 2 (99.999%), He (99.997%), and a H2/CO 

mixture (H2/C0-1 , 99.9%), which were further purified by passage through 

Drlerite and molecular sieve traps to remove water and metal carbonyl 

contaminants. Prior to passage through the molecular-sleve trap, the hydrogen 

was passed through a Deoxo unit to remove the oxygen as water. All gases were 

obtained from Air Products. ~e product gas was transferred from the reactor 

to the sampling valve of the gas chromatograph via a heated transfer line and 

was analyzed by a Perkin-Elmer Sigma 115 Gas Q~romatograph equipped with TCD 

and FID. Products were separated using a 6 ft x I/8 in. (I ft - 30.48 cm) 

stalnless-steel colmnn packed with Porapak Q. A 0.5 cm 3 sample was injected 

into the column which was held at 50°C for 2 rain and then programmed at 

15°C/min to 200°C. This permitted the separation of products up through C 8. 

The previously decomposed catalysts were reduced overnight in flowing H 2 at 

300°C prior to the measurement of the reaction kinetics. Product samples were 

taken after 30 rain of reaction. Based on catalyst llfe studles~ 30 mln of 

reaction was sufficient to ~ establish the product distribution. No problem 

with product hold-up in the zeolite support was observed at 1 arm for reaction 

times of 30 mln or more. All reported results were obtained through a range 

of ascending and descending reaction temperatures. The bracketing 

technique, (II) which gave the catalyst a 30 m/n exposure to H 2 after every 
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kinetic ~masurement, was used to maintain a clean Ru surface and to give 

reproducible, consistent kinetic results. Tee CO conversion was kept below 5% 

to minimize the effects of heat and mass transfer and secondary reactions° 

RESULTS AND DISCUSSIONS 

The solvent used~ (16) support OH groups', (17) and water physically 

adsorbed on the support (18) have been found to affect the properties of 

supported metals deri¢ed from organometa!llc compounds.. In this study, the 

alkali-~zeolltes were calcined in vacuum at .420°C and did not contain any free 

water. Because these supports were in the unexchanged alkali'form, they also 

had very low concentrations of O~ groups. In addition, no solvent was used in 

the vapor impre~nation preparation process° 

The results of H 2 and CO chemisorptlon for. the various Ru catalysts are 

siren in Table I. ~ne average metal particle diameters, as estimated by H 2 

chemisorpt!on, were larger than the free diameter of the -major Zeolite 

cavities for eli except the NaY-supported catalyst.' These results can be 

interpreted in four possible ways. The first explanation~ proposed by 

Verdonck eta!. (i9) involves the loca!!~ed destruction of the lattice to form 

cracks and holes. Fillin s o2 these voids by Ru metal would, result in larEe 

particle, sizes being' measured° The second explanation, Susgested by Gustafson 

and iunsford, (2.0) is that in the presence of H 2 the mobility of Ru is 

increased, resultin s in the ag~lomeratlon of Ru in several adjacent unit cells 

whe:e the particles may be connected thr0ush the windows of the zeolite 

framework° This behavior would be expected to be more significant for the EL 

and Na~brden!te due to their straight channel frameworkso The third 

explanation is that the suppression of irreversible hydrogen chemisorption 

~i~ht occur. ~kesu et el. (21) have reported that~ as metal particle size 
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TABLE 1 

CATALYST CHARACTERISTICS 

Support Si/AI 

ratio 

Metal 

~oading 

(wtT.) 

H 2 

(irr.) 

(~mole/g) 

co 

(irr.) 

(~mole/g) 

co/H 

(Irr.) (A) 

ZD 

NaX 1.2 0.75 3.7e2.0 46e2.0 ca. 6.8 85 10 

1.2 0.27 '5 55 ca. 5.6 22 37 

NaY 2.4 1.3 58 274 2.4 9 90 

KL 3 1.4 32 220 3.5 18 45 

NaM S 0.74 18 105 3.0 18 48 

SiO 2 0.43 19 111 2.9 9 90 
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decreases~ the adsorption energy of hydrogen on metal particles also" 

decreases° Eowaver," a study by chem!sorption and transn~ssion electron 

microscopy (TEM) of catalysts prepared from Rus(C0)I2/NaY showed that for a 

highly dispersed Rn catalyst (ca. I00%) there was no indication of H 2' 

chem/sorptlon .suppression at ambient temp. erature~ and the use of irreversible 

~2 chemisprption at room te~erature was appropriate for determining average 

particle diameters. (22) The CO/~ chem!sorption ratio can be a significant 

indicator of 92 chemisorption suppression. (23) Tn the absence of such 

suppression~ the CO/H ratio normally takes on values between 2.5 and 4 for 

highly dispersed Ruo (24) As can be seen in Table i~ the ratios for Ru 
% 

supported on NaY, KL~ NsM~ and SiO 2 suggest little or no H2 chemisorptlon 

suppression on those catalysts, The large values of CO/~ found for Ru/NaXare 

probabiy a consequence of errors associated with the measurement of small 

amounts of H 2 chemisorptlon rather than E 2 chemisorptlon suppress!on. A 

fourth explanation is .that the presence of even a few very large particles on 

the external surface of the zeolite is able to skew the average metal particle 

diameter ca!culated from chemlsorptlon to a size larger than the zeolite 

pores~ even though most o~ the metal may exlst as very small particles inside 

the zeolite° It can be concluded, then, that for Ru supported on NaY, KL~ 

Ns_M= and Si02~ the average particle diameters calculated should he relatively 

accurate° The large average diameters found for Ru/KL and Ru/NaM probably 

reflect the fact that some metal is encapsulated in the zeolite pores and some 

exists as large particles on the external zeolite surfaces. Such a situation 

has been observed by TEM for even highly dispersed Ru/NaY catalystso (22) 

Amlscalcu!ation of the average particle size for Ru/NaX, resulting in a 

gross over estimation of average Ru particle size, can be ruled out. Ru can 

be totally reduced in catalysts prepared by this method, thus no decrease in 
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H 2 chemlsorptlon can be related to incomplete reduction. In addltlon~ no H 2 

chem/sorptlon suppression is exhibited by zeollte-supported Ru prepared from 

Ru3(CO)I2. Furthermore, where H 2 chemlsorptlon suppression exists (zeolite- 

supported Ru prepared by ion exchange)s no suppression is seen when the 

zeolite support has a low Sl/Al ratio (as in the case for NaX). (23) Activity 

and selectivity results~ compared to previous results for zeollte-supported 

Ru~ (14) confirm the concluslon based on the H 2 =henLlsorptlon results that 

Ru/NaX has a relatively low Ru dispersion. 

The average partlcle slze 3 as calculated from H 2 chemlsorptlon~ for N~X- 

supported catalysts was found to increase monotonically with increasing Ru 

loading. Such an increase in particle size with loading is typlcal of 

zeollte-supported Ru where Ru is deposited primarily on the external surface 

• of the support. (14) Since NaX has the same structure and cage dimensions as 

NaY but approximately twice as much Na~ one may assume that most of the Ruwas 

on the external surface of NaX due to the inhlbltlon of diffusion of Ru3(CO)l 2 

into the zeolite by a larger number of cations in the cage openings. ~he 

partlcle size obtained for the Si02-supported sample is comparable to the 

results of ~ellner and Bell (25) for Ru/Si02Prepared by impregnation with a 

solutlon of Ru3(CO)I2. 

After several cycles of FT synthesis wlth hydrogen-bracketing, the 

catalytic properties of these catalysts were siabillzed. The activity 

increased during thls stabilization period and was accompanied by a shift to 

higher hydrocarbons. Suchan increase in activity during the initial reaction 

period is not observed for Ru catalysts in general and seems to be unique for 

catalysts prepared from Ru3(CO)12. 

The catalytic properties of these catalysts at steady state are shown in 

Tables 2 and 3. The primary hydrocarbon products under reaction conditions 
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TABLE 2 • 

CATALYTIC ?ROPERT!ES [a) OF Ru CATALYSTS, 

S~pport Metal CO Turnover No. ~tivity 

Loading x 103 ~mo!e 

(WtYo) (site -I sec -l) g cat. sec 

Eco (b) 

~mo!e 

g Ru sac (~al/mole) 

NaX 0.75 40 0.296 39.5 21 0.42 

NaY 1.3 5 0.580 44.6 23 0.76 

KL 1.4 4 0.252 18 .0  23 0.64 

NaM 0.74 8 0.280 37.8 0.60 22 

SiO 2 0.43 2 0.076 17.6 24 0.54 

(a) Reaction conditions: i arm, 250°C~ H2/CO=I , GHSV=2700 h -I 

(b) Chain-growth probability 

were methane, a-o!eflnsv and normal paraffins. Trace amounts of acetaldehyde 
J 

and m~thanol were detected and increased with increasing Si/A! ratio of the 

supports. Interestingly, no correlation between the reaction rate and support 

Si/A! ratio was observed. Significant se!ectivltles for olefins and carbon 

dioxide (see Table 2 and 3) were, however, an important featureo Previous 
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TABLE 2 (cont.) 

Support ~tal RCO(3)/RCO(1) (c) C02/CH4 (d) RCO2/RHC(e) 

Loading 

(wtX) 250°C 280°C 

NaX 0.75 0.74 1.3 0.5 1.0 

NaY 1.3 1.25 2.1 0.8 0.6 

KL I .4 I .31 8.2 4 .I 1.3 

NaM 0.74 1.14 5.3 3.7 1.2 

SiO 2 0.43 1.30 4.0 1.5 1.2 

(c) The ratio of the reaction rate in the 3rd cycle to that in the Ist 

cycle 

(d) Weight b a s i s  

(e)  The r a t i o  of  r a t e  of  carbon  consunp t ion  f o r  CO 2 fo rma t ion  to  t h a t  fo r  

hydrocarbon  f o r m a t i o n  
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results in the literature (26,27) have indicated that~ in the ~T synthesis, the 

weight ratio of C02/CH 4 is less than unity for Ru cata!ysts~ in contrast to 

the present findings° 

Results from this study indicate that rCO2/rHC ratios (where rHC is the 

rate of carbon atom incorporation in hydrocarbons) were greater than unity at 

250°C~ except for the Ru/NaY cata!yst~ and decreased with increasing reaction 

temperature° Since one mole of CO converted to any type of non-oxyg~enate 

gives one mole of H20 or CO 2 as a by-product~ the maximum possible rco2/rHc 

that can be obtained via conversion of all the H20 to C02 by the water-~as 

shift reaction is unity. Therefore~ any rC02/rHC ratio greater than one 

indicates the occurrence of the Boudouard reaction which provides another 

route for C02 formation° Our results are in good agreement with those 

reported by f~uhara e t alo, (13) who found that cata!yshs prepared from 

Ru3(CO)I2/A!203 were more active for CO 2 formation than ones prepared from 

RuC!3/A!203. In contrast to these resuits~ Ferku! et ai. (15) reported that, 

for the catalysts derived from Eu3(CO)12, the production of methane was 

predominant. In addition~ they found that CO 2 formation was significantly 

suppressed. The different resu!ts may be due to the high temperature of 

reaction (375°C) and the high conversion (80%) used in the study~ which 

possibly resulted in secondary reactions such as hydrogeno!ysis. (28) In our 

study~ the CO conversion was kept below 5~ t.o li~t effects due to the wate~ 

gas shift reaction as well as other secondary reactions. 

~ can be seen in ~b!e 2~ on a per gram Ru basis~ specific activity 

decreases in the order NaY > NaX~ NaM > EL~ Si02. The lower turnover number 

181 



TABLE 3 

PRODUCT SELECTIVITY .(CI-C5) OF Ru CATALYSTS (wtZ) 

m 

Support Metal C I C 2 C 2 C 3 

Loading 

(wt Z) 

I 

C; C 4 C 4 C5+ 

NaX 0.75 42 7 4 1 16 9 4 17 

NaY 1.3 18 5 2 0 39 6 4 26 

KL 1.4 38 4 4 1 21 5 5 22 

NaM 0.74 42 5 3 1 17 5 5 22 

SiO 2 0.43 28 5 5 1 29 7 7 18 

Reaction Conditions: 1 atm, 250°C, H2/CO - i, GHSV - 2700 h -I 

(TON) in the case of NaY-supported Ru is compensated by the higher Ru surface 

area. The high TON observed on the NaX supported catalyst is likely due to 

its large average Ru partlcle size. (8,14,35) No significant effect of the 

support on TON was found in this study for similarly dispersed catalysts. 
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Figure 3: Temperature Dependence of Olefln Formation in C2-C 4 Fraction 

The a c t i v a t i o n  e n e r g i e s  f o r  CO conve r s ion  over  t h e s e  v a r i o u s  c a t a l y s t s  

c e n t e r  around 23 kca l /mole  and are  q u i t e  c o n s i s t e n t  w i th  va lues  r epo r t ed  

p r e v i o u s l y .  (27 '30-31)  The hydrocarbon d i s t r i b u t i o n  was a b l e  to  be f i t t e d  to  

t he  Anderson-Schulz -F lory  e q u a t i o n .  I t  was found t h a t  the  cha in -g rowth  

p r o b a b i l i t i e s  i n  t h i s  s t u d y ,  based  on the  C3-C 7 d i s t r i b u t i o n ,  were much h i g h e r  

t han  those  f o r  ion-exchanged Ru/NaY c a t a l y s t s  (14) aud Ru/A1203 c a t a l y s t s  (25) 

hav ing  s i m i l a r  meta l  l o a d i n g s .  ~he cha in  growth p r o b a b i l i t y  dec reased  

s l i g h t l y  wi th  i n c r e a s i n g  r e a c t i o n  tempera ture  i n  the  range 240-300°C. 
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The effects of reaction temperature on the methana~ C2-C 4 hydrocarbon~ 

end C2-C 4 olefln fractions over these catalysts are shown in. Figures I~ 2~ and 

3~ respectlvalyo Methane formation increased with increasing temperature of 

reactlon~ as expected. A trend towards increasing methane formation With 

increasing Si/A! ratio of the. support was also observed~ except for the NaX- 

supported Ru catalyst. For Ru-deposited on the external surface of NaY~ the 

selectivity is shifted to methane° (14.32) The results for the NaX-supported 

catalysts in this study are in accord wlth the previous conclusion that the Ru 

is primarily in the form of large particles on the external surface° 

It isinteresting, to note that C2-C 4 hydrocarbon formation is only 

slightly decreased with increasing temperature, in the range 220©300°Co it can 

be concluded" that" the increase in methane formation With temperature comes 

mainly from a decrease in the formation of liquid hydrocarbons (C5 +) and is 

almost independent of C2-C 4 formation° Over the samples stud!ed~ the fraction 

of o!eflns in C2-C 4 was nearly 3 times greater than that for comparable. 

similarly dispersed NaY-supported Ru catalysts prepared by ion-exchange. (i4) 

The selectivity for propy!ene was as •high as 40% of all hydr:ocarbons 

(including CH 4) at a reaction temperature of 250°Co it se'ems appropriate to 

ascribe the C2-C 4 olefln formation to a property of Ru .resu~'ting from the 

method of preparation rather than to just "a particle size effect~ since the 

ion-exchanged catalysts previously studied (i4) had approxinmte!y the same 

particle sizes but exhibited quite different se!ectlvitles~ 

As sho~ in Figure 3~ the formation of o!eflns decreased with increasing 

temperature and SI/AI ratio of the zeolite support~ except in the case of 

Ru/NaX° Eowaver. the zeolite support appeared to exert only a relative weak 

effect upon the ability to make oleflnso Of greater importance for o!efin 

selectivity a~pesrs to be factors influenced by the method of preparation. 
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Thus, Ru/Si02 prepared by vapor impregnation exhibited a slmilar olefln 

selectivity as zeollte-supported Ru. A previous study of Ru/NaY catalysts has 

shown the effect that preparation method can have on this selectivlty. (14) Of 

the three preparations methods employed, vapor impregnation produced catalysts 

having the greatest selectivltles for olefins. 

The relationship between selectlvity and the nature of the catalyst may 

be attributed to the effect of metal dispersion, metal location In/on the 

zeolites, metal precursor species, and properties of the zeolite support. The 

extent to which each of these factors play a role is unknown and must await 

further investigation. In principle, the acidity of alkali zeolltes is 

essentially nil and therefore independent of the Si/AI ratlo. (33-34) The 

concentration of residual alkali cations, howeverj may affect the catalytic 

properties of Ru metal. (23) Finally the TON number is a strongfunctlon of 

average Rumetal particle size in the catalyst. 

CONCLUSIONS 

The results presented in this study indicate that the activity and 

selectivity for CO hydrogenation of zeollte-supported ruthenium catalysts 

prepared from Ru3(CO)I 2 are strongly Influenced by the nature of the 

support. The properties of these catalysts differ significantly from those of 

Inciplent-wetness and ion-exchanged Ru catalysts. On the basis of speclfi= 

activity (per g of Ru) and selectivity for olefins and higher hydrocarbons, 

the most effective support was NaY. This catalyst had a smaller average metal 

partlcle size than Ion-exchanged Ru/NaY catalysts previously studied. (14) In 

addition, the selectivity for methane was. decreased and that for oleflns was 

greatly increased for the carbonyl-based catalyst. 
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Surprising!y, Pa3(CO)l 2 did not appear to be able to diffuse into NaX~ 

even though it was able to dlffuse easily into NaY. ~hls resulted in 

significantly poorer dispersions of Ru on NaXo Average particle size was a 

function of metal loading, It is suggested that the extra Na cations in NaX 

were able to act as a barrier for Ru3(CO)12 diffusion during preparation, 

From the dispersions and selectivltles obtained for KL-and Na~brdenite- 

supported cata!ysts~ it can be assumed that~ while diffusion of Ru3(CO)I 2 was 

not rapid~ a s!g-nlficant amount of Eu3(CO)12 was " able to migrate into these 

zeolltes o 

Fina!ly~ excluding Ru/NaX because of its poor dispersion of ~ in the 

zeolite~ the catalytic selectivity for methane appeared to be a function of 

SI/AI ratio. However~ due to the difficulty in getting Ru/KL and Ru/NaM as 

wall dispersed as Ru/NaY~ it is difficult tO Jay whether this variation in 

methane selectivity was a true function of Si/Ai ratio or was~ in fact~ a 

function of a related property such as alkali cation type and concentration as 

previously found for zeolite-supported Ru prepared by ion exchange. (23) 

Selectivity for C2-C 4 o!efins was not a strong function of zeolite type, 

These results point out that~ for zeo!ite-supported F-T catalysts~ a 

number of parameters (metal particle size~ particle locatlon~ S!/A! ratlo~ 

alkali type and concentratlon~ etc.) play major roles in determining catalytic 

properties, 
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SUPPORT EFFECTS ON CO 
HYDEOGENATION OVER Ru/ZEOLITE CATALYSTS 

Y. W. Chen, H. T. Wang, and James G. Goodwin, Jr. 

ABSTRACT 

Hydrogenation of carbon monoxide at 101.3 kPa has been studied over a 

series of ion-exchanged P.u catalysts supported on NaX, NaY, KL, NaMordenite, 

and HY zeolites. The type of zeolite had pronounced effects on the activity 

and selectivity of the gn. ~e specific activity would appear to be related 

to the dispersion of reduced ruthenium in the zeolite. Methane selectivity, 

however, seems to be strongly influenced by the type and concentration of 

alkali cations remaining in the ion-exchanged zeolite. These cations appear 

to promote chain growth much as traditional alkali promoters would, though 

perhaps more indirectly. Due to bifunctioual properties of the zeolite- 

supported catalysts, a significant fraction of C 4 was in the form of iso- 

butane. Formation of isobutane seems to be related to either the Si/AI ratio 

in the zeolites or the concentration of the remaining alkali cations, but not 

to the OH concentration. In addition, H 2 chemisorption at 25°C was 

increasingly suppressed as the Si/AI ratio of the zeolite support increased. 

Both the formation of isobutane and the suppression of H 2 chemisorption may be 

related to the acid strength of the OH groups present, which is a function of 

the Si/AI ratio of the zeolite. 
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I. INTRODUCTION 

Recent studies have shown that ruthenium catalysts are vary active for 

• the water=gas shift. (I) ammonia synthesis~ (2-3) hydrogenation of benzene. (4) 

hydroganoiysis of propane, (5) higher alcohol synt~esis~ (6) Kolbei-Enge!hardt 

reaction. (7) and Fischer=Tropsch synthesis.(8) In the Fischer~Tropsch 

synthesis, ruthenium has the ability to produce hydrocarbons up to heptane 

even at a pressure of only one atmosphere° In addition, it is considerably 

easier to reduce than other' Flscher~Tropsch meta!s~ such as Fe and Co~ and is 

not converted to a carbide under F©T reaction conditions. While si!icaD 

ait~/na, and other metal oxides have been widely used as supports for 

transition metals, the use of zeo!ite supports has been fairly limited except 

in hydrocrackins catalysts° Due to their high surface area D shape se!ec£ive 

charact4r, acidic natured ion~exchange properties, and we!l~deflned structure, 

zeolites have a great potential in Fischer-Tropsch catalysis° The large 

surface area a!!ows a high degree of metal dispersion in the zeolite. While 

the acidlty~ cation .exchange propertlesD and shape-~e!ectlvlty can 

significantly affect the selectivity of the catalysts° 

In assessing metal-support interactions, it is important to consider both 

electronic effects, where the support can donate or extract charge density 

from the metals ~ and bifunctiona! effects~ where sites on the support and on 

the metal particles act Somewhat independently on -the reactants and 

interaediateso The behavior Of transition metals in zeolites is complex and 

not fully understood at this time° Jacobs et alo (9.10) have reported tha~ 

for Ru ion=exchanged "with a wlde variety of zeoiites~ the activity for 

methanatlon increased by a fastor of three as the Si/AI ratio of the zeolite 

support ~ecreased~ provided the temperature of reduction ~ms only 300°Co 
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Accompanying t h i s  d e c r e a s e  i n  Si /AI r a t i o  was a l so  a s h i f t  i n  p roduc t  

s e l e c t i v i t y  towards  h i g h e r  h y d r o c a r b o n s .  Few r e s u l t s  on F-T a c t i v i t i e s  and 

selectivities were given. FaJula et al. (II) have reported that the activity 

for methanation on Pd/HY is much higher than that on Pd/NaY catalyst. ~hey 

concluded that interactions between the partially hydrogenated reactant 

species and the acid groups on the support result in an enhancement of the 

reaction rate: 

The present studies were undertaken to investigate the effects of various 

aspects of 

synthesls. 

• HY. 

zeolite supports on I~ catalysts for the Flscher-Tropsch 

These catalysts were supported on NaX, NaY, KL, NaMordenite, and 
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Mmterlals 

Ii EEPERL~EH~_U 

The zeo!Ites •were obtained from Strata Chemicals (NaX, NaY • and EL) and 

Norton (NaZeo!on = !arge port •Na~rdenite), Th:e composition and properties of 

the zeolites are listed in Table I. HYwas prepared by IOn-exchanging of NaY 

to form NE4Y. ~he extent of exchange was 84%. The Ru zeolltes were prepared 

by a conventional ion-exchange technique .using Ru(NH3)6Ci 3 which was obtained 

from Strata Che~ceiso 

preperin  t h e  catalysts,  ( 3)6c13 was dissolved i n  a 
' . ". . , .'. .•. 

weakly acidic hydro chloride solution (pE = 4.5). ~is solution was th(n m!ze~ 

with the zeolite and stilrred '" continuously for 50 hours at ambient 

te~peratureo Excess s01utionwasused to malntain an approximately constant 

pH during ion-exchange, After the ion-exchange ~ reaction~ the catalysts • w~re 

filtered and washed several times in deionized: Water and dried in air 

overnight at 40°C. The catalysts ware usually decomposed siow!y under vacuum 

(ca. 4 x 10 -5 Pa.) by heating to 420°C (0.5°C/~n).and holding at that 

temperature for two hours. 0thez~Ise, the ca~a!ysts were (ecom~osed under 

flowing .H 2 by heatlng slowly in a. stepwise fashion to 420°C and ho!dlng for 
two hours. No significant differences "in catalytic behav!or were found to 

res~!t" from these different 4ec0~ositl6n •- procedures. During £he 

decomposition proceldure the NH4Y support was converted to RY. 
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Catalyst Characterization 

The reduced c a t a l y s t s  were c h a r a c t e r i z e d  by H 2 and CO chemiso rp t i on  

(static gas volumetry), A.A., IR, and ESCA. The gas chemisorptlon 

measurements were conducted at ambient temperature in a glass adsorption 

system capable of achieving a vacuum of ca. 4 x 10 -5 Pa. Total chemisorptlon 

of hydrogen or carbon monoxide was determined by extrapolation of the linear 

part of the first isotherm to zero pressure. A second isotherm was measured 

after evacuation of the sample for 2-3 minutes following the first isotherm. 

The second isotherm provided a measure of the reversibly bound hydrogen or 

carbon monoxide (both chemlsorbed and phyisorbed). The differences between 

the two isotherms gave the amount of irreversibly chemisorbed hydrogen or 

carbon monoxide. 

The Ru metal loadings of the catalysts were determined by A.A. I.R. 

spectroscopy was used to study CO adsorption on Ru. The I.R. cell was 

constructed of pyrex and had KCL windows. The cell had vacuum stopcock valves 

at both ends to provide gas flow ~n and out. The catalyst was ground slightly 

in an agate mortar and then compressed under 207 MPa into a self-supporting 

disc having a diameter of 2.5 cm and a weight between 30 and 50 rag. Following 

catalyst pretreatment and adsorption of CO, spectra were recorded at 25°C. 

ESCA data were taken (via a sealable probe) of catalysts which had been 

reduced but not exposed to air. An AEI ES200 ESCA spectrometer with an A1 

anode was used. 
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Reaction Studies 

Kinetic m~asurements were made at I01.3 kPa total pressure using a 3/8 

in. (i in. = 2.54 ca) stainless steel tubular reactor Containing approximately 

0.3 g of catalyst. The reactant gases used were H 2 (99.999%), He (99.997%)~ 

and a H2/CO mixture (H2/C0 = i, 99.9% pure), which were purified by passing 

through drierite and 5A molecular sieve traps to remove water and metal 

carbony! contaminants. Prior to passage through the molecular sieve trap, the 

hydrogen was passed through a Deoxo unit from Air Products. T~e flow rate of 

each gas was controlled by a micro-metering valve and measured by a bubble- 

flow meter. The product gas was transferred from the reactor to the sampling 

valve of the gas chromatograph via a heated transfer llne and was analyzed By 

a Perkin-Elmar Sigma I Gas Chromatograph. Products were separa£ed using a 6 
S 

ft. X 1/8 in. stainless steel column (i ft. = 30.48 ca) packed with Porapak Q 

and were detected By a thermal conductivity detector. A 0.5 cm 3 gas sample 

was injected into the column and its temperature was held at 50°C for 2 rain. 

The column oven was then programmed to go to 180°C at 15°C/rain. The hydrogen 

Bracketing technique, which gave the catalyst a 30 mln." H 2 exposure ~ after 

every kinetic measurement~ did an exceptionally good jqb of maintaining a 

clean Pa~ surface and yielded •reproducible initial activities and 

se!ectlvlties. In order to make Sure that there was no hydrocarbon produced 

due to the mixing of pure H 2 and the reactlon mixture by gaseous diffusion 

during the initial period of each reaction run~ both flows were separated By a 

short flow of He. ~e CO conversion was kept Below 5% to minimize the effects 

of heat and mass transfer. Reproducibility of results was e3Z. 
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III. RESULTS AND DISCUSSIONS 

Infrared ~ectroscopy 

Th~ IR investigation of CO adsorption on these Ru zeolite catalysts at 

25°C produced spectra similar to those previously reported and dis- 

cussed.(12, 36) These results showed that, in general, as the Si/AI ratio of 

the support increased the frequency of the absorbed CO also tended to increase 

indicating weaker CO chemlsorptlon. The one case that deviated slightly from 

this trend was that of RuKL. It is felt that the slight deviation to lower CO 

vibrational frequencies was due to presence of K + in the L zeolite as opposed 

to Na + in all the other zeolites studied. This would seem to be reasonable 

given the relatively greater ability of K compared to Na to destabilize CO in 

alkali promoted F-T catalysts. 

ESCA 

ESCA spectra from the reduced catalysts indicated a fairly complex 

structure. In all cases, there were 3 resolvable peaks in the Ru 3P3/2 

region. In general,: the ESCA data did not show a great difference among the 

various catalysts. From the results, one could conclude that in every case 

very small particles of Ru were predominately present and were in a number of 

different environments. ~he resulting species seemed to be the following: 

cationic Ru possibly located in the sodalite cages, small reduced Ru 

particles, and small reduced Ru particles, probably located in the super 

cages, which appeared to be affected strongly by the zeollte. (13) An In-depth 
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discussion of these results wlll be given in a series of upcoming 

articies.(33~ 34) 

Ch~mls0rption 

From H 2 chemlsorptlon at 25°C~ average Ru particle diameters and 

dispersions ware calculated (~ble 2)° It would appear that as the Si/AI 

ratio of the zeolite support increases larger average particle diameters 

result. However~ it Becomes apparent from a consideration of the C0/E ratios 

that suppression of hydrogen chemisorption took place on the Ru catalysts with 

higher Si/AI ratios (it is impossible for i Ru atom to Bond to 12 CO 

iigands). The amount of such suppression was directly related to the Si/A! 

ratio° Since the stolchiometry of CO adsorption on Ru is determined by the 

metal particle size, .(14) it is difficult to use CO to determine mata! surface 

areas. How6ver~ CO chemisorption can at least serve to compare relative metal 

dispersions. The CO/Ru T ratios in Table 2 would seem to indicate that the Ru 

dispersions in the various catalysts were similar and probably on the order of 

70=90%° 

Catalytic Activity 

The F-T synthesis was carried over a range of temperatures. Table 3 

Shows typical results for the various catalysts at a reaction temperature of 

250°C. As can be seen !n Table 3, the specific rate of reaction of CO varied 

by a fautor of 2, ~eciflc ~ate Is used due to the uncertainty in the 

determination of the number of Ru surface sites as a result of various degrees 

of hydrogen chemisorption suppression at 25°C. However~ these specific rates 
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should vary approximately in the same way as the turnover number (T.O.N.) 

since these catalysts appear to have similar dispersions as measured by CO 

chemlsorptlon. 

Jacobs et el. (9,10) reported that for catalysts prepared by ion-exchange 

of Eu(NH3)6C13 with a wide variety of zeolltes the activity for methanatlon 

decreased with increasing Si/AI ratio of the zeolite support, provided the 

temperature of reduction was only 300°C. Due to the high metal loading used 

(5.6 wt% Ru), the Ru was not highly dispersed in these catalysts. This is 

indicated by the fact that the CO/Ru ratios were less than unity. 

Coughlan et el, (15-18) previously reported the exchange of[Ru(H20)6 ]3+ 

into several zeolltes. ~hey (17) reported that the turnover number for the 

hydrogenation of benzene increased smoothly with increasing metal surface area 

and was independent of the type of the zeolite. ~helr catalysts were 

prepared, however, at a pH of 6.5, where [Ru(H20)6] 3+ is unstable and 

polymerlzed hydroxy species are known to occur. (19) ~his would result in the 

formation of large P.u particles on the external surface of the zeolite 

support. King (20) did not see any differences between the specific activities 

of NaX and NaY supported Ru catalysts for CO hydrogenation. The starting 

material was Ru(NO)(NO3) 3 and a high metal loadlng was used in his 

catalysts. As a result~ the formation of large P.u metal particles on the 

external surfaces of the zeolltes would have been likely. In addition, the 

reaction was not operated In a differential mode and secondary reactions were 

probably also significant. 

In this study, the observed differences in specific activity do not seem 

to be related to any of the known characteristics of the zeolltes, such as 

Si/AI ratio, OH concentration, and remaining alkali concentration. The 

differences might be due to the particle size effect or the degree of 
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reduction of the Ruo From an intensive study of Ru/NeY catalysts~ (21) it hes 

b~en found .that turnover n.~mber is a strong function of average particle 

size° ~ever~ based on the CO chemisorption results, we hypothesize that the 

averase particle size of all the catalysts in this study are approxi~mte!y the 

sam~o Therefore~ the particle size would seem not to be the only important 

variable affecting activity. 

Suzuki eta!. (22-23) have reported that the activity of zeolite=supported 

Ni for several reactions is proportional to the dispersion of reduced 

nickel. The degree of nickel ion reduction and the dispersion state of the 

reduced nickel were found to be affected by the type of zeolite support and 

the extent of nickel exchange. It is well known that one of the main factors 

determining the metallic dispersion is the strength of interactions betw~_en 

the metallic particles and the support. In the case of zeolite carriers~ the 

electron-deficient character of small metallic particles has been sho~n, by 

XPS and IR, for several Pd/NaY (24)" and P~/NaY (25)' catalysts° This was 

exg!ained by the wlthdra%~al of electrons from the metal particles by electron = 

acceptor sites of the support. In a recent paper~ FaJu!a et ai. (II) found the 

• activity for methenation on Pd/HY to be much higher than that on Pd/NaY 

catalysts° They postulated that methanation on supported palladium proceeds 

m~inly through direct CO hydro~enatlon with the participation of acid sites on 

the support. ~i" this study~ however, no differences were found in the rate of 

CO conversion over the ruthenium cata!ysts under F-T conditions which fo!lo~-ed 

changes in OH concentration° It ~mst be concluded therefore ~hat rate of 

reaction is a complex function of a number of faetors~ such as: particle size~ 

zao!ite=meta! interaction, etc. 
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C a t a l y t i c  S e l e c t i v i t ~  

O le f in  Frac t ion  

The data i n  Table 3 show t h a t  the o l e f i n  f r a c t i o n  of C2-C 4 hydrocarbons 

was approximate ly  cons t an t  f o r  a l l  the  suppor ts  used.  ~he va lues  t h a t  dev i a t e  

the most from 0.53 do so due to the  f a c t  t h a t  mostly methane was produced in  

those ca se s ,  hence .the e r r o r  i n  c a l c u l a t i o n  of the  C2-C 4 o l e f i n  f r a c t i o n  was 

much g r e a t e r ,  

Nethane 

There were very l a rge  d i f f e r e n c e s  in  the s e l e c t i v i t y  for  methane. Since 

p a r t i c l e  s i z e  has been found not  t o b e  a f a c t o r  i n  de termining  t h i s  q u a n t i t y  

i n  NaY zeo l i t e - suppor t ed  Ru, (21) one 'mast look to c h a r a c t e r i s t i c s  of the 

z e o l i t e  s u p p o r t s w h i c h  might a f f e c t  i t .  ~ r e e  of the most l i k e l y c a n d i a t e s  

are :  Si/A1 r a t i o ,  OH concen t r a t i on  i n  the r e d u c e d  c a t a l y s t s ,  and the 

concen t r a t i on  and type  o f . a l k a l i  c a t i o n s  remaining a f t e r  ion-exchange.  One or  

more of these c h a r a c t e r i s t i c s  might cause a given e f f e c t  on s e l e c t i v i t y  by 

a f f e c t i n g  the ,lh~ d i r e c t l y  v i a  some type of meta l - suppor t  i n t e r a c t i o n  or by 

i n t e r a c t i n g  d i r e c t l y  with p r i m a r y  or secondary r e a c t i o n  products .  These 

c h a r a c t e r i s t ! c s  a r e  r e l a t e d  by the  equa t ion  " 

1 

w h e r e  • H  n 

l~A1 = 

e s t .  concen t r a t i on  o'f OH groups (m01es/g) 

concen t r a t i on  of  A l . t n  z e o l i t e  (moles/g)- 
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"-NNa = 

N" " 

f = 

concentration of Na + re~aining (moles/g) 

total concentration of Si and A! (moles/g) 

fraction of exchange of Na + or ~ by Ru cations 

= Si/A! ratio 
.[• 

Thus~ the Si/A! ratlo~ concentration of OH Eroups~ and remaining alkali cation 
• , . .. . . . . .  

• concentration are cbmp!ex functions 0f each other° 'FiEure I shows a plot of 

methane selectivity versus Si/A!• rat!O~'o '~ ••As:•can be seen~ SilA! r.atlo does not 

appear to correlate very we,!l tothe results found° ' Figure 2 sho~s a plot of 

methane selectivity versus estlmated OH concentration resulting from reduction 

of the R~ catlons~ as ca!cu!ated from the amount of Era, exchanged and the 

ass.umptlon of the formation of 3 OH groups per Ru cation reduced° ~ For the HY 

supported catalyst, 84% of the cations present werel assu~ed ~ to be H+.. ~e OH 

concentration too does not appear t6  reatly affect  athani selacti ty. 

However~ "methane eeiect!vlty appears to be a strong function of• -the 

concentration of the residual neutralizing alkall cations (Fig.are 3).. This 

should not be surprising considering that alkall species are we!! known 

promoters of the F-T synthesis and tend to increase chain growth • probability 
' , ' . • 

ands. thereby~ to decrease ~ the ~ methane se!ecilvlty. ~he only • catalyst that 

deviates greatly from the iinear relationship in Figur e 3 is •~. This 

deviatlon is most likely due to the fact that thls zeolite contalnsK + Instead 

of Na + like the others° If Na + in a zeolite does have a promotion functlon~ 

then K + should have an even greater one since most results in the literature 

show K compounds to be better promoters of chain growth than •Ns compounds. 

~his is in •fa~t~ what is observed for Ru~L. ~he result for_RuXL lies We!l 

below the llne connecting the points for the other catalysts and has a much 

lower methane selectlvity than it ~d if it were on •that l!neo ~owever~ the 
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seeming effect of these cations may be produced in quite a different manner 

than that of regular alkali promotion. In addition, it is possible that these 

cations may act in an indirect manner upon the Ru, affecting such things as 

the electro-static field in the zeolite. 

While the NaM-supported Ru exhibited the greatest amount of hydrogen 

chemlsorption suppression at ambient temperature, it also gave the highest 

selectivity for CH 4 of the alkali-containing zeolite based catalysts. These 

results point out the complexity of the F-T system of reactions and the 

difficulty in applying adsorption characteristics of a catalyst at lower 

temperatures to the understanding of events occurring on the catalyst surface 

at F-T conditions. It is thus more important to understand the quality of the 

catalyst that gives rise to the H 2 chemisorptlon ability and hdwit may affect 

other surface steps during F-T than to understand such an isolated event, 

since it is the relative rates of reaction of the various steps (adsorption, 

surface reaction, desorption) which determine product selectlvlty. More work 

is needed before such an understanding is posslble. 

Is Obutane 

A significant fraction of C 4 was in the form of Iso-butane for a number 

of the catalysts. Due to bifunctional ' properties of zeolite-supported 

catalysts, (26-28) it is not surprising that branched hydrocarbons would be 

found in the product stream. However, as can be seen in Figure 4, OH 

concentration did not appear to play a role in producing iso-butane. Both the 

Si/Al ratio (Figure 5) and residual alk~ll concentration (Figure 6) seemed to 

be related to the formation of iso-butane if one neglects RuHY due to 

relatively large Ru particles formed. King (20) explored F-T synthesis over a 
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group -of Ru catalysts having NaX, NaY, and silica-alumina as supports. He 

found that the Si/A! ratio appeared to be important in affecting the fraction 

of iso-butane formed. Our results are in accord with his. Based on a 

previous study of the effect of preparation method on the F-T properties of 

NaY-supported Ru~ (21) only catalysts prepared by ion-exchange produced 

isobutane. Catalysts prepared by vapor impregnation with Ru3(CO)I2 and having 

similar flu dispersions as the ion-exchanged catalysts, the same Si/Alratio~ 

higher •concentrations of Na +, and no signif%cant concentration of OH groups 

did not produce any Isobutaneo Thus~ the Si/A! ratlo~ by Itself~ does not 

directly affect this production. However, since the acid strength of the OH 

groups increases with an increase in the Si/A! ratio~ it is Suggested that 

this combination of presence of OH groups and their strength m my influence the 

formation of Isobutaneo it has also been suggested that this comblnation=my 

be the cause of H 2 chem!sorptlon suppresslon. (35) ~he relationship of 

Isobutane formation to residual alkali concentratlonmay be only cOincidental~ 

due to the fact that, for the same Rm ioading~ the residual alkali 

concentration decreases as the Si/Airatlo increases. This is because~ for 

higher Si/A! ratios, the initla! alkali cation concentrations are less. 

The role of mass transport in polyfunctlonal' catalysis has been 

considered in detail by Weisz (29). Diffusional kinetics are likely to be 

particularly important for the productlon of iso-butane in the present 

The formation of iso-butane can be described by the following system. 

mechanism 

• C ~ i s o b u t e n e  

1 -butene ''r ~ " 

' ( n-)utgne 

(Ru) 
+ H 2 

Isobutane 
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Weisz (29) has derived a general criterion to check for the absence of mass 

transport limitations, and many researchers(27,28, 30) have used this criterion 

with zeollte catalysts. Therefore, Welsz's crlterion (29) was applied to give 

an indication of the presence or absence of mass transport limitations In this 

study, The criterion for the absence of mass transport limitations is: 

dn 1 R 2 
=d-T [B] " b-- (1 

eq 

where -Weisz's number 
dn 
d'-t" reaction rate for isobutane formation per unit volume catalyst 

[B] - concentration of isobutene at equilibrium e 
R - ~adlus of zeolite particle 
D - diffusivity of isobutene 

From the  observed conver s ion ,  the  r a t e  of i sobu tane  fo rmat ion  per  u n i t  

volume of  c a t a l y s t  was c a l c u l a t e d  to  be 0.5 x 10 -8  moles s ec - l cm  - 3 .  Due to  

the  complexi ty  of  the  C4 s p e c i e s ,  we were not a b l e  to c a l c u l a t e  [B]e q 

e x a c t l y .  The maximum p o s s i b l e  c o n c e n t r a t i o n  was e s t i m a t e d  to  be about  50Z of  

i sobu t ane ;  f o r  s t eady  s t a t e  o p e r a t i o n ,  [B]eq would be thus about 0.25 x 10 -8  

moles cm - 3 .  The e f f e c t i v e  d i f f u s i v i t y  of  i s o b u t e n e  i n  NaY has been r e p o r t e d  

to  be 1.0 x 10 -6  cm2sec -1 a t  250°C, (31) and the  r a d i i  of the  z e o l i t e  p a r t i c l e s  

were about  0.01 cm (100-120 mesh) .  Applying Weisz ' s  c r i t e r i o n ,  one 

o b t a i n s  # >> I i n d i c a t i n g  t h a t  the  r e a c t i o n  was probably  s u b s t a n t i a l l y  

c o n s t r a i n e d  by d i f f u s i o n  l i m i t a t i o n s .  In t h i s  s tudy the  r e s i d e n c e  t ime of 1-  

lmtene  i n  a z e o l i t e  p a r t i c l e  would have been app rox ima te ly ,  
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L 2 (0.02) 2 

2D (2) (I.0 x 10 -6) 
= 200 (sec). 

This is long enough to produce the isomerization reaction within the same 

zeolite particle° 

The observed reaction temperature effect on isobutane selectivity can be 

interpreted by the assu~tlon of competing reactlons~ as shown in the 

f011owing scheme: 

(metal fanctlon) 

1 - butene ~ I s o - b u t a n e  

(zeolite function) 

+ (metal function) 

Selectivity would be dependent upon the relative effectiveness factors~ which 

are detez-m!ned by diffusion criteria. Tsobutane formation normally decreases" 

with increasing temperature of "the reactlon~ as can be seen in Figure 5. 

Since the hydrogenation activity of Ru is expected to be greater at higher 

temperatures and. the residence time of l-butene is decreased with increising 

temperature~ the isomerlzation activity is greatly reduced at hl.gher 

temperatures o 
p 
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CONCLUSIONS 

A series of ion=exchanged zeolite-supported ~n catalysts have been 

studied. The results of this study suggest that the type of zeolite support 

has pronounced effects on the activity and selectivity of Ru for CO 

hydrogenation. The specific activity appears to be related in part to the 

dispersion of reduced ruthenium in the zeolite. The degree of ruthenium ion 

reduction and the dispersion of the reduced ruthenium are probably affected by 

the type of zeolite support. Olefin selectivity does not seem to vary greatly 

with the different Supports. Methane selectivity, however, appears to be 

strongly related to the concentration of the alkali cations remaining in the 

zeolite. As far as is known, this is the first time that chain growth 

promotion in F-T synthesis by the neutralizing alkali cations in zeolites has 

been suggested. It is not yet known whether this is due to direct or indirect 

interaction. 

Formation of iso-butane is perhaps related to either the Si/AI ratio or 

the concentration of remaining alkali cations, but it is not related to the OH 

concentration. It is suggested, however, that this formation may be related 

to the acid strength of the OH groups present, which is a function of the 

Si/AI ratio. Although CO diffusion does not significantly affect the specific 

activity of CO conversion, the diffusion of 1-butene plays an important role 

in the formation of iso-butane. 

It is important to keep in mind that there are a large number of factors 

which may affect the properties of a zeolite-supported metal. Some of them 

are: metal particle size and geometry, metal reducibility, location of met~l, 

pore structure, OH concentration and strength, Lewis acidity, neutralizing 

cations present and their concentration, interaction of the metal with the 
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zeolite (OH's, L.A° sites= cations= structural oxygen), defect structure, and 

presence of impurities. Different catalyst preparation methods, (21) 

pretreatment conditions= etc., m~y cause different factors robe important in 

determining catalytic properties. 
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TABLE 2 

CATALYST CHARACTERISTICS BASED ON CHEMiSORPTION 

C~talyst D* CO/~r 
dp 

(mn) (:~) 

c%j~ 

2.5% EuNaX 1.0 83 2.98 

3.1% RuNaY 1.6 51 4.59 

2.8% Eu KL 2.6 32 9.88 

2.2% RuNaM 3.9 22 12 

2.47 

2.24 

3.16 

2.64 

*determined from irrav. H 2 chemisorption 



TABLE 3 

EFFECT OF THE SUPPORT ON F-T SYNTHESIS 

r 

. . . .  Ole. Fcac. 
-rC0 CH~ i n  C 2  - C 

Catalyst (mole/sec.g cat) (wt.%) (wt. %) 

i i i i i ml ii ii , i i i . i i 

2.5% ReNaX 2.46 47 0.49 

3.1% RuNaY 1.21 73 0.53 

3.0% RuHY 1.23 97 ca. 0.59 

2.8% RuKL 2.20 54 0.56 

2.2% EuNaM 1.06 83 ca. 0.38 

Reaction ¢ondltlons: 250°C, H2/CO=I , I arm, GHSV - 1800 hr. "I Products den. 
by T.C.D. through C 5 (little HC above C5). 
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