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I. OB3ECTIVE AND SCOPE OF WORK 

The research program entitled '~Site ~J:tivities of Zeolite-Supported 

P~thenium for C0 Hydrogenation" was performed for DOE by the ~iversity of 

Pittsburgh under grant no. DE-FG22-8!PCd0774. Work on the program was 

initiated on February i~ 1981. 

The objective of the program was to identify the catalytic actlvity, 

selectivity and stability of thre~ types of ruthenium sites in RuY-zeolite 

catalysts." The main emphasis was t0 be directed toward examining these 

catalystsunder Pischer-Tropsch and methanation reaction conditions. 

To accomplish the objectlve ~ three sequential program t@sks were 

established. 

Task 1: Construction of Apparatus 

Construction of a differential reactor system~ gas volumetric system~ and 

iR cells. 

Task 2: ~talystPreparation/Characteriza~iou 

Preparation of RuY cata!ysts was to be done by 3 methods ($mp. regnatlon by 

a so'!utton of RuC! 3, VapOr impregnatign bY Ru3(C0)12, ind ion ezchange w i th  a 

Ru(NH3)6CI3). Catalysts prepared W~ra tO be characterlZed bY atomic 

absorp%~on~ gas vo!umehry~ ~R~ ana other pertinent techniques. 

Task 3: Catalyst ~esting 

The activities of the Catalyst preperatiqns were to b@ determined for 

both mathanation and Fischer-Tropsch synthesis in a differential reactor. 

I 
• ° 



II. SUMMARY OF ACCOMPLISHMENTS 

The work suppor ted  by t h i s  g r a n t  can be grouped under  t h r e e  head ings :  a 

comprehensive s tudy  of RuY, Ru suppor ted  on z e o l i t e s  hav ing  a range o f  Si /AI  

values, and alkali promotion of Ru. NaY-supported Ru catalysts have been 

prepared by incipient wetness (I.W.) [usin E RuCI 3] , ion-exchange (I.E.) [using 

Ru(NH3)6CI3] , and vapor-impregnation (V.l.) [using Ru3(CO)I2]. The resulting 

catalysts were extensively studied by chemlsorption, atomic absorption, IR, 

ESCA, and catalytic reaction (especially F-T). Significant differences were 

found depending on the method of preparation. ~hese differences were exhibited 

in both the physical and chemical characteristics of the catalysts. By 

variation of the preparation method and Si/AI ratio of the zeolite it is 

possible to develop a better understanding of how metal particle size and 

location, metal-zeollte interactions, neutralizing cation type and 

concentration, and the presence of zeolite acid sites can influence the 

catalytic properties of the supported metal. 

Some of the important conclusions from this research are: 

I. Highly dispersed (ca. 100% dispersion) NaY-supported Ru catalysts are 

able to be prepared by I.E. and V.I. The metal particles are dispersed 

throughout the zeollte support. Catalysts prepared by I.W. are poorly 

dispersed with large particles primarily on the exernal surfaces of the 

zeolites. 

2. The fraction of reversible (weak) H 2 chemisorption on Ru catalysts in 

general is a function of average metal particle diameter, reaching a 

maximum at an average diameter of 1.6 nm. This suggests that adsorption 

on intermediately coordinated surface sites are responsible for the weak 

chemlsorption. 
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Significant suppression of :hydrogen chemisorption occurs at ambient 

temperature for ion-exchanged zeolite-supported ~u cataiysts as the Si/A! 

ratio of the zeolite increases. 

the acidic hydroxyl groups 

chemlsorption. 

it is suggested that an fnteraction with 

is involved in this suppression of 
. .  

While both V.!. and I.E. catalysts have similar dispersions~ they exhibit 

different stoichiometries for CO chemisorption and different IR spectra 

for adsorbed CO. 

EBCA results corroborate previous IR results which indicated that ion- 

exchanged Ru/zeolite catalysts have a number of different type of Ru 

sites. The binding energy of 3P3/2 core electrons of Ru appears to be 

more sensitive to the n@ture of the different types of Ru present than 

the 3d5/2 binding energy. 

Based on hydrogenolysis reactlon studies using RuY catalysts, it appears 

that the electrostatic field present in the zeolite does not affect the 

hydrogenolysis of linear species but does facilitate tremendously the 

Sate of cyc!opropane ring opening. 

The observed changes in adsorption and catalytic properties with 

preparation method for Ru/zeo!ite catalysts appear to result from 

differences produced in metal location in/on the zeolite, metalparticle 

size~ and zeolite-metal interactions. 

The activity for F-T over the various catalysts correlates with the 

ratios of irreversibly (strongly) chemisorbed CO to that of ~2" 

The lowest methane selectivity and the highest olefin selectivity is 

exhibited for highly dispersed catalysts prepared by the vapor 

impregnation of Ru3(CO)12 ~ provided the carbonyl is able to diffuse into 

the,zeolite (such as is not the case for NaX). 



I0. Methane selectlvlty for highly dispersed Ru/zeolite catalysts appears to 

be influenced by the type and concentration of alkali cations remainlnE 

in the zeolite. 

II. 01efln selectivity does not appear to be a function of the zeolite 

support but is a function of the method of catalyst preparation. 

12. The formation of isobutane, which occurs only over ion-exchanged 

catalysts, is probably a function of the acid strength of the OH groups 

present. 

Experimental results, upon which these and other conclusions are based, are 

given in Section IV of this report 

Ill. ARTICLES AND PRESENTATIONS 
l ,, 

The following is a llst of articles and presentatlons based upon research 

funded in total or in part by this research grant: 

Art Icle s 

I. C.H. Yang and J. G. Goodwln, Jr., 'Tarticle Size Dependence for CO 

Chemisorption on Supported Ru Catalysts," Reaction Kinetics and Catalysis 

Le t t .  20, 13 (1982). 

2. C.H. Yang, Y. W. Chen, I. Wender, and J. G. Goodwin, Jr., "The Influence 

of the Support on K Promotion of Eu for the Fischer-Tropsch Synthesis," 

Symposium on Coal I/quefactlon, Preprlnts of Fuel Chemistry D~vlslon 

(ACS), Fansas City, Sept., 12-17, 1982. 

3. C.H. Yang, and J. G. Goodwin, Jr., '~everslble Chemisorptlon on Highly 

~spersed RuY Catalyst," J. of Catalysis 78, 182 (1982). 

4. 3. G. Goodwln, Jr., Y. W. Chen; H. T. Wang, and J. Z. Shyu, "Zeolite- 
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Supported Ru in the F-T Synthesis: Effect of Zeolite Type," Proc. of the 

1982 DOE Contractors Conf. on Indirect Liquefaction, Greentree, PA, Sept. 

8-9, 1982. 

Y. W° Chen, H. T. Wang~ and J. Go Goodwln, Jr., '~Fne Effect of 
\ 

Preparation Method on the Catalytic Properties of Zeolite-Supported Ru in 

the Fis6her=Tropsch Synthesis~" J. of Catalysis~ in press. 

Y. W. f~en, H. T. Wang, and J. G. Goodwln, Jr.~ "Support Effects on C0 

Hydrogenation over Ru/Zeo!ite Catalysts," J. of Catalysis, in press. 

H. T. Wang, Y. W. Chen, and J. G. Goodwln, Jr., "Hydrogen Onemlsorption 

Suppression in Ru-Zeo!ite Cata!ysts~" Zeolltes, in press. 

Y. W. Chen, H. T. Wang, J. G. G0odw!n , Jr., and W. K. ~±flett, "Flscher- 

Tropsch Synthesis over zeolite-Supported Ru Derived from Ru3(C0)I2," 

submitted for publication. 

D. J. Sajkowski, J. Schwank, and J. G,. Goodwin, Jr., "Characterization 

of Rn ~o!ite Catalysts by a Set of Hydrogenolysis Test Raactions," 

submitted for publication. 

J. Z. Shyu~ D. M. P=rcu!es~ and J. G. Goodwln, Jr., "The Electronic 

Properties of Rn in Y Zeo!ites as Determined by ESCA~" submitted for 

publication. 

PRESENTATIONS 

I. "Reversible Chemisorption on Highly Dispersed Zeolite-Supported Ruthenium 

Catalysts," Seventh N. ~rican Meeting of the Catalysis Society, Boston, 

MA, Oct. 11-15, 1981. 

2. "Surface Studies of Zeolite-Supported Ru Catalysts," 33rd Pittsburgh 

Conference and Exposition on ~alytical Chemistry and Applied 
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Spectroscopy, At lan t ic  City, N.3., March 8-13, 1982. Paper 308 

(presented by J .  Z. Shyu). 

3. "Some Aspects of Zeolite-Supported Ru Ftscher-Tropsch Cata lys ts ,"  

Pit tsburgh Energy ~chnology Center (DOE), ~ r c h  18, 1982. Invited 

Seminar. 

4. "Investigation of Zeolite-Support Effects on Ru-Zeollte Catalysts by 

ESCA," 21st Pittsburgh Catalysis Society Spring Syrup., May 5-7, 1982 

(presented by J. Z. Shyu). 

5. "Effects of Preparation Method on the Catalytic Properties of Zeolite- 

Supported Ru in the Flscher-Tropsch Synthesis," 21st Pittsburgh Catalysis 

Society Spring Syrup., May 5-7, 1982. 

6. "Zeolite-Supported Ru for F-T Synthesis: Effect of Zeolite-Type," DOE 

Contractors Conference on Indirect Coal Liquefaction, Greentree, Sept. 8- 

9, 1982, Invited Talk. 

8. "The Influence of the Support on K Promotion of Eu for the Fischer- 

Tropsch Synthesis," Syrup. on Coal Liquefaction, Fuel Chemistry Division, 

ACS Meeting, Kansas City, Sept. 12-17, 1982 (presented by C. H. Yang). 

9 "Flscher-Tropsch Synthesis over Ru Catalysts l~rived from Ru Carbonyls, 

A.I.Ch.E. Nat. Meeting, Ins Angeles, Nov. 14-18, 1982 (presented by W. 

Shiflet t). 

I0. "Parameters Affecting the Catalytic Properties of Zeolite-Supported 

Flsher-Tropsch Catalysts," Tri-State Catalysis Society, lexington, Ky, 

March 16, 1983, Invited Talk. 

II. "Parameters Affecting the Catalytic Properties of Zeolite-Supported 

Flscher-Tropsch Catalysts," Department of Chemical ~gineering, Queen's 

Univers i ty ,  Kingston, Ontario, March 25, 1983, Invited Seminar. 
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12. "Deactivation by Metal ioss~" 8th N. ~. Catalysis Society Mmstin~ 

13. 

14° 

15. 

~hilade!phia, PA, May 1-4, 1983. 

"Parameters Affe=tin~ the Catalytic 

F!scher-Tropsch Catalysts~" Kimya 

Properties of Zeolite-Supported 

M~hendis!i~i ~'i£~i~ A%adolu 

Universi~esi~ Esk!~ehir, Turkey, May 23~ 1983, Invited Seminar. 

"!'bid," Kimya M~hendis!i~i ~I~, ~tanbul Teknik Universitesi, 

Istanbu!~ Turkey, May 25, 1983, Invited Seminar. 

"ibid~" Ynstitut de Pacherches sur la Catalyse~ Vi!ieurbanne, France, 

June 23, 1983, Invited ~minar. 

iV. RESULTS AND DISCUSSIONS 

Included in this section are all the major results and conclusions 

stemming from studies supported by this Erant. These studies can be grouped 

as follows: 

Chemisorption Characteristics 

"Reversible Chemisorptlou on Highly Dispersed Ru Catalysts" 

"Particle Size Dependence for CO Chemisorption on Supported Ru 
Catalysts" 

"Hydrogen Chemisorption Suppression in Eu-Zeolite Cata!ysts" 

Electronic State of Ru 

"The Electronic PToperties of Ru in Y Zeolites as Determined by 
ESC~' 

ffydrogenolysis,,,,prg~er~les of NaY-Supported Ru 

"Sire=tufa and Properties of Zeolite-Supported 
Catalysts" 

Ru3(Co)i2 



" C h a r a c t e r i z a t i o n  o f  Ru Z e o l l t e  C a t a l y s t s  by a H y d r o g e n o l y s i s  T e s t  
R e a c t i o n  N e t w o r k '  

Fischer-Tr?psch S~rnthesls 

"The Influence of the Support on K Promotion of Ru for the F-T 
Synthes i s" 

"Effect of Preparation Method on the Catalytic Properties of 
~ollte-Supported Ru in the F-T Synthesis" 

"F-T Synthesis over Zeolite-Supported Ru Catalysts Derived from 
Ru3(CO)12" 

"Support Effects on CO Hydrogenatlon over Ru/Zeollte Catalysts" 

The w r i t e - u p s  f o r  a l l  o f  t h e s e  s t u d i e s  a r e  g i v e n  on  t h e  f o l l o w i n g  p a g e s .  
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REVERSIBLE CHEM!SORPTION ON HIGHLY DISPERSED Ru CATALYSTS 
=, 

Cfiau-Ewa Xang and James G. ~oog-~0in, Jr, 

ASSZAACT 

Hydrogen and ca~bdn monoxlde adsorptio~ have be~n Studied by static gas 

volumstric measurement on a range of highly dispersed Y~oiite supported 

ruthenium catalysts prepared by ion-ezclmnge. At ambient temperature, the 

adsorption isotherms indicated two distinct types of ~dSo~ption -reversibie 

(co~posed of both physisorption and weak chemisorptidn) a~id irreversib!e 

(strongly chemisorbed). ~he catalysts were highly dispersed and had average 

particle diameters ranging from 0.9 - 1.6 rim; PeVersib!e hydrogen 

chemis6rption was found to be a function of average p~rticle diamster and 

dispersion. On the other hand, reversible carbon  monoxide chemisorption 

seemed tO be mmlnly due to interaction wlth the Support. 

9 



INTRODUCTION 

The r e c e n t  i n t e r e s t  i n  t h e  h y d r o g e n a t i o n  o f  CO has encou raged  p a r -  

ticular interest in Ru since it is catalytically very active for this 

reaction. (I-3) In general, zeolites offer great possibilities as 

supports because of their ion-exchange capabilities, shape selectivity, 

and catalytic properties. Obviously, in order to benefit from all these 

properties, the metal must be retained in large part within the zeolite 

and thus remain highly dispersed. NiJs et al. (4) have found P.u to be the 

only Fischer-Tropsch active metal that can be easily kept in the zeolite 

supercages. 

In most cases, maintaining supported metal catalysts in a highly 

dispersed form (60 - 100Z Dispersion, dav e < 2nm) necessitates good char- 

acterization since the distribution of sites on small crystallites vary 

greatly with size and shape. Goodwin and Naccache (5) have found that 

highly dispersed zeolite Y supported P.u catalysts contain several dif- 

ferent types of Identifiable active Ru sites - probably existing on atom- 

ically dispersed Ru atoms, Ru clusters, and Ru particles greater than I 

nm in diameter. In addition, at high dispersions, there is an enhanced 

posslbillty that support-metal interactions may be significant. For the 

most part, these interactions can make surface characterization more dlf- 

flcult. 

Chemlsorptlon measurements can be used to determine adsorptive pro- 

perties, metal surface area, dispersion, and average particle size for 

supported metal catalysts. Other techniques, such as E.M., SAXS, STEM, 

etc., are tricky, expensive and time consuming, and give only physical 

characterizations. The standard chemlsorptlon technique, while giving 

both chemical and physical characteristics of a catalyst, does not 

10 



distinguish between catalysts at 100% dispersion and having various types 

of surface sites. 

in characterizing by chemlsorption RuY catalysts known by E.M. to 

have dispersions of 100%, Goodwin (6) found significant quantities of re- 

vers~b!e (weak) hydrogen chemisorption at room temperature. McVicker et 

el. (7) have found that, on 100% dispersed iridium catalysts, reversible 

chemisorbed hydrogen is a linear function of the wt% of Ir suggesting 

that reversible H 2 chemlsorption results from interaction with the metal 

surface. 

The objective of the present study was to investigate reversible 

chemisorption at room temperature, its validity for surface characteriza- 

tion, and the factors which might affect its quantities for RuY catalysts 

having a range of metal loadings and various dispersions. 

EXPEP~MENTAL 

RuY catalysts containing 0.19 to 3 wt% Ru were prepared by ion- 

exchange of hexamine ruthenium (TIT) chloride. The Ru(NH3)6CI3, obtained 

from Siren Chemical Co., was dissolved in an acidic hydroQhloride solu- 

tion (pH = 4.5). This solution was then mixed with NaY zeolite" and 

stirred continuously for 50 hours at room temperature° Excess solution 

was used for this purpose to. meintain approximately a constant pH during 

ion exchange. 

After the exchange reaction, the catalysts were filtered and washed 

several times in delonized water and dried in air for 18 hours at 40°C. 

Ru metal loading was determined by atomic absorption spectrometry.. 

~ior to chemlso~tion measurements in a conventional gas volumetric 

apparatus, approximately one gram of the supported complex was decomposed 

!1 



s l o w l y  u n d e r  vacuum (10 - 6  T o r t )  by h e a t i n g  ( a t  a p p r o x i m a t e l y  l ° C / m l n )  t o  

420°C and h o l d i n g  a t  t h a t  t e m p e r a t u r e  f o r  two h o u r s .  A S t a n t o n  R e d c r o f t  

3077 programmable  l i n e a r  r a t e  t e m p e r a t u r e  c o n t r o l l e r  was u s e d .  The c a t -  

a l y s t  was r e d u c e d  i n  p u r e  H 2 (p - 20 kPa) a t  420°C f o r  two h o u r s  a n d  t h e n  

h e a t e d  a t  t h e  same t e m p e r a t u r e  t o  d e s o r b  t h e  h y d r o g e n .  

Air Products UPC grade hydrogen and heli~n were passed through a 

llquld nitrogen trap before belng admitted to the gas reservoirs. HeZium 

was used for dead volume determination. Carbon monoxide of 99.99Z purity 

was used as received for adsorption measurements. 

The hydrogen adsorption measurements were made at 25°C and isotherms 

of total H 2 adsorption on the fresh catalyst were determ£ned from 50 Tort 

to 400 Tort. The time for the equillbratlon at each pressure was about 

four hours. The catalysts eere then evacuated for ten m~nutes at the 

same temperature and a second adsorption was carried out in the same 

manner. Howver, there was no significant difference in the quantity of 

adsorbed species removed for evacuation times ranging between 2 and 20 

minutes. 

Carbon monoxide uptakes at 25°C on the same samples were made after 

desorptlon of H 2 at 420°C for two hours under vacuum. The same procedure 

as in H 2 adsorption was used. However, twelve hours were requrled for 

each measurement. Studies indicated that adsorption and desorptlon of H 2 

did not cause slnterlng of the Ru provided no prior exposure of the cata- 

lyst to 02 or CO had occurred. 

12 



RESULTS AND DISCUSSION 

A typical set of hydrogen adsorption isotherms is shown in Figure 1 

for the EuY catalyst, Two separate isotherms, designated as a__and b; 

indicate the total and reversible adsorption~ respectively. The linear 

reglon of isotherm a__above 120 Tort indlca£es complete coverage of the 

ruthenium surface by hydrogen, Following evacuation for I0 minutes, Iso- 

thermb__was obtained. The two isotherms were para!!ei~ as expected. Tee 

observed increasing amount of adsorbed hydrogen with increasing pressure 

above the point of complete coverage of the ruthenium surface was-due to 

physical adsorption on the catalyst. 

Extrapolation of the hydrogen adsorption isotherms to zero pressure 

gives the amount of total and reversible chemisorbed hydrogen~ name!y~ 

H2(T) and H2(r) , The net irreversible hydrogen uptake~ H2(ir), at zero 

pressure was obtained by subtracting the reversiblecontrlbution from the 

initial uptake. 

H2(ir ) = H2(T) - H2(r) 

it is evident that on ruthenium two distinct types of hydrogen chemlsorp- 

tion occur at room temperature: a rather strong, activated chemisorption 

(designated here as "irreversible") and a weak~ non-activated chem!sorp- 

tion (designated as ':reversible") which is rapidly removed under vacuum. 

E/r!ier work (6) on highly-dispersed NaY-supported Ru utilizing both 

chemisorption and T.EoM. has shown that such cata!ystscan be accurately 

characterized using H 2 chemisorption by assuming a stoichiometry of 

H(ir)/RU(s ) = 1. Characteristics of the Ru catalysts studied here were 

thus ~eterm!ned from the irreversible hydrogen chemlsorption an~ are 

sho%ra in Table i. The ruthenium surface area per gram of meta!~ S, was 

calculated from hydrogen adsorption assuming an average Ru area of 

13 



8.17 A 2 per Ru atom. Dispersion, D, is defined according to the 

following: 

D - number of surface metal atoms 
number of total metal atoms x 100% 

Average particle size, d, was calculated from the surface area data em- 

ploying the relation d - 5/S'0, assuming the particle to be cubic with 

five sides exposed to the gas phase and where p is the density of bulk 

ruthenium. It should be noted that the particle size thus obtained 

represents a good estimation of the average Ru size range since zeolltes 

usually provide a rather uniform distribution for metal particles due to 

their crystalline cage structure, although some larger particles tend to 

exist on the external surfaces of the zeolite. Thus, Ru partlcles having 

diameters less than 16 A, are sufficiently small to remain in the zeolite 

cages. (4'8) The catalysts in this range, ~herefore, are designated as 

hlghly dispersed. 

In order to determine the catalyst Characteristics from H 2 cheml- 

sorption it was not possible to use the intersection of the extrapolated 

total adsorption Iso£herm at zero pressure. It has been reported 

earller (6) that, on totally dispersed RuY catalysts (as determined by 

electron microscopy), employing the extrapolated total hydrogen 

adsorption isotherm produced a stolchlometry ratio, H(T)/EU(s), as high 

as 1.94. Since the stolchlometrlc ratio for irreversibly (strongly) 

chemlsorbed hydrogen, H(Ir)/RU(s), was found to be approximately unity, 

it was suggested that an assumption of H(Ir)/RU(s ) - 1 would be a better 

approximation for the purpose of characterization. It is felt that this 

quantity is more constant with varying particle size than H(T)/RU(s ) . 

For a more complete discussion of the earlier work on the determination 

of values for H(T)/Ru(s ) using Ru powder and of the relationship of this 

14 



ratio to the characteristics of highly dispersed NaY-supported Ru please 

refer to Goodwin. (6) 

Similar adsorption isotherms were obtained for carbon monoxlde on 

RuY, Such as shown in Figure 2o C0(T), C0(rev), and CO(it) , given in 

Table 2, were determined in an identical manner as those values for H2° 

The values found for C0(ir)/H(ir) imply that CO molecules were multiply 

chemisorbed on the surface Ru atoms for all the samples investigated. 

These results for CO adsorption are in agreement with previous findings 

of multiple adsorption of CO on highly dispersed Ru. (I~9,10) 

Reversibly adsorbed hydrogen which desorbs upon evacuating at 

ambient was found to be significant. . This reversibly adsorbed hydrogen 

includes the hydrogen molecules in the physlsorbed state and the hydrogen 

species in the weakly chemisorbed state, either a transition state at 

total surface coverage or an adsorption state on low energy sites. 

Taylor (II) has noted reversible chemisorption of H 2 on 1% Ru/AI203 fol- 

!o~-ng evacuation of the catalyst for one hour° As high as 75% of the 

hydrogen initially adsorbed was found to be reversible at ambient. 

Kubicka and Ku~nika (12~ have also observed 25% reversibly adsorbed hy- 

drogen on Ru/A!203 at 25°C. While at 400°C, 80% of the total chemlsorp - 

tlon became reversible. 

Obvious!y~ all chemisorption is reversible if one evacuates long 

enough or at high enough temperatures° Desorption occurs when the adsor- 

bate-adsorbant ~ond acquires the activation energy for desorption in the 

form of vlbratlonal energy. TPD spectra of hydrogen and CO adsorption 

from 20°C to 500°C indicates considerable nonhomogenelty of chemlsorbed 

molecules or atoms on highly dispersed Ru surfaces. (13) For certain 

metals~ i.e. Co~ chemisorption may be so weak that all can be removed 
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f a i r l y  f a s t  by e v a c u a t i o n  a t  room t empe ra tu r e .  For hydrogen a d s o r p t l o n  

on RuY s u r f a c e s ,  however ,  two d i s t i n c t  types  of  chemi so rp t i on  c o - e x i s t  a t  

room tempera tu re :  r e v e r s i b l e  and i r r e v e r s i b l e .  Each type i s  a s s o c i a t e d  

wi th  a s p e c i f i c  average  a c t i v a t i o n  energy  and k i n e t i c s .  Xt i s  b e l i e v e d  

t h a t ,  a t  t o t a l  s u r f a c e  coverage and e q u i l i b r i u m ,  some f a c t o r s  which might 

i n f l u e n c e  the  r e v e r s i b i l i t y  of hydrogen a d s o r p t i o n  a r e  meta l  d i s p e r s i o n ,  

p a r t i c l e  s i z e ,  and suppo r t -me ta l  i n t e r a c t i o n s .  

In  t h i s  s t u d y ,  f o r  the  h i g h l y  d i s p e r s e d  guy c a t a l y s t s ,  the  q u a n t i t y  

of  r e v e r s i b l y  bound hydrogen v a r i e d  from 1.4 to  35.8 micromoles per gram 

of c a t a l y s t  w h i l e  t h a t  of  CO was r e l a t i v e l y  c o n s t a n t  f o r  a l l  the  RuY c a t -  

a l y s t s  s t u d i e d  (as shown i n  F igure  3) .  This behav ior  i s  s i m i l a r  to the  

r e v e r s i b l e  chemiso rp t i on  r e s u l t s  f o r  I r  found by McVicker e t  a l .  (7) As 

can be seen  i n  F igure  3, r e v e r s i b l y  bound CO does not  vary g r e a t l y  as the  

Ru weight  p e r c e n t  (and consequen t l y  s u r f a c e  a rea )  • i n c r e a s e s  s u g g e s t i n g  

t h a t  t h i s  q u a n t i t y  i s  mainly  due to the  i n t e r a c t i o n  wi th  the  t o t a l  c a t a -  

l y s t  s u r f a c e ,  i n c l u d i n g  the  z e o l i t e  suppor t*s  s u r f a c e .  On the  o t h e r  

hand,  r e v e r s i b l e  bound hydrogen would seem to be a l i n e a r  f u n c t i o n  of the  

Rn weight  p e r c e n t .  C e r t a i n l y ,  the  Ru s u r f a c e  a r ea  i n c r e a s e d  wi th  i n -  

c r e a s i n g  Ru meta l  l oad ing  ( see  Table 1).  However, i n  o rde r  to p reven t  

all properties from- varying directly with metal loading, slight differ- 

ences in the rate of temperature programmed decomposition (0.5°C - 

1.5°C/min) were used. This produced a variety of Ru dispersions not di- 

rectly related to Qetal loading. 

The fraction of reversibly chemisorbed H2, ~, was observed to In- 

crease from 13 to 32Z of the initial as the average Ru particle size in- 

creased from 0.87 to 1.59 nm (Figure 4.). A slu~lar variance was also 

observed as to be expected when metal dispersion was plotted instead of 
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average particle size (Figure 5). This indicates that a gre~ter portion 

of hydrogen is strongly chemlsorbed on smaller Eu particles than on 

larger ones° From the concept: that the extent of reversibility is asso- 

ciated with lower energy sites and/or sites for multiple hy~'o~en chemi- 

sorption~ such sites on the larger Ru particles would be pTedomlnantiy 

responsible for the reversible chemisorption. (13) It is evident that the 

small Ru particles must possess a greater fraction of sites which do not 

chemisorb :hydrogen weakly at room • temperature. It is as yetdifficult to 

say whether this is a structural effect solely or an effect due to 

support-metal interactions having a greater influence on the: properties 

of the smaller clusters. Based on previously'compared E.M. and chem!- 

sorption results (6) where .H/RU(s ) = 1 was found (based on H(ir)) , it 

would seem highly likely that at least some of the reversibiy chemisorbed 

hydrogen at room temperature is due to multiple hydrogen chemlsorption on 

certain Ru siteso • 

Another possibility to be considered for the appearance of •raver- 

sib!e chemlsorption is hydrogen spillover. An unoccupied site on the Y 

zeolite in the vicinity of a Ru par tic!e may 'function as a hydrogen- 

acceptor site. (14,15) Thus the amount of hydrogen spiiiover onto the 

support would Be directly proportional to the quantity of neighboring 

sites and to the surface area and particle size of the merci. HoWever, 
..'. 

• it has been suggested that hydrogen spillover should only Be S i~Ificant 

Beyond ambient temp eratureo (14) In the present case~ hydrogen spiiiovar 

would se~m to be of minor importance. 

17 



CONCLUSIONS 

A d e t a i l e d  p i c t u r e  of r e v e r s i b l e  a d s o r p t i v e  p r o p e r t i e s  of ion-  

exchanged guy c a t a l y s t s  has  been o b t a i n e d .  For h i g h l y  d i s p e r s e d  guy c a t -  

a l y s t s  prepared by Ion-exchange,  the  f r a c t i o n  of r e v e r s i b l y  (weakly) 

chemisorbed hydrogen i s  d i r e c t l y  r e l a t e d  to  average  p a r t i c l e  s i z e  and 

d i s p e r s i o n .  This  f r a c t i o n  i n c r e a s e s  approximate ly  l i n e a r l y  wi th  average 

Ru p a r t i c l e  d iameter  fo r  d iameters  between 0.9 and 1.6 nm; however, i t  

p robably  e v e n t u a l l y  a t t a i n s  a cons t an t  va lue  fo r  l a r g e  p a r t i c l e s .  This  

r e v e r s i b l e  hydrogen chemisorp t lon  may be related to m u l t i p l e  

chemlsorptlon on certain Ru sites. These results for reversible H 2 

chemisorptlon are surprising since one might expect that highly 

uncoordinated sites on smaller particles would be more likely to exhibit 

multiple chemisorption. 

Reversible (weak) CO chemlsorption, unlike that of H2, is a function 

only of total datalyst surface area. In other words, it seems due to an 

interaction with both the metal and the support. 

The reverslbillty of hydrogen chemlsorptlon may depend upon other 

factors besides particle diameter. Preliminary results of chemisorptlon 

on zeolite supported Co catalysts indicate that the fraction of 

r e v e r s i b l y  chemisorbed hydrogen i s  s e n s i t i v e  to t he  p r e p a r a t i o n  method. 

Severa l  o the r  f a c t o r s  which might  a f f e c t  r e v e r s i b l e  hydrogen 

chemisorp t ion  a re  the  tempera ture  of  a d s o r p t i o n ,  the  presence  of 

i m p u r i t i e s ,  and suppor t -me ta l  i n t e r a c t i o n s .  
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TABLE i: ..... Catalyst Characteristics Cl) 

Wt ZRu S.A. (2) dav e (3) 

(m2Ru/g .ca t • ) (nm) 

D, % (4) 

0.19 0.89 0.87 95.8 

0.38 0.95 1.59 52.0 

0.76 2.86 1.07 77.4 

1.5 4.03 1.50 55.3 
! 

3.0 9.56 1.27 65.5 

(I) Based qn A.A. and gas volumetry 
(2) 8.17 A~/Ru surface ~tom, H(ir~/Ru(s) 
(3) dav e - 5/S'p~ S -m~/g'Ru " " 
(4) D = (# Ru(s)/# Ru(T)) x 100% 

=1 

20 



t,.a 

v 

r.o'= ,~_~, 

• e ,  

~ ~ , ~  ~ ~ 

• , o  

13 

II 

0 

, H  

P,t 

O 

0 

0 

21 



I I I  I I I  I I I I  

60 

60 

8 4o 
m 
r r  

0 
cO 
D ~: SO 

Z 
ILl 

© 2O 
¢r- 
a 
>. 
-r 

l o  

0 

. ~ o ~ ° ~  • 
O 

b 

O 

,! , , t , , ,I 

0 100 200 300 

PRESSURE (TORR) 

Ff~,~re 1: Hydrogen Adsorption Isotherms on 0.76 wt: RuY a t  25°C 
(a) Total Adsorption (b) Reversible Adsorption. 

22 



600 

E" 500 

.~ 4oo 
IZI 
uJ 
1:33 

3O0 

< 

200 

100 

; 
' S  . . 0 .' '. 

. . . . . .  !.. 

0 i00 20O 300 400 

PRESSURE (TORR) 

Figure. 2: CO Adsorption Xsother~ o n  0.76 wt% RuY at 25°C 
(a) Total Adsorptlon (b) PevarsSble Adsorption. 

23 



m 40 

-O 
E 

V 

O0 
UJ 
i--.- 3 0 -  
< 
rn 
n- 

O 
r./3 
D 

a 2 0 - /  
Z 
C) 
0 
nn 
>.. 
..J 
m 1 0 -  
m 

O3 
n" 
I.U 
;> 
LU 

0 
0 

O 

O 

1 2 
WT% RUTHENIUM 

' 1  I I 

3 

F i g u r e  3: The E f f e c t  o f  Ru Meta l  Load ing  on t h e  R e v e r s i b l e  Q u a u t ~ c i e s  o f  
H 2 and,CO C h e m i s o r p t i o n  f rom RuY C a t a l y s t s  a t  25°C.  

24 



0.4 

0.3 

HT 
0.2 

0.1 

0 

. . . . .  ] I W I I n  I I I I I  I ] 1  ~ . . . . . .  i I • r m 

Q 

. . . . . . . . . . . . . . . . . . . . . . .  ! . . . . . . . . . . . . . . . . . . . . . . . . .  . . . .  ~ , .  . . . . . . . .  

0 i,.0 2.0 

PARTICLE DIAMETER (nrn) 

Fib re  4: The Effect of Particle Size on Reversibility of Hydrogen Chem- 
isorption on RuY Catalyses. 

25 



Hr 
m 

HT 

0.4 

0.3 

0,2 

0.1 m, 

0 I 910 I " 1  I 510 
100 8O 7O 6O 

DISPERSION (%) 

Ytsur e 5: The E~feqt of Dispersion on R e v e r s i b i l i t y  of Hydrogen Chemi- 
so rp t ion  on RuY Cata lys t s .  

26 



PARTICLE SIZE DEPENDENCE FOR CO CKEMiSORPTION ON SUPPORTED Ru CATALYSTS 

Chau-~wa Y~ng and James G. Goodwin~ Jr. 

ABSTRACT 

The stoichiometry of CO chemisorption on highly dispersed zeolite- 

supported Rn has keen investigated° ~his stoichiometry, which can be 

expressed as CO/H~ increases wlth decreasing Ru particle diameter. For 

• diameters < 1.6 nm this ratio approached a limiting value of 4-5, indic@ring 

the formation of surface carbonyls. No direct influence of the Support on 

this ratio could be detected. 

27 



INTRODUCTION 

CO chemlsorptlon has been used successfully for the surface area 

determination of certain supported metals. For Rn, however, CO cheml- 

sorption can result in the adsorption of several molecules for each Ru 

surface atom. (I-4) Because the stolchlometry of CO c hemisorptlon can 

vary, the chemisorptlon of CO has not been useful for the determination 

of Ru surface area or the number of Ru surface sites in supported Ru cat- 

alysts. For this purpose, the use of H 2 chemlsorptlon has proved to be 

more satisfactory slnce it appears that the ratio H/RU(surface ) is inde- 

pendent of metal particle size and has a value of approximately one. (5-7)' 

Interestingly, Dalla Betta (3) found that ratio CO/H~ based on sepa- 

rate chemlsorptions of H 2 and CO, varied with particle size. This ratio 

increased from a value of 0.63 for an average Ru particle diameter, dRu , 

of 103 nm to 3.8 for dRu equal to 1.4 nm before increasing to 3.1 for dRu 

I.i nm. 

An investigation was undertaken to study the stoichlometry of CO 

adsorption on supported P.u as the average metal particle size was de- 

creased below 2.5 nm average diameter. It was felt that this ratio of 

CO/H might be of use in the characterization of the particulate struc- 

tures. In particular, it was desired to find out if the CO/H ratio does 

in fact exhibit a maxima as found by Dalla Betta (3) and what part the 

support might play in affecting this ratio as the average Fa particle 

diameter decreases& 
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EXPERIMENTAL. 

guy catalysts containing 0.19 to 3,2 wt% Ru were prepared by. ion- 

exchange of Ru(NH3)6Ci 3 with NaY zeolite, The Ru metal loading was de- 

ter~ned by atomic absorption spectrometry° 

The prepared catalysts were decomposed slow!y under vacuum on heat- 

ing at a rate of 0,5-1,5 k/min to 420 Ko They were then reduced in H 2 at 

that maximum temperature for 2 hours and then desorbed under vacuum for 2 

hours while maintaining the temperature, 

Chemisorption ~measurements were made using a conventional gas 

volumetric apparatus, Detailed description of the methodology is given 

elsewhere. (9) The hydrogen adsorption measurements were made at 25°C and 

isotherms of the total H 2 adsorption on the fresh catalysts were deter- 

mined from 50 to 400 tort, The time for the equilibration at each pres- 

sure was about 4 hrs, The catalysts were then evacuated for 10 minutes 

and a second adsorption was carried out in the same manner, 

Carbon monoxide adsorption at 25°C on the same samples were made 

after desorption of H2 at 420°C for 2 hrs under vacuum, The same proce- 

dure as in H 2 adsorption measurement was used, However~ 12 hours were 

required for equilibrium at each pressure on the total CO adsorption iso- 

therms, 

DISCUSSION OF RESULTS 

Figures I and 2 show typical H 2 and C0 isotherms, The amounts irre- 

versib!y chemlsorbed at 298 K~ the difference between the total isotherm 

'and the reversible isotherm~ were used in the calculations, This quan- 

tity has be~n shown for H 2 to best reflect H/RU(surface ) = 1. (7) For CO 

0 
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chemisorption, the reversible quantity, that which is easy to be removed 

by evacuation at temperature, seems to be due to interaction of CO with 

the support. (8) The characteristics of each catalyst and its determined 

C0/H ratio are given in Table I. 

A plot of CO/~ versus average Ru particle diameter is shown in 

Figure 3. It can immediately be seen that the CO/H ratio exceeds I for 

all dRu < 3 nm. For the RuY catalysts, a limiting value of CO/H between 

4 and 5 is reached below 1.6 nm. It may be noted that one of the 

Ru/A1203 catalysts (that at the highest dispersion) appears to deviate 

somewhat from the general trend found for the RuY and other Ru/AI203 cat- 

alysts. This might be attributed to an effect of the AI203 support on 

highly dispersed Ru; however, it is most likely due either to an experi- 

mental error or to the fact that Dalla Betta (3) used the zero pressure 

intercept of the total adsorption isotherm to characterize his cata- 

lysts. Previous work has shown, that for highly dispersed RuY catalysts, 

the use of the total isotherm can introduce significant error into the 

calculation if H/RU(surface ) = 1 is being assumed. (7) 

As supported metal particle sizes become smaller and smaller, 

support-metal interactions can play a greater role in affecting the 

properties of the metal. It would be expected, based on steric consider- 

ations and the existence of various Ru carbonyls, that as Ru particles 

decrease in size a greater number of CO molecules would be chemisorbed. 

Strong interaction of the Ru with the acidic support, however, would be 

expected to weaken CO adsorption and perhaps decrease the number of CO 

molecules able to be adsorbed. No such decrease was detected. Since the 

results for A1205-supported Ru also appear to follow approximately the 

same trend as those for zeolite-supported Ru, no direct evidence of 

support effects is detectable in this process. 
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Fina!ly, metallic Eu clusters or "partic!es less than 1.6 nm have the 

ability to irreversibly bind b~tween four and five C0 molecu!e% per ex- 

posed metal atom. Evldently ~ carbony! species such as Ru(CO) 4 and 

Ru(CO) 5 mey exist on highly dispersed Ru catalysts° While Ru carbonyls 

are known to exist having these stoichiometries [Ru3(C0)12and Ru(C0)5]~ 

it may ba hard to picture from a steric point of view 5 C0 molecu!es ad- 

sorbedper surface Ru atom on 1.6 nm particles. A small portion of this 

bound CO~ however, may be interacting with the zeolite instead of with 

the Ku since carbonate bands can be seen by IR spectroscopy for the zeo- 

lite exposed to CO. It also must be remembered thatthe Ru particle dia- 

meter used is an average value° As IR study of CO adsorption on EuY has 

shown~ (4) many diff@rent Ru surface structures can exist simultineously 

on these catalysts at high dispersion. Thus, while the average particle 

diameter may be 1.0-1.5 nm~ many very small clusters of Ru itoms and, 

possibly, isolated single •atoms may also exist. Such small clusters 

could easily produce Ru(C0) 4 or Ru(CO) 5 following CO adsorption. 

CoNcLusIoNS 

• . .° 

CO chemisorption at 298 K on highly dispersed Ru is a function of 

metal particle size. The CO/H ratio exceeds 1 :for Ru catalysts having an 

a-ver-a-g-e :p~ztlc!e dla~e~-eT, -dRu < 3 nm. The ratio increases rapidly as 

average particle size decreases and approaches a limit of between 4 and 5 

for dKu < 1.6 nmo It is obViOUS that surface species of the form Ru(C0) 4 

or Ru (CO) 5 are formed. Finally, no evidence of a direct support effect 

on the C0/H ratio was found° 
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TABLE I: Cha~;a6terist:ics of  Catalysts 

Catalyst 

Ru powder 
& A!203 

Ku/A1203 

.... Ru[A1203 

R ~  

Ru/A1203 

R u Y  

RuY 

Ru/A!203 

RuY 

Ru/AI203 

KuY 

RuY 

wt.~ 

5% 

5% 

3.2% 

5% 

3.2% 

0.38% 

0.5% 

10 3 

9.6 

6.0 

2.8 

2.5 

2.0 

1.6 

1.4 

. ° 

: . 

i 

I 0 0 / ~  m 

0.63 

0.52 

0.87 

2.07 
• . .. 

2.3 

4.0 

4.51 

3.8 

3% 

0.23% 

0.76% 

.0.i9 . 

1.3 

1.1 

i.•I 

0.9 

4.61" 

3 . 1  

"'4 o 3 8  

4.89 

I 

~af. 

(3) 

(3) 

(3) 

th~s paper 

(3) 

~his paper 

this paper 

(3) 

~hl$ paper 
": 

(3) 

this paper 

this paper 

• ' i•'." ' 

*average value--determined bY H 2 Che~sorption 

•., ," ,,. ' . '" . . . 

'2- 
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HYDROGEN CHEMiSORPTION SUPPRESSION IN Ru-ZEOLiTE CATALYSTS 
,,,, ,, ,, 

H. T. Wang~ Y. Wo Che~, and James G. Goodwin~ Jr. 

ABSTRACT 

Ku catalysts prepared usingNaX ~ NaY~ KL and NaMordenite as supports have 

been characterized by ~2 and CO chemisorptlon. Significant suppression of 

hydrosen chemlsorptlon was found for the ion-exchanged catalysts a~ the Si/A! 

ratio of the zeolite support increased. : Chemical interactions between the 

metal and the support are considered the main cause of this hydrogen 

chemisorption suppression, it is suggested that the acidic hydroxyl groups 

are involved in these interactions. These interactions are greatly affected 

by method of preparation and metal loading. 
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INTRODUCTION 

In recent years, the selective chemisorptlon of gases has been 

extensively used to estimate the degree of dispersion of supported Group VIII 

metal catalysts. Rydrogen and CO have both been used for estimation of Ru 

metal surface area (I). Dalla Betta (2) studied hydrogen adsorption on 

unsupported and supported Ru catalysts whose particle size distributions had 

been measured by electron microscopy, and he found good agreement between 

average particle sizes calculated from hydrogen adsorption and the particle 

size distribution observed by electron microscopy. Taylor (3) used three 

methods (hydrogen chemisorption, oxygen chemisorption, and hydrogen-oxygen 

titration) to measure the specific surface area of alumina-supported ruthenium 

catalysts. The results showed that these three methods are in agreement when 

average Rn crystallite sizes are greater than 4 nm. The selective 

chemisorption of hydrogen and H2-O 2 titration were applied to three types of 

Ru catalysts prepared by two different techniques on two different supports 

(4). It was found that H 2 chemisorption method was the best method to 

determine the dispersion of highly dispersed Ru catalysts provided 

irreversible hydrogen chemisorption was used. 

CO chemisorption on Ru was compared to H 2 chemlsorption by ~slla Betta 

(5), and he found CO/H ratios as high as 4 on Ru particles of I.I nm 

diameter. Yang and Goodwin (6) showed that the CO/H ratio is a function of Ru 

particle size for RuNaY catalysts. 

An investigation into the chemisorptlon properties of zeolite-supported 

ruthenium catalysts in general has been carried out. Preliminary results had 

suggested that significant zeollte-metal interactions were in effect. 
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EXPEK!MENTAL 

Catalysts ~eparation 

~teria!s 

The zeolites were obtained from $trem Chemials~ inc. (NaX~ NaY s and KL) 

and Norton (NaZeo!on = large port NaMmrdenite). NHdY was prepared by ion- 

exchange of NaY with NH4CI. The extent of exchange was 84%° KuCI3~ 

Ru(NH3)6C!3~ and Ru3(CO)I2 were also obtained from Sires Chemicals, inc. 

Ion-Exchange Method (I.E.) 

For preparing the ion-exchanged catalysts, Ru(NH3)6C! 3 was dissolved in a 

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

with the zeolite and stirred continuously for 50 hours at ambient 

t'emperature. E~cess solution-was used to maintain an approximate!y constant 

pH during ion-exchanse. After the ion-exchange reaction, the catalysts were 

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

overnight at 40°C. The catalysts ware then bottled and stored. 
o 

Vapor Impregnation M~thod (V.T.) 

Ru carbonyl cluster catalysts were prepared by sublimating Ru3(C0)12 

under vacuum and adsorblng the vapor on the zeoli£e~ previously activated 

• .under va'cuum at 450°C. This impregnation process took place in an evacuated= 

se~ed ~yrax cell h~!d a~ a temperature of 8~C for several weeks, ~his 

temperature ensured that the vapor pressure of Ru3(CO)12 was high enough for 

reasonably rapid adsorption of it on the zeolite but Was not high enough to 

cause decomposition of the carbonyl. 

Catalyst fharacterization 

Nmtal ioading ~asurement 

The metal loadin s of the catalysts were determined by atomic absorption 

using the method of Fabec (7). 
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Chemlsorptlon Measurement 

Hydrogen (99.995Z) was purified further by passing it through a llquld 

nitrogen trap before being used for both catalyst reduction and chemlsorptlon 

measurements. Carbon monoxide (99.8Z) was dried by passing through a trap 

thermostatted at -78°C (dry ice trap). He (99.997Z), used for dead space 

determination, was also purified by passing it through a llquld nitrogen trap. 

~he V.I. and I.E. catalysts were usually decomposed under vacu~n (ca. 

4x10 -5 Pa) by heating to 420°C (0.5°C/mln) and holding at that temperature for 

two hours. Peductlon in and desorptlon of hydrogen was carried out at the 

same temperature. H 2 reduction was not necessary for the VoI. catalysts. 

Gas adsorption measurements were performed in a conventional Pyrex-glass 

volumetric adsorption apparatus. An ultimate vacuum of about 4x10 "5 Pa was 

obtained by means of oll diffusion and mechanical pumps isolated from the 

adsorption system by a llquld-nltrogen cooled trap. Each I.E. catalyst (ca. 

If) was placed in a Pyrex cell to enable decomposition under vacuum and 

reduction of samples in static hydrogen prior to the chemlsorptlon 

measurement. ~he V.I. catalysts were decomposed in the same speclally 

des igned  c e l l  used i n  t h e i r  p r e p a r a t i o n .  This avoided  exposure  of the 

suppor t ed  c a r b o n y l  to  t h e  a i r .  

Hydrogen and carbon monoxide up takes  were de te rmined  s e p a r a t e l y  a t  

ambient t empera tu re  on the  reduced and desorbed c a t a l y s t s .  One day was 

s u f f i c i e n t  to r each  equ~l ib r ium f o r  hydrogen chemiso rp t ion  a t  t h i s  t empera tu re  

and 2 days was s u f f i c i e n t  f o r  carbon  monoxide chem~sorp t ion .  ~he t o t a l  amount 

of  chemisorbed hydrogen or  carbon monoxide was de te rmined  by e x t r a p o l a t i o n  of 

t he  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  zero  p r e s s u r e  co r r e spond ing  to  t h e  

method d e s c r i b e d  by Benson and Boudart  (8) and Wilson and H a l l  ( 9 ) .  A second 

isotherm was measured after evacuation of the sample for 2 mln following the 
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first isotherm° The second isotherm provided a measure of the reversibly 

bound hydrogen or carbon monoxide (both chem!Sorbed and phys!sorbed). The 

difference between these two isotherms gave the amount of irreversibly 

(strongly) chemlsorbed hydrogen or carbon monoxide. 

The dispersion of Ru was calculated from the hydrogen measurements~ 

assuming a stoichi0metry 0f ~rr/Eu(s) = I (4). The crystalllte sizes were 

calculated by assuming the particle to Be cubic with five sides exposed to the 

gas phase and an average area Per surface Ru atom of 8.17A2(2). 

RESULTS AND DISCUSSION 

me res its of the :% and C0 chamisorp !on studies ere s= rized in 

Table 1 along with CO/H ratios of the samples. Figures I and 2 show 

representative H 2 and C0 chemlsorption isotherms. From H 2 chemisorption at 22 

2°C, average Rupartic!e diameters and dlsperslonswere calculated. 

In metal zeolite catalysts the initial location of the metal in the 

porous framework is an important factor to be considered. As described in a 

previous study (I0), ruthenium supported on the external surface of zeolites 

via the incipient wetness method is easily sintered into large particles 

during reduction~ resulting in average particles sizes in the range of 3.0-8.5 

nm fo r metal loadings between i and 3 weight percent. However, as can be seen 

in Table I~ the average particle size calculated from H 2 chemisorption for 

ion-exchanged catalysts with metal loadings larger than I weight Percent~ with 

the exception of gullY, RuKL~ RuNaM~ was exclusively below 1.6 nm. The average 

particle size for catalysts prepared By the vacuum impregnation method~ with 

metal loadlngs less that I weight percent~ was below I.I nm. A 0.49% EuNaY 

(I.E.) catalyst had~ however~ an average calculated particle size of 2.3 nm. 
• . . : ,." . 

This might have been due to incomplete reduction. Pmwever~ high dispersions 
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of the Ru were found for all V.I. and I.E. NaX and NaY catalysts. As can be 

seen by T.E.M. (4), most of the particles are inside the zeolite cavities. 

From the data in Table I and Figure 3, it is obvious that there are 

higher CO/H ratios for NaY-supported catalysts prepared by ion-exchange method 

than for CO/H ratios for catalysts prepared by the vapor-lmpregnatlon 

method. Since ruthenium can coordinate no more than four C0 molecules if it 

is bonded to other Ru atoms ~(to five other C0 molecules if it is in the form 

of Ru(CO)5) , it is reasonable to have CO/H ratios between 2 and 3 for vapor- 

impregnation catalysts prepared via a Ru3(C0) 12 precursor since during 

decomposition there can be some slntering of the Ru clusters (11)o 

Matsuo and Klabunde (12) have studied a series of Ni catalysts supported 

on MgO having different metal loadlngs and showed that CO/H ratios increase as 

Ni loadlng decreases. They indicated that H 2 chemlsorptlon is seriously 

suppressed, especially in the samples with low metal loadlngs° Bartholomew 

and. Pannell (13) have studied hydrogen and carbon monoxide che~sorptlon on 

alumina- and silica-supported nickel. They also found that the CO/H ratio 

varied inversely with metal loading° CO/H ratios were 28 and 9.8 for 0°5% 

NI/AI203 and I% Ni/AI203, respe'ctlvely. ~hese values were unexpectedly 

high. One reason for these differences may lle with increased support-metal 
". 

interaction at low loadlngs. Catalysts with low metal loadlngs have been 

found (14,15) to be hard to reduce. Hence, the higher CO/H ratio for 0.49 

RuNaY (I°E°) compared to that for 0°24% and 0.68% Ru3NaY (V.I.) may have been 

due to l e s s  hydrogen chemisorp t ion ,  which thereby  i n c r e a s e d  the  CO/H r a t i o ,  as 

a r e s u l t  of s t r o n g e r  z e o l i t e - m e t a l  i n t e r a c t i o n s °  Tn a l l  c a s e s ,  vapor -  

impregnated c a t a l y s t s  appear to  have l e s s  z e o l i t e - m e t a l  i n t e r a c t i o n s  than i o n -  

exchange c a t a l y s t s .  D~e to  the  h igh  d i s p e r s i o n s  c a l c u l a t e d  from H 2 

chemiso rp t ion ,  i t  can be assumed t h a t  t h e r e  i s  no s i g n i f i c a n t  H 2 chemiso rp t ion  
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suppression for the Ru/NaY catalysts prepared by vapor-impregnatlon of 

Ru3 (C0)I 2 ° 

It would appear that as the Si/A! ratio of the zeolite Support increases 

larger average particle diameters results (Table i). ~owever, it becomes 

apparent from a consideration of the CO/H ratios that suppression of hydrogen 

chemisorptlon takes place at ambient temperature on the Ru catalysts with 

higher Si/AI ratios (it is impossible for i Eu atom to bond to 12 CO !igands) 

(Table I, Figure 4). Since the stoichiometry of CO adsorption on Ru is 

determined by the metal particle size (5~6)~ it is difficult to use CO to 

determine metal surface areas. However, CO chemlsorption can at least serve 

to compare relative metal dispersions. The CO/Ru T ratios in Table 1 would 

seem to indicate that the Ru dispersions in the various catalysts were similar 

and probabiy on the order of 70-90%. 

At this point, let us consider what may be the cause of suppression of 

hydrogen chemisorptlon at high Si/A! ratios for the ion-exchanged catalysts. 

One phenomenon which ~st be considered is encapsulation of the metal 

particles in the catalysts following reduction. ~hls would make the metal 

inaccessible to sorbing gases regardless of particle size. We consider this 

explanation to be uniike!y~ however, for the following reasons. First, the X- 

ray diffraction patterns of the reduced catalysts were similar to those of the 

original supportso ~hus~ no significant collapse of the zeolite supports and 

encapsulation of the metal accompanied reduction. ~ Coughlan et el. (16) have 

studied Ru supported on A, X~ Y~ L and mordenlte zeo!ites. They also reported 

that all the zeo!ites retained their crystalline structure after outgassing 

and reduction. Second~ if encapsulation of the metal were responsible for the 

suppression of H2, one would not expect similar CO/Ru T ratios for all the 

catalysts. ~us~ the possibility of occlusion of particles in the zeolite 
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matrix is excluded because of the high dispersion in RuNaX (NaX being the 

least stable of these zeolites) and the similar CO/Ru T ratios for all the 

catalysts. 

Poisoning of the metals following reduction is also unlikely to explain 

the unusual sorption properties of the zeolite-supported metal. Koopman et 

al. (17) have reported that surface contamination of chlorine on Ru/SiO 2 

catalysts (prepared from RuCI3) caused a decrease in dispersion. However, in 

this case, the ion-exchange catalysts were washed several times in deionized 

water to remove all the chloride from the zeolite. Certainly, RuNaX did not 

seem to exhibit any H 2 chemisorption suppression and it was prepared in the 

same way as all the ion-exchanged catalysts. Clausen and Good (18) have 

investigated the decomposition of [Ru(NH3)5N2 ]2+ ions in a Y-type zeolite. 

They found that all of the coordinated N 2 and NH 3 was removed if the sample 

was heated to 400°C and 10 -3 Pa. As a result of this decomposition procedure, 

a highly reactive ruthenium species was formed in the zeolite. Pence, it is 

unlikely that Cl-ions or coordinated NI~ 3 influence the amount of H 2 

chemisorption. 

Brooks and Christopher (19) have investigated alumina- and zeolite- 

supported nickel. ~hey found very high CO/H 2 ratios (between 46 and 59) for 

Zeolon-supported Ni and suggested that these results were due to dissociative 

hydrogen adsorption occurring only on Ni crystallites of sufficient size so as 

to offer adjacent hydrogen adsorption sites. Shimizu et el. (20) have also 

suggested that ensembles of up to 5-10 adjacent RU atoms are involved in 

hydrogen chemisorption, and small amounts of Cu on the Ru surface can suppress 

the hydrogen adsorption capacity drastically. From the data in Table I, 

catalysts prepared via vapor-impregnatlon have average calculated particle 

diameters of 1.0 nm. RuNaX prepared via ion-exchange had an average calculated 
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particle size of Io0 nm~ and part of the reduced Ru in the Ion-exchanged RuNeX 

catalyst was possibly dispersed atomically in the zeolite cavities. ~his 

suggests that very small particles of reduced Ru metal are still active for 

hydrogen chemisorptlon and adsorb reasonable quantities of H 2. Pence, it is 

not likely that ensemble size influences the H 2 chemisorptlon or CO/H ratio 

for KUo 

Let us consider differences betweeh catalysts prepared by vapor 

imp regnatlon and ion-exchange since one (V.I.) results in no H 2 chemisorpt!on 

suppression and the other (i.Eo) does. For the vapor impregnation case, 

decomposition and reduction can be represented schematically as 

A v~c y 
(c°)12 + E 2 + 

and the zeolite is seen to undergo no change in its chemistry. On the other 

hand~ durin E ion~exchange some Na + is replaced by the cationic Ru: 

3+ - [Ru(NH3)6]3+Na~n_ m mRu(NH3) 6 + 3mCl + NaVY + 3m)Y + 3m NaCI 

Upon reduction 

A 
+ vac 

[Ru(NH3)6 ]3+ Na (n_3m) Y H2 Ru°mlR~ ÷ Na(n-3m)Y 

The neutralizin~ protons associate with zeolite oxygens to produce OH 

groups. The greatest chemical difference between the V.l. end the I.E. 

catalysts thus lies with the formation of hydroxyl groups in the I.E. 

catalysts. 
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The results in Table 1 show that catalysts prepared by I.E. from HY have 

larger calculated average particle diameters than catalysts prepared from NaY 

and a slightly lower ratio of CO/Ru T . However, the CO/H ratio is about the 

same as the CO/H ratio of RuNaY. Since an increase in particle size in this 

range should be compensated by a decrease in the number of CO adsorbing per Ru 

surface atom and a decrease in the CO/H ratio, one is led to consider these 

two catalysts to have similar dispersions but with more H 2 chemlsorptlon 

suppression on RuHY. Suzuki et al. (21) in studies of a series of nickel- 

zeolites (A, X, Y and Mordenlte) reported that the degree of nickel ion 

reduction and the dispersion of reduced nickel were affectd by the extent of 

nlckel-exchange and by the types of parent-catlons in zeolites. RuHY and 

RuNaY have similar structures, but they are different in concentrations of Na + 

ions and acidic protons produced during reduction at 400°C. The lower 

eoncentratlon of Na + and the higher concentration of H + may be factors 

affecting H 2 chemisorption suppression in the RuHY catalyst. However, 3.1% 

RuNaY, 2.5% RuNaX, 2.8% RuKL and 2.2% RuNaMordenite have very similar loadlngs 

of ruthenium. Since hydroxyl groups are formed when protons interact with 

framework oxygen atoms during the reduction of the ruthenium ions (22), 3.1% 

RuNaY, 2.5% RuNaX, 2.8% RuKL and 2.2% RuNaMordenlte will have similar 

concentrations of acidic protons. It is thus obvious that the concentration 

of acidic hydroxyl protons seems unlikely to completely explain the H 2 

-chemisorption suppression in 2.2% RuNaMordenite. ~nce, we must also 

consider the implication of the strength of the acidic hydroxyl protons. 

In Figure 4, the CO/H ratios of RuNaX, RuNaY, RuKL, and RuNaMordenite 

seem to correlate to the Si/AI ratio. Significantly more hydrogen 

chemisorption suppression occurs as the Si/AI ratio of zeolite support 

increases. There is a good linear relationship beteen the hydroxyl frequency 
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(near 3650 cm -!) and the Si/Ai composition~ independent of" any structu~a! 

influence (23). ~he shift to lower frequencies observed as the Si/A! ratio 

increases is related to an increase in the acid strength of the protons (24). 

l~breover~ the cataytic activity of reduced nickel is decreased by the increase 

in acidic hydroxyl groups in mordenites (25). Thus~ the increase i~ ~" 

suppression as the Si/A! ratio is increased for i0n-exchanged Ru/zeolite may 

be explained on the basis of increasing acid s£rength of the zeolite 

hydroxyls. 

The influence of Si/A!. ratio on CO adsorption on the reduced • metalhas 

also been found in a previous IR study. (26). ~he IK investigation of these 

zeo!ites catalysts at 25°C showed that~ in general~ as the Si/A! ratio of the 

support Increases~ the frequency of the adsorbed'C0 also tends to increase 

indicating weaker CO chem!sorption~ which corre!ates well with the increase in 

the acid strength of •the zeolites. Recen£ studies (27~28) of supported 

carbony!s have shown that the evolution of CH 4 during re.stature-programmed 

decomposition is due to a reaction between the initially zero~valent carbony! 

and the surface hydroxyl groups of the support. Therefgre~ it is suggested 

that hydrogen suppression is due to the interaction of the zeolite hydroxyls 

with the Eu~ and this interaction increases with the strength of the acidic 

hydroxyl protons. The reason for the change in the agi~ 99!99g~b 9~ 9h9 

hydroxyl protons is not clear, it may result from a change in the local 

electric charge in the zeolite framework caused hy ion-exchange or from direct 

interaction of structural hydroxyls with •cations. The one case that deviated 

s!ighily in Figure 4 was that of Ku~L. It is felt thatthe s!!ght~devlation 

to a higher CO/E ratio was due to the presence of K+in th e z&olite as opposed 

47 



to Na + in all the other zeolltes studied, This would seem to be reasonable 

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

alkali promoted F-T catalysts. 

CONCLUSIONS 

Hydrogen chemlsorptlon suppression has been found for zeol l te-supported 

Eu prepared by Ion-exchange. Hydrogen chemisorptlon suppression appeared to 

be a function of the SI/AI ratio of the support. However, the presence and 

strength of acidic hydroxyl protons and their possible interaction with the 

residual cations (Na + or K +) are suggested to be the reason for hydrogen 

chemlsorption suppression. 

chemlsorptlon suppression for 

funct ion of metal loading. 

It would appear that the amount of H 2 

Ion-exchanged catalysts may be an inverse 

Catalysts prepared via vapor-lmpregnation of 

Ru3(CO)12 did not exhibit H 2 chemlsorptlon suppression, probably as a result 

of the absence of significant concentratlons of acldichydroxyl groups. No 

evidence for CO chemlsorptlon suppression was seen. 
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Table I 

CHARACTERISTICS BASED ON CHEMISORPTION 

Catalyst Preparation d"p* D* CO/~ r 

Method (nm) (Z) 

COir/ T 

0.24% Ru3 NaY V.I. i.I 76 3.2 

0.68% Ra3NaY V.i. 0:9 94 2.4 

1.1% Ru3 NaY V.I. I.I 76 2.3 

1.3% Ru3 NaY V.I. 0.9 94 2.1 

2.5% RuNaX I.E. 1.0 83 3.0 

0.49% RuNaY I.E. ~ 2.3 35 5.7 

1 .I % RuNaY I.E. 1.5 55 5.7 

2.17% RuNaY I.E. 1,2 67 4.5 

3.1 % RuNaY I.E. i .6 51 4.6 

3.9% RuHY I.E. 2.8 31 4.5 

2.8% Ru~L I.E. 2.6 32 9.9 

2.2% RuNaM I.E. 3.9 22 12 

2.5 

2.1 

1.7 

2.4 

2.5 

2.1 

3.2 

3.1 

2.2 

1.4 

3.2 

2.6 

* determined from Irrev. H 2 chem!sorption 
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THE ELECTRONIC PROPEETIES OF Ru IN Y ZEOLITES 
AS DETERMINED BY ESCA 

u_ 

J .  Z.  Shyu ,  D. M. H e r c u l e s  and James O. Goodwin,  J r .  

ABSTRACT 

An investigation by ESCA was made of Eu supported in ~sY zeolite. 

Catalysts were prepared by incipient wetness, vapor impregnation by Ru3(C0)I2, 

and ion-exchange. ~n addition, a RuHY catalyst was prepared by Ion-exchange 

with NH4Y. It was found that the Ru 3P3/2 band was more sensitive to the 

state of Ru in the zeolite than the Ru 3d5/2 band that is often used in ESCA 

studies. ~hls greater sensitivity is probably related to a final state 

configuration interaction of the Ru 3p electrons with the valence ~i 

electrons. Tee results from the Ru 3P3/2 band were in excellent agreement 

with previous IE results. 
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INTRODUCTION . .  • 

Mmta!-support interactions are known to play an important role in 

determining the catalytic properties of supported metal catalysts. This is 

especially true in the case of zeolite supports. For zeolite-supported R~ 

both the method of preparation and the type of zeolite used have been shown to 

greatly affect the adsorptive and catalytic properties of the Ru (I-8). While 

the exact causes of all these differences in properties are not known, certain 

tentative conclusions have been able to be made based on characteristics of 

the zeoiites used, chemisorption results for H 2 and CO (volumetric and 11%), 

T.E.M.~ and catalytic properties for the F!scher-Tropsch synthesis. Howaver~ 

few studies have been reported dealing with the direct determination of 

location and electronic structure of the Ru in the zeolite. Two studies of 

particular notes both dealing with RuNaY catalysts prepared by ion exchanges 

have ~ been reported. One, using X-ray diffraction (XED)~ dea!t with the 

location of Eu species in the zeolite following reduction and/or exposure to 

oxygen (9). ~he other used ESCA (Ru 3d5/2 hand) to explore the electronic 

properties of Ru following various pretreatments (I0). 

The earlier ESCA study (10) of ion-exchanged RuNaY showed that, while the 

Ru 3d5/2 band shifted significantly with sample treatment, o=!y one type of Ru 

seemed to be present at any time. However, IR results for CO adsorption on 

such catalysts have suggested that a number of different Ru sites can exist 

simultaneously (2). 

While the Ru 343/2 and 345/2 bands are the most intense for ESCA, the use 

of the 3d3/2 band is difficult due to the overlap with the C Is band. ~his 

led to the use of the Ru 3d5/2 band in the previous ESCA study of RuNaY 

(i0). However~ an ESCA study of Ru has indicated that Rm 4p and Ru 3p 

electrons have a strong confiEaration interaction with the valence 4d 

57 



e l e c t r o n s  (11) .  This implies t h a t  the  photlonlzed 3p ho le s  expe r i ence  a 

s t r o n  S p e r t u r b a t i o n  by the  4d v a l e n c e  e l e c t r o n s .  ~hus, t he  Ru 3P3/2 ESCA band 

should be much more s u i t a b l e  to  v a r i a t i o n s  i n  the  Ru o x i d a t i o n  s t a t e .  

An i n v e s t i g a t i o n . u s i n g  ESCA has  been made of  RuNaY c a t a l y s t s  p repared  by 

ton-exchange ,  i n c i p i e n t  w e t n e s s ,  and vapor impregna t ion  of Ru3(CO)I 2. Both Ru 

3d5/2 and Ru 3P3/2 bands were used  i n  t he  a n a l y s i s .  I t  was f e l t  t h a t ,  g iven  

the  number of  s t u d i e s  of  the  Ru-NaY system a v a i l a b l e  f o r  comparison,  t h e r e  was 

a g r e a t e r  l i k e l i h o o d  o f  a r r i v i n g  a t  a b e t t e r  unde r s t and ing  o f  t he  n a t u r e  o f  Ru 

i zeolites by use of this system. 

Appara1:us 

ESCA spectra of the Ru catalysts were recorded on an AEI ES200 electron 

spectrometer with a DSI00 data system. The spectrometer is equipped with an 

aluminum anode (AI ~x - 1486.6 eV) which was operated routlnely at 12 kV and 

22 mA. The base pressure of the ESCA chamber was below 5 x 10 -8 torr. 

Binding energies of overlapping peaks were determined using a non-linear 

least-squares curve fitting technique (12). A sealable probe was used which 

permitted pretreatment of the catalysts and introduction of them into the 

s p e c t r o m e t e r  w i thou t  exposure  to a i r .  

Materials 

Ru metal powder, EuCl3, Ru3(C0)I2, Ru (NH3)6C13, Ru02 and the NaY zeolite 

were obtained from Stem Chemicals. The composition of dehydrated NaY is 

Na56(AI02)56(SI02)135. Zeolite NH4Y was prepared by ion-exchange of NaY with 

• an aqueous solution of NH4C1 to form NH4Y. The extent of exchange was 84%. 
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The wet impregnated RuNaYcata!yst (designated as RuNaY-IW) was prepared 

by the standard incipient wetness method using an aqueous solution of RuCi 3. 

Vapor=impregnated RuNaY catalysts (designated as RuNaY-VI) were prepared by 

vacuumdeposition of Ru3(CO)l 2 onto NAY(5). For preparing the ion-exchange 

cataiysts~ Ru(NH3)6Ci 3 was dissolved in a weakly acidic solution (pH = 4°5). 

~his solution was mixed with the zeolite NaY or N-H4Y and stirred continuously 

for 50 hours at ambient temperature (5). Excess solutionwas used tO maintain 

an approximately constant pH during ion-exchange. 

To minimize catalyst sintering all of the catalysts were dried at ¢0°C 

overnight and decomp6sed slowly under vacuum (10-6tort) as the temperature 

was raised 0ob°/mln from room temperature to 400°C. This was followed by 

reduction in H 2 at 400°C for 2 hours. Pretreatment conditions and the 

abbreviated names used in the present study are listed in Table I. ESCA 

spectra of ~Ru mete! (R~ °) were obtained from Ru metal po~der after the 

treatment of OxR. The bulk Ru contents of RuNaY and RuHY were 3.1 wt% 

determined by atomic abso@ption spectroscopy. 

ESCAMeasUrements 

ESCA binding energies (BE's) were referenced to internalstandards which 

were themselves referenced to Au 4f7/2 (= 83.8 eV) (13-14). " For zeolite 

supported Ru cata!ysts~ BE's were referenced to Si 2p (= 103.0 eV)s while BE's 

of bulk Ru ° and RuO 2 were adapted from values given in recent publications 

(15-18). found for Ru supported by SiO 2 (19)~ and measured dire=fly from 

reduced Ru metal powder. : :~ 

The Si/A! ratios of the zeo!ites at the surfaces of NaY and EY war÷ 

determined using ESCA. ~ss~mlng a homogeneous distribution of silicon and 
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aluminum atoms on the surface, the Sl/Al ratios can be estimated by the 

equation (20), 

where 

Sl Isl IAI 

(~) atomlc " ÷ 

(Si/Al)atomlc = atomic ratio of Si/Al on the surface 

(i) 

°Si' UAI phot~lectron cross section for Si 2p and A1 2p 

Isl, lal 

KEsi, KEAI 

respectively (21) 

= integrated peak areas for Si 2p and Al 2p, respectively 

= kinetic energies of Si 2p and A1 2p photoelectrons (eV), 

respectively, used for the correction of photoelectron 

escape depth 

The estimated Si/AI surface ratios based on equation (I), are 2.43 and 2.45 

respectively for NaY and HY. ~hese values are within experimental error of 

the bulk Si/AI ratio of 2.4 typical for Y-type zeolltes (22). Therefore, in 

the present study, an averge value of 2.44 was used for the Si/AI ratio of the 

Y-type zeolltes. 

Because the Ru 3d lines overlap with the C Is lines from carbon 

contamination and the A1 2p llne overlaps with the Ru 4s llne, Ru 3P3/2 and Si 

2p lines were used to calculate the atomic ratio of Eu to zeolite, based on 

the following equation: 

Ru 

(zeolite)atomlc " 
IRu Isl ÷ x (i + N -I) (2) 

~Ru ~ ~sl 
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The notations used in equation (2) are the same as for equation (I). N in 

equation (2) represents the surface Si/A1 ratio of the support (=2.44). Thus, 

the term (I+N ~I) denotes the percentage contribution of A! relative to Si plus 

the contribution from Si to the ESCA int@nsity of the zeolite. 

ESCAData for Ru ° and RuO~ 

ESCA BE's for Ru ° in the Ru 3d5/2 and Ru 3P3/2 regions are 280.0 and 

461.1 eV, respectively, and those for RuO 2 in the Ru 3d5/2 and Ru 3P3/2 

regions are 280.6 and 462.3 eV~ respectivelyo These BE's correspond to 

reported values (15-19) ind were used to characterize the bulk Ru ° and Ru02. 

RESULTS 

KuNaY Prepared by Incipient Wetness 

As shown in Table 2~ RuNaY-IW-RI gave Ru 3d5/2 and Ru 3P3/2 BE's of 280.0 

and 461..0 eV~ respactively~ which ~re :characteristic of bulk Ru °, H 2 

chem!sorption results (5) showed Ru to be present as large particles(average 

particle diameter = 6 nm). ~he variation of average particlediameter with 

metal loading has suggested that the Rn exists primeriiy on the external" 

surfaces of the zeolite (5). ~he BE for the Ru 3d5/2 band is in good 

agreement with the results of Padersen and ~ Lunsford (I0) for a similar 

catalyst. They have s~sested that ESCA EuBE's are essentially the same as 

bulk Ku ° for Eu particles larger than 1.5 nmo T~ BE for Ru 3P3/2 does not 

contradict this conclusion. 

RuNaY Prepared by Vapor impregnation with Ru~(CO)!?. 

EuNaY catalysts prepared in this manner are known to exhibit mate! 

dispersions on the order of 100% (5,23) and to show less metal-zeol~te 
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interaction than ion-exchanged catalysts with similar dispersions, as 

evidenced by IR studies of CO chemlsorption (2,4). less obvious metal-zeolite 

interaction is probably the result of 2 conditions: the fact that Ru starts 

out zero valent in the carbonyl and the fact that the zeolite structure is 

completely neutralized by Na +. ESCA data for RuNaY-VI-R1 are shown in Table 

2. The Ru 3d5/2 and Ru 3P3/2 BE's of 281.0 and 462.0 eV, respectively, were 

• about I eV higher than those for bulk Ru°. Such shifts could be due to strong 

Ru-zeolite interactions or to small Ru particles experiencing strong atomic- 

relaxation during photoemission. However, given the IR results for CO 

chemisorption (4) and the lack of H 2 chemisorption suppression (8) for such 

catalysts, the former explanation seems unlikely. There appears also to be 

little direct interaction of the Ru wlth the Na + catlons, since, according to 

our previous study of the effect of alkali promotion on the BE's of Ru (19), 

the Ru BE's would have decreased relative to Ru °. Since the average Ru 

particle size for thls catalyst was determlned by H 2 chemlsorptlon to be < I 

nm, it is likely that these shifts in BE were due to strong atomic-relaxatlon 

during photoemisslon, which is known to be especially important in very small 

crystallltes, the shift of 1 eV found for the Ru 3d5/2 BE is consistent wlth 

the results prevlously reported for such small Ru partlcles (i0). 

R uNaY Prepared b~ lon-E~chan~e 

Ru 3d~/~ BE 

ESCA spectra of ion-exchanged RuNnY catalysts in the Ru 3d region are 

shown in Figure I. ~he decomposed (D) RuNnY catalysts gave a low intensity 

for the Ru 3d5/2 llne centered at 281.1 eV (Figure 1(a)). After the catalyst 

was subjected to reduction under R1 and R2 conditions, shifts in the Ru 3d5/2 

BE to 280.5 and 281.1 eV, respectively, (Figure I (b),(c) and Table 3) were 
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observed° However, after oxidation and reduction treatment of the RuNaY 

catalyst (0~R conditions), the En 3d5/2 peak !ocation shifted to 279.9 eV 

(Figure I (d))~. which is.essentially that for bulk Ru ° (280°0 eV), Padersen 

and Lunsford (I0) have indicated that, for RuNaY cata!ysts~ Ru wili remain 

inside the zeolite cavities except for catalysts which are..treated in02 at 

.elevated temperatures° ~herefore~ the Ru species in RuNRY -catalysts 

pretreated under D, R1 and R2 conditions should be located primarily inside 

the zeolite cavities, whereas the Eu specles in EuNaY-0xR should be ~o in 

large partlcles on the external surface of NaY° 

For a RuNaY~D catalyst which, was prereduced and then e~osed to air 

(Table I)~ the Ru species present would be Eu02 inside the zeolite cavities° 

~cause Eu02 is the mos9 easily reducible oxide among the transltloh metals 

(15~24~25), after reduction most of the Ru species on RuNaY catalysts should 

be in the m~tal!ic form° However, as.can Be seen in ~able 3 and Figure (b) 

and d e v i a t i o n s  o f  the   S/2 BE's o f    aY-m and fro  bu lk  

Ru ° (dashed l i n e  i n  F igure  1) sugges t  t h a t  t h e  m e t a l l i c  Ru p r e s e n t  i s  

substan~ia!ly different frombulk metal. However, these results are in accord 

with those of Padersen and Lunsford (i0) for reduced Euparticles in the I-io5 

nm ~ange° Based on past experience~ this is appr'oxima.te!y the average 

particle size expected for treatment El. ~he formation of bu!k-iikeRu ° after 

Ox~ treatments -can ~e ~tTri~ EO the si~tering of T.u as a result of high  

temperature oxidation ~i0). Mossbauer data indicate that oxidatlon of RuNaY 

at 400°C in air yields" large particles o~ Ru02 (26)° These large Ru02 

particles, can not be accomodated inside the zeolite cavities because of the 

small diameter of the zeolite cavities ( 13 ~) (22). Once forms_d, the Eu02 is 

able tom!grate t o  the external surfa=e of NaY° ~ final reduction in H2 of 
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the oxidized RuNnY catalyst leads to formation of bulk-llke Ru ° on the 

external surface of the zeollte (10,24). 

Ru 3p3/~ BE 

To investigate the chemical states and surface concentrations of Eu on 

NaY more preclsely~ the Ru 3P3/2 lines for the RuNaY catalyst were recorded; 

these are shown in Figure 2 and summarized in Table 3. The Ru3P3/2 llne has 

the advantage of being free from carbon interference and is more sensitive to 

variations in the chemical state of Ru (11)o 

The decomposed (D) RuNnY catalyst (Figure 2 (a)) gave a peak having a Ru 

3P3/2 BE of 462.6 eV which can be attrlbuted to Ru02 inside the zeolite 

cavities. After reduction of the decomposed RuNnY catalyst by H 2 under R1 or 

R2 conditions, complex spectral envelopes were observed (Figure 2(b),(c)). 

The spectra were resolved into three components by a non-llnear least-squares 

curve fitting technique (12). The validity of the curve fit was gauged by the 

weighted variance of the flt, Judging from the weighted variances of 3°3 and 

1.7 for the RuNaY-R1 and RuNaY-R2 spectra respectively (Table 3)~ the measured 

spectra (dotted spectra in Figure 2(b),(c)) are not statistically different 

from those obtained by summation of the three resolved components (solid 

llnes) from the best computer fit° The resolved Ru 3P3/2 peaks, having FWHM's 

of 3.5 eV, glve Ru 3P3/2 BE's of 465°0~ 462.3 and 459.0 • 0.2 eV for RuNaY-RI 

and RuNaY-R2. 

As shown in Figure 2(b) and (c), the Ru 3P3/2 ESCA spectrum of RuNaY-RI 

is virtually identical to that for RuNaY-R2. lhls similarity suggests that 

the Ru species on the reduced RuNaY catalyst are chemically unchanged and 

t he rms l ly  s t a b l e  e v e n f o r  extended reduc t ion  per iods .  

components i n  the Ru 3P3/2 envelope for  RuNaY-RI 

different from the BE for bulk Rn ° (BE - 461.1 eV). 

The BE's of these three 

and RuNaY-R2 are all 

It is recalled that the 
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Eu 345/2 band e x h i b l t e d  a single peak which could ba related'to smai!.reduced 

Ru particles inside the zeolite.. I t  appears= thus, t h a t  the Ru 3P3/2 BE is 

truly ~ch more sensitive than ~hat. for Ru 345/2 in that  three., types of Eu 

species are able to be dis~inguishe~." Af£er oxidation and reduction 

treatments (OxR)= the Ru 3P3/2 BE consisted of a sinEle Component which is 

identical with that for bulk Ru° (FiEare 2(d)), . 

C e r t a i n l y ,  i t  is  no t  c o ~ . l e t e l y  surpr is ing  t h a t  the ..~ may ex is t  • i n  

several forms in the reduced catalyst, ~he results from the Ru 3P3/2 band are 

in agreement With the IR results (2). What is s~rprising is the tremendous 

difference in Complexity of the Ru 3P3/2 band co,gated to that of the Ru 3d5/2 

band° It is difficult to consider this complexity to be due only to "particle 

size differences since the ABE'srelatlve to bulk ~o of the three components 

are so large and different (+3,9~'+I;2= and -2,3 eV), Such ABE's must be 

related' to interactions with the zeo!&te s upp0rt, in order to better 

understand these possible interactions= an Ion-exchanged RuHY catalyst was 
. , .  . .  . 

also studied, 

RuHY Prepared by lon-Exchanse 

The ion-exchange of Eu(NH3)63+ with NaY followed by decomposition and 

reduction can be expressed schematically by 

+ ÷ ÷ + [P.u( 3)613+ Nan. Z 

While thls 'catalyst 

i 
. 

• d e c .  r e d .  

is designated RuNaY • there are theoretically thre~ 
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neutralizing protons in the zeolite for each reduced Ru atom. By starting 

with NH4Y zeolite the catalyst preparation can be represented by the following 

schema t i c: 

Ru(NH3)63÷ + (NH4)n+Y ÷ 3NH4+ + [Ru(lqH3)6]3+ (NH4)n_?Y 

dec .  ~ r e d .  (T > 400°C) 

RuHn + Y 

Thus the  RuHY ca ta lYSt  i s  produced. The e x t e n t  of bulk exchange of  Na + by 

NH4 + f o r  the  z e o l i t e  used i n  t h i s  s t u d y  was 84%. The remaining 16% of  the  

o r i g i n a l  Na + was probably  i n  the  l e s s  exchangeable  s i t e s  of the  Y z e o l i t e ,  

such as  i n  t he  hexagona l  pr i sms (22 ,27) .  ~ h i s ,  t he  remain ing  c o n c e n t r a t i o n  of  

~ +  i n  the  RuHY c a t a l y s t  was s i g n i f i c a n t l y  l e s s  than  i n  the  RuNnY c a t a l y s t  and 

the  hyd roxy l  c o n c e n t r a t i o n  ( r e s u l t i n g  from an i n t e r a c t i o n  of  the  H + c a t i o n s  

w i t h  s t r u c t u r a l  oxygen) was much g r e a t e r .  

The ESCA r e s u l t s  f o r  RuHY a r e  g iven  i n  ~able 4. The Ru 3P3/2 r e g i o n  i s  

shown i n  F igure  3. For RuHY-D the  BE's f o r  Ru 3d5/2 and Ru 3P3/2 were 281.1 

and 463.1 eV, r e s p e c t i v e l y .  These bands a r e  s h i f t e d  0.5 and 0 .8  eV r e l a t i v e  

t o  t h o s e  fo r  RuO 2 ( b u l k ) .  By comparison,  t he se  bands a re  s h i f t e d  by 0.5 and 

0.3 eV, r e s p e c t i v e l y ,  f o r  RuNaY-D. In bo th  c a s e s ,  we can assume t h a t  t h e s e  

BE's  correspond to  smal l  p a r t i c l e s  of RuO 2 i n  the  z e o l i t e .  

Fol lowing r e d u c t i o n ,  the  Ru 3d5/2 BE became 280.8 (R1) and 280.7 eV (R2) ,  

i n d i c a t i v e  of what has been concluded to  be smal l  Ru p a r t i c l e s  1 . 0 -1 .5  nm i n  

d i ame te r  (1 O) • However, a f t e r  r e d u c t i o n  of  RuHY under  R1 c o n d i t i o n s ,  a 

complex s p e c t r a l  envelope  was ob t a ined  f o r  Ru 3P3/2 ( F i g u r e  3 ( b ) ) ,  which could  

be r e s o l v e d  i n t o  t h r e e  components hav ing  FWHM's of  3.6 eV and BE's  of  465 .0 ,  

462.6 and 460.5 eV (Table  4) .  This  f i t t i n g  g ive s  a weighted  v a r i a n c e  of  1.9 
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(Table 4) suggesting that the fit is statistically as .good as for RuNaY=Rl 

(w.v. = 3.1). After prolonged reductlon In H2~ the Ru 3P3/2 ESCA spectrum of 

RuHY-R2 could be resolved into two 

respective!y~ as shown in Figure 3(c). 

by a weighted variance of 1.0 (Table 4). 

components at 464°7 and 461.1 eV 

This curve fit is good~ as indicated 

it should be noted that 70% of Ru in 

RuHY-E2 shows the characteristics BE of bulk Ru ° suggesting sintering of the 
• D 

Ru as a result of prolonged thermal treatment. Comparin~ RuNaY-RI and RuHY- 

El, it can be seen that the biggest difference lies with the value of the 

lowest Ru 3P3/2 BE~ 458.8 versus 461.1 eV, respectively. The ABE's for these 

bands relative to Ru ° (bulk) are -2.3 (RuNaY) and -0.6 eV (RuHY). H 2 

chemls6rption revealed average particle diameters of Ru for RuNaY and RuHY to 

be ca. 1.6 and 2.7 am, respectively, l)ae to the greater suppression of H2 

chemisorption on KuHY (8)~ its actua! average Ru particle size was probably 

< 2 nm. The values for the Ru 3d5/2 BE's are consistent with these facts. It 

wou!d appear from the ESCAresuits, that the species related to the highest BE 

for Ru 3P3/2 is the most stable under reducing conditions. After OxR 

treatment, Eu on RuHY-OxR gave essentially the BE Of bulk Ru ° (461.2eV). 

DISCUSSIONS 

• Bindin$ ~hergies 

With "regards to the Ru 3P3/2 and Ru 3d5/2 BE's for EuNaY-RI~ Ru/~aY-R2~ 

and' EulEY-EI (~igures 1~ 2~ 3 and Tables 3 and 4)~ it has been shown that~ 

while only a single species of Ru is suggested 'by the Ru 3d5/2 band~ three Eu 

species can be identified from the Ru 3P3/2 band. 

Comparing the Ru 3P3/2 and Ru 3d5/2 BE shifts relatlve to bulk Ru ° for 

RuNaY-Rl, RuN'aY-R2 and RulIY-RI~ it is clear that different shifts are observed 

for the two ph=toe!ecton lines. The effect is especially pronounced for the 
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Ru 3P3/2 peak at 459.0 ~ 0.2 eV for RuNaY-RI and RuNaY-R2, which is shifted 

negative relatlve to bulk Ru ° by 2 eV. No peaks having BE's below bulk Ru 

metal (280.0 eV) were observed for the Ru 3d5/2 line. The difference in the 

BE shifts for different Ru orbitals can not be due to charging effects, 

because charging effects generate the same BE shift in all spectral regions 

(19). Rather, the difference must be due to final state effects such as 

relaxation or final state configuration interactions (FSCI) (Ii). 

Flnal state effects in the Ru 3P3/2 region can be caused by modification 

of the electronic structure of Ru by the Y-type zeolite. One such effect, 

final state configuratlon interaction (FSCI) isknown to be symmetry- 

dependent. For example, only the Ni 2p and Ni 3p lines of NiO show 

characteristic shake-up transitions between nickel and oxygen (28), because 

the symmetry of the Nip orbltals favors this transition. An ESCA study of Ru 

has indicated that Ru 4p and Ru 3p lines have a strong confisuratlon 

interaction with the valence 4d electrons (II). This implies that 

photoionized 3p holes experlencestrong perturbation by the 4d Valence 

electrons and thus the p orbltals would be more sensitive to variation in the 

Ru oxidation state. 

Another final state effect, relaxation of Eu due to polarization of the 

photlonlzed holes, can not account for the BE shifts relative to bulk Ru in 

the present case, because such relaxatlon effects cause a positive BEshift 

(11,19). ~herefore, only FSCI's are considered to be i~ortant for the 

observed difference in BE shifts of the different Ru orbitals. Because the Ru 

3P3/2 llne appears to be more sensitive than the Ru 3d5/2 llne to the Eu- 

zeolite interactlon~ assignments of Eu species on the zeolites will be based 

oh the ESCA results for Ru 3P3/2. 
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Ru-zeolite interactions may be related to Ru species at different 

locations on the Y-~ype zeoiites. Verdonck et a!. (24) have reported that 

decomposition of Ru(NH3)63+ NaY under vacuum at 623 K results in almost 90% of 

the Ru ions being reduced to the metallic state. Rased on reoxidation 

results, the Ru was completely reduced upon reduction in H 2 at 623 Ko Ciausen 

and Good (26) found by ~bessbeuer spectroscopy a similar complete reduction of 

Ru in a Ku(Nlq3) 5 N22+NaY catalyst. In a study of the evolution of a 

Ru(NH3)63+NaY catalyst b# XRD, Paarce et ai. (9) were able to conclude that, 

after decomposition under vacuum D most of the Ru was inside the supercages of 

NaY. However, after reduction of RuNaY catalysts in H2, they determined that 

19~ of Ru was atomically dispersed in the sodalite cages in site II" and 81Z 

of Ru remained in the supercages. Exposure to 02 at ambient following 

reductioh appeared to cause all the Ru to leave the soda!ire cages. The Ru 

did not return even upon re-reductiOn under 300 torr of H 2 at 373 K° 

Unfortunately, it is not known exactly what the situation would be if the re- 

reduction were carried out in flow at 673 K (condition El)o 

In this study, we attribute the Ru species present in RuNaY-D and RuHY-D 

to highly dispersed RuO 2. The Ru 3d5/2 BE for both of these systems was 281..1 

eV. This BE is shifted +0.5 eV relative to that of Bulk RuO 2. This can be 

explained by relaxation effects due to small particle size° The Ru 3P3/2 BE 

of RuNaY-D was 462.6 eV, shifted + 0.3 eV relative to bulk RuO 2. The greater 

shift exhibited by this band for Rtt~Y-D (+ 0.8) may be related to the greater 

Bronsted acidity of the HY support and thus stronger RuO 2 - zeolite 

interactions (29)o Some Le~_s acid sites may have been formed which could 

also explain such an interaction (30)° These different shifts in the Ru 3P3/2 

band can not ~ust be exp!iined by experimental error (~ 0~15 eV) thus 

indicating the sensitivity of this band to metal-support interactions ° 

69 



Followlng reduction R1, both RuNaY and RuHY exhibited BE's for Ru 3d5/2 

(280.5 - 280.8 eV) which suggest the presence of small reduced Ru partlcles. 

This is in agreement with previous results (9,10,24,26). 

The exact cause of the 3 components of the 3P3/2 band exhibited by RuNaY- 

RI and RuHY-RI is not so obvious. It would appear that 17-24% of the Ru has a 

3P3/2 BE of 465°0 eV. ~here is no evidence to link this resolved peak to 

either an impurity element or to satellite lines from any of the elements 

present. Clearly~ this BE would seem to be far too "high to be zero-relent 

Ru. Even though this positive BE shift could be due to strong atomic- 

relaxation effects of small Ru partlcles~ a shift of 3.9 eV relatlve to bulk 

Ru ° is much greater than the estimated relaxation energy shift of 1.0-1.25 eV 

calculated for Ru 3P3/2 (19)'. However~ neither the 3d5/2 BE nor previous 

results (9,10~24~26) suggest the existence of significant amounts of non zero- 

valent Rn. ~he apparent great ionlcity of the Ru species is obvious from the 

BE shift relative to that for bulk RuO 2 (+ 2.7 eV) and to that for hlghly 

dispersed RuO 2 (+ 2.4 eV). ~here is even a shift of + 1.5 eV relatlve to the 

Ru 3P3/2 BE in Ru(NH3)63+ NaY. Such a shift can not be due just to small 

clusters of Ru ° inside the supercages ~ otherwise a similar BE would have been 

exhibited by the RuNaY-VT-RI catalyst. This great apparent ionlclty of the Ru 

species suggests that this Ru species may be interacting with an 

electronegative atoms such as framework oxygen atoms. The electron density of 

oxygen in the sodalite cages is greater than that in the supercages and on the 

external surface of fau~asite (9~27). Therefo=e, Ru would be expected to have 

a greater tendency to interact with the framework oxygen atoms in the sodallte 

cages. This was recently suggested by Pearce, et al. (9). However, the 

results of Pe.arce et el° would seem to indicate that~ upon exposure to 02 at 

ambient, the Ru is removed permanently from the sodallte cages. As stated 
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eariler~ it is not known whether this removal is related to static reduction 

in H2o ~hus~ it is suggested that the Ru 3P3/2 BE of 465 eV found for RuNaY- 

R/ and Ru~Y-RI corresponds to reduced (at least part!y) Ru highly dispersed 

and probab!y located in the sodalite cages o In this location and by virtue of 

the symmetry of the Ru p orbitais, interaction of the Ru with the highly 

electronegative framework ox~ens having only partially filled p orbita!s 

resu!ts in a large shift in the Ru 3P3/2 BE as a result of FSCi. T~is size of 

this shift is probably also affected by atomic-relaxation of the smell Ru 

"entities '~ . 

The Ru 3P3/2 BE's of RuNaY-RI and RuHY-RI located at 462.3 and 462°6 e%, 

respective!y~ are suggested to be due to small reduced Ru particles located in 

the supercages and perhaps on the" external surface. This ioiation is in good 

agreement with the BE found for RuNaY-VI-RI prepared from Ru3(CO)I 2 (462.0 

eV). The positive shift in BE's on going from RuNaY-VI-RI to RuNaY-RI to 

RuHY-R! may be related to the increasing• acidity of the support and hence to 

some metal-zeolite interactions. Pmwever, since ABE'S relative to bulk Ru°of 

0.9 -I .5 eV are in the range of the ABE due to the change in the atomic- 

relaxation energy of Ru 3P3/2 (ca. !.25 eV) (19)~ these differences could 

reflect slight differences in particle size. 

Finally, the Ru 3P3/2 BE's Of RuNaY-RI and Ru~Y-RI located at 458.8 and 

460.5 eV~ respectively, are shifted -2.2 and -0.5 eV relative to bulk Ru °. It 

is now known that alkali promotion of Ru/SiO 2 results in a negative shift of 

the Ru 3P3/2 BE (19). Howaver~ the Ru 3d5/2 BE is also shifted negatively, 

which was not the Case for zeolite-supported Ru. Thus, One is not able £o 

continue that there is a simple promotion effect of the Na "~ cations in the 

zeolite° Also, no such downshifting in BE was seen for the• highly dispersed 

RuNaY-Vi-RI cata!ysh even though it had a Significantly higher Na + 
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c o n c e n t r a t i o n  i n  t he  z e o l i t e .  In a d d i t i o n ,  t h i s  n e g a t i v e  BE s h i f t  f o r  EuHY-R1 

can  no t  be c o m P l e t e l y  a t t r i b u t e d  t o  an  e f f e c t  f rom r e s i d u a l  Na+ ions  because  

t h e  remain ing  Na + i ons  i n  HY should  be m a i n l y  i n  t h e  hexagonal  prisms which 

can no t  be r e a c h e d  by Ru s p e c i e s .  Even though t h e  d e t a i l e d  mechanism f o r  t he  

FSCI between Ru and the zeolite is not well understood, it seems likely that 

the symmetry of the Eu p orbltals el'so favors FSCI with elements having filled 

or partially filled s and p orbltals such as Na, H, A1 and Si. Therefore, it 

is concluded that this lowest BE corresponds to a reduced species of Ru which, 

as a result of the method of preparat.lon, development of acid centers, and 

possibly neutralizing cation type, interacts with the zeolite in such a way so 

as to decrease the BE of the Ru 3P3/2 core electrons without greatly affecting 

the Eu 3d5/2 BE. 

The stabillty of the Ru species having the 3P3/2 BE Of 465"eV even for 

extended periods of reduction (R2) can be seen in Tables 3 and 4. The other 

two species of Eu in RuNaY also appeared to change little. However, these 

other two species in RuHY appeared to form more or less bulk Ru ° upon 

extensive reduction, posslbly as a result of slnterlng. 

Bulk-llke Ru ° was observed for RuNaY-OxR and RuHY-OxE. This bulk-llke 

Ru ° has been attributed to large Ru.particles on the external surfaces of the 

Y-4cype zeolite. The lack of significant Ru-zeollte interaction is presmmbly 

due to the fact that the Eu exists primarily as very large partlcles on the 

external surface of the zeolite. 

lqalZeollte Ratio 
i 

The RuNaY c a t a l y s t  c o n t a i n e d  app rox ima te ly  3.1 wt Z Eu which cor responds  

t o  about  30Z o f  t h e  exchange c a p a c i t y .  I t  can  be s e e n  i n  Table 3 t h a t  

foll0wlng ion-exchange to form [Ru(NH3)6 ]3+ NaY the Na/zeollte ESCA intensity 
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ratio fell from 0.74 (for NaY)to 0.17, corresponding to a decrease in Na of 

77%. H6wever, upon decompositionand reduction this ratio stabilized at 

around 0o40 corresponding to a decrease in Na relative to NmY of ca. 45%. 

ESCA is essentially a surface technique and is only'able to sample the outer 2 

nm or so of the zeolite. Thus~ these resu!ts indicate that during exchange 

Ru(NE3)63+ is possibly preferentially exchanged to higher concentrations in 
• . . • ° . 

the Outer regions of the zeoilteo Upon heating Na+iS able to re-estabiish a 

moreuniform concentration. ~e greater decrease in Narelative toNaY (45%) 

compared to the decrease necessary to account for Ru exchange (30%) had 

perhaps two causes: • during Ru exchange from an aqueous solution it is 

posslblethat some protor~-Na exchange also occurred (i0), and/oK the 

concentration of Na in site iln the hexagonal prisms remained 

dlsproportionately high as the result of low mobilfty. 

• The Na/zeoiite intensity ratio for the Ruby cata!yst (~able 4) remained 

approximate!y constant relative to the original N-HdY zeoliteo-Tnis indicates 

that most of the exchange of Ru(NH3)63+ 

Thermal Stability of Ru in the Zeo!ite 

was 

The thermal stability and the migration tendency of Ru on ion-exchanged 

zeolites were studied as a function of Ru~eolite interaction and pretreatmant 

conditions. The migration tendency of Ru can be gauged by the surface ESCA 

atomic ratio of Ru/zeoliteo Formation of large Ru particles on the external 

surface of the zeo!ites results from sintering and migration of Ru from inside 

the zeo!ite cavities during thermal treatment. The ESCA intensity of the 

metal particles .on the external surface of the zeolite is greatly enhanced 

co,mated to the metal within the inteTnal cavities of the zeoiite (I0) due to 

the surface-sensitive nature of ESCA. 
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Ru/zeolite atomic ratios for RuNnY catalysts under various treatments are 

listed in ~ble 3. ~hese Ru/zeolite ratios represent the surface concentrtion 

of Ru on the external surface and in the outermost supercages of NaY. The 

freshly exchanged [Ru(NH3)6]+3NaY had a Ru/zeollte ratio of 0 ~126. After 

treatments under the conditions of D~ RI and R2~ the Ru/zeollte ratios 

increased to 0 ~151, 0 ~198 and 0 ~207~ respectlvely. However~ after the 

RuNnY catalyst was pretreated using OxR condltlons~ a drastic enhancement of 

surface Ru/zeollte ratio resulted. 

A systematic comparison of changes in the surface Ru concentration for 

RuNnY catalyst as a function of pretreatment can be made using the Increase In 

Ru concentration on the surface of the catalyst pretreated under D~ RI~ R2 and 

OxR conditions (Table 1) relatlve to the surface concentration of the 

decomposed catalyst~ i.e. 

AI 
- -  - relative surface Ru concentration 
I D 

(IRu) i - (IRu) D 

" (IRu)D (3) 

where (IRu)i represents the Ru/zeollte atomic ratios and I = D, RI, R2 and 

OxR. 

Very small changes in the surface Ru concentration between RuNnY-R1 and 

RuNnY-R2 are seen, suggesting that the Ru species are thermally stable at 

extended reduction tlmes. This is consistent with the fact that identical Ru 

3P3/2 spectra of RuNaY-RI and RuNaY-R2 were observed. ~he drastic increase in 

surface Ru concentration for RuNaY-OxR is related to formation of bulk-like 

Ru ° on the external surface of the zeolite due to oxidation. ~nce the RuNaY- 

0xR had a similar reduction tlme as RuNaY-R2, the Ru migration after 0xR 

treatment can be attributed to the effect of oxidation and formation of bulk 

RuO 2 (10,24). It has previously been concluded that sintering of supported Ru 
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under oxygen-containing atmospheres happens as a result of the migration of Ru 

oxide (31). 

The results for RuHY (Table 4) would appear to be somewhat different. 

After a slight increase in surface Ru concentration after re-reduction Rl~ 

that concentration remained essentially constant, even following treatmen~ OxR 

and the formation of Ruparticleswith bulk Ru ° characteristics (as determined 

by ESCA). H 2 chemlsorptionresults indicated that in the reduced catalysts 

the average Rupartic!e size was greater in RuHY (ca. 2.7 rim) than in RuNaY 

(1.6 nm). Two possible causes for the apparent lack of increase in surface Ru 

concentration can be proposed. ~he first is re!ated to a possible greater 

amount of defect structures (ho!es) in the HY support as a result of 

dehydration at 400°C during decomposition and reduction. ~his would follow 

because of the greater concentration of hydroxyl groups in that support. As a 

result significant sintering of the Ru could take place on the inner surface 

(holes) where large particles of Ruwouldformand be trapped. The second 

possibility is related to the fact that the ESCA sampling depth of Eu is 

approximately 1.6 nm (32)° As the size of Ru particles exceeds this size the 

intensity of the Eu ESCA bands would become a weak function of any increase in 

Ru amount as a result of migration from within the zeolite. Thiswould b e  

especial!y true if the n~mber of Euparticles on external zeolite surfaie and 

in the first supercages decreased as a result of agg!omeration. 

~hese results demonstrate the difficulty in using ESCA intensities for 

supported metals to determine change in surface concentrations without 

additional relevant resu!ts obtained by other techniques. .. 

SVMMAEYAND CONCLUSIONS 

It has been demonstrated that the ESCA Ru 3P3/2 band .  is more sensitive 

than the Ru ~5/2 band tO the state of Ru and its interaction with the zeolite 
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support. The nature of the zeollte-supported Ru, as evidenced by the 3P3/2 

band, is in good agreement with previous IR results (2,4). 

RuNnY catalysts prepared by incipient wetness exhibits completely bulk 

Ru ° behavior following reduction, lhls is in agreement wlth other results 

which indicate that the Ru exists primarily as large particle on the external 

surface of the zeolite (5). 

RuNnY catalysts prepared by vapor impregnation of Ru3(CO)I2 have Ru 3d5/2 

and 3P3/2 bands which indicate that, following reduction, one species of Ru 

exists which is in the form of very small crystallites ~ I nm in diameter. 

These ESCA results are in excellent agreement with other IR and chemlsorption 

results (4,5). 

Characterization by ESCA of RuNaY catalysts prepared by ion-exchange 

illustrates the usefulness and even the necessity to take note of the Ru 3P3/2 

band as well as the more intense 3d5/2 band. While both the Ru 3d5/2 and Ru 

3P3/2 bands indicated the present of only one type of Ru (highly dispersed 

Ru02) following reduction and exposure to air (D), the Ru 3P3/2 band of the 

highly dispersed reduced catalyst (RI) indicated the presence of 3 species of 

Ru, in agreement with IR results (2). The Ru 3d5/2 band did not indicate, 

however, such a complexity. It is concluded that the highest 3P3/2 BE and the 

lowest are related the zeolite-metal interactions, the latter being related to 

the interaction of Ru with more electroposltlve elements of the zeolite. ~he 

middle 3P3/2 BE could be easily related to small crystallites of Ru °. Much 

more work is needed before complete assignment of these bands can be made. 

The utility of using both Ru 3P3/2 and 3d5/2 bands can be seen from the fact 

that, ~rlthout the knowledge of the 3d5/2 BE, it would have been easy to assign 

the 3d3/2 BE of 465 eV to a highly cationic species of Ru. If such a species 

existed, it would have also shifted greatly the 3d5/2 BE. 
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TheESCA results for EuNaY also.!ndlcated thatlon-exchanse.wlthNaYmay 

initially Be more concentrated to the exterior of the zeo!Iteo ~o~sver~ upon 

thermal treatment the concentration of Na appears to become more homogeneous 

throughout the zeolite° 

while migration of Eu to the external surface of the zeolite could be 

followed as a function of pretreatment conditions for EuNaY~ the results for 

RuH~Y indicated the possible difficulties in interpretation. These 

difficulties could arise as a resu!t of the deve!opmentof holes within the 
f 

zeolite structure or "particle slze"-"electron escape depth" considerations. 

Finaily~ the results from this study fully support the existence of a 

stronz configuration interaction of the Eu 3p core electrons with the valence 

4d electrons (II). 
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Name 
n 

F r e s h  

Decomposed (D) 

R1 

E2 

OxE 

TABLE 1 

Abbrevia ted Names Used i n  ~his Study 

P r e t r e a t m e n t  Conditions 
, i 

Fresh ly  exchanged - [Ru(NH3)6 ]3+ - z e o l i t e  
c a t a l y s t  p r e c u r s o r  

F resh ly  exchanged c a t a l y s t  p r ecu r so r s  
decomposed i n  vacuum a t  0.5°C/min i n c r e a s i n g  
from ambient  to  400°C, fo l lowed  by r e d u c t i o n  
i n  H 2 a t  400°C f o r  2 hou r s ,  and then  s t o r a g e  
i n  a d e s i c c a t o r .  

Decomposed catalysts reduced stepwise in H 2 
in intervals of 50°C from room temperature 
to 200°C then reduced at 400°C for 2 
hours. The time at each temperature was 30 
minutes. 

El catalysts additlonally reduced at 400°C 
in H 2 for 4 hours. 

E1 c a t a l y s t s  o x i d i z e d  in  dry a i r  a t  400°C 
f o r  1 hour  and then  reduced under  the  same 
c o n d i t i o n s  as R2. 
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• TABLE 2 

. ESCA Data for Impregnated RuNaY Catalysts 

RuNaY-IW-RI ~ 284~7 74.6 

Ru 3d5/? 

280 , , 0  

Ru 3p~ t~ 

461.0 

Atomic l~tio 
Eu/zeo!ite x 103 

15.3 

RuNaY-V !-El **~ 2 8 4.8 281.0 462.0 13.1 

~Pretreatment conditions are listed in Table 1 

**iW = incipient wetness impregnated RuNaY catalysts~ wt% Ru = 2.0%~ H 2 
chemlsorption data indicated that the average •particle diameter of Ru 
~as 6 =m (5). 

*~-*Vi = vapor impregnated RuNaY catalysts~ wt% Ru = 1.0%, average particle 
diameter determined by H 2 chemisorption was < 1.0 nm (5). 
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Cls +Fi 3d~2 

Ru 3d5/2 RuNaY-F 

u N a Y -  R t 

i- 
I 
I 

• NaY- R 2 

Y OX-R 

290 285 ~ 280 275 

Binding Energy (eV) 

FIGURE I: Ru 3d5/2 ESCA Spectra of Ion-Exchanged RuNaY Catalysts (3.1 wtX Ru) 

(a) RuNaY-D (b) EuNaY-RI (c) EuNaY-R2 (d) RuNaY-0xR 

(The pretreatment conditions of D, RIp R2 and OxR are listed in 
Table i) 
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ESC~ Speclra of Ru3p~, of RuNoY Cotalys~s 

E 

.o 

c 

462 .6  
• -,~461.1 

4~a8 

~.. ~ RuNo'PF 

C \  /s 
RuN~Y-R I 

- / l ,  I \  
< I ~J. ~'-:. 

~Y" / x ., Ru NoY - R 2 

- " f / "  ,"I', ] ~. 

47?. 468  464  

8;nd~ng Energy (eV) 
4 6 0  456 4 5 2  

FIGURE 2: Ru 3P3/2 ESCA Spectra of Ion-Exchanged RuNaY Catalysts (3.1 wt% Ru) 

(a) RuNaY--D (5) RUNaY-RI (c) RuNaY-P,2 (8) RuNaY-OxR 
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° ~  

e -  

c 

463. 
461.5 

~: RuHY-F 

"~" ":~1" ~ .F~- ,J  I 
. . .Z- ' .  " 7, I,' -R~ 

j' RuHY-R2. 

/ 
/ 

, I I 

472 468 464 

~ RuHY-O~R 

! ! ¢ ,,, 

460 456 452 
Binding Energy (eV) 

FIGURE 3: Ru 3P3/2 Spectra for Ion-Exchanged RuHY (3.1 wt% Ru) 

(a) EuH.Y-D (b) RuHY-RI (c) RuHY-R2 (d) RuHY-OxE 
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STRUCTURE AND PROPERTIES OF ZEOLITE-SUPPORTED 
Ru~(C0)12 CATALYSTS 

Liu Fu and James Go Goodwin, Jr. 

ABSTIL~CT . .  

An investigation of catalysts linking traditional heterogeneous and 

traditional homogeneous ones has Been carried out. Ru3(C0)12was supported on 

.NaY Zeolite via vapor impregnation of the support in a partial vacuum. The 

hydrogeno!ysis of cyc!opropane over Nay-supported Ru3(CO)12 was found "to 

result in the complete decarhony!ation of the carbony! and also to produce a 

large amount of sinterlng of the metal even though the overall reaction 

temperature In the mlcro-reactor did not exceed 136°C. The zeo!ite-supported 

Ru clusters proved to have quite different catalytic properties from A!203- 

supported Ru for the hydrogenolysis of cyciopropane to. propane and for the 

hydro-!somerlzation of l-Butane. In additions these supported clusters 

exhibited greater catalyst sta~illty. 
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Introduction 

There has been considerable interest in the past few years in the 

'~eterogenlzlng" of homogeneous catalysts as a way of combining the advantages 

of both homogeneous and heterogeneous catalysts. This process normally 

consists of attaching a transition metal complex to a support. Of great 

importance to the full understanding of such a heterogenlzed catalyst is 

knowledge about the catalyti c activities and selectivltles of the supported 

carbonyl or cluster. In addition, it is important to determine the stability 

of the supported carbonyl and its possible decarbonylation under reaction 

conditions. 

Ruthenium is well known as a heterogeneous catalyst. In addition, there 

are numerous studlesl-10 where Ru complexes were found to be effective 

homogeneous catalysts. A number of studies have been reported for Ru3(C0)I2 

supported on Si02 II-13, A120312-18 , Ti0218, and Y zeolites 13'19-20. Carlini 

et al. 21 have studied complexes of Ru(II) having N- and P-donor linear 

polymeric llgands, l~bertson and Webbl! have investigated the hydrogenation 

of l-butene over catalysts prepared from silica-supported Ru3(C0)12. They 

found that the active catalyst in the temperature range studied (80o - 142°C) 

was a Ru ~ subcarbonyl containing five carbonyl ligands per Eu triad. The 

supported compl~x was activated by heating it in vacuoat temperatures above 

80°C at which time there was loss of carbonyl groups. Exposure to air of both 

the supported Ru3(CO)12 and the various activated samples yielded samples 

containing no CO groups. Neither the originally supported Pa3(CO)12 nor the 

oxidized catalyst exhibited any catalytic activity for the hydrogenation, 

hydrolsomerlzation, or isomerization o£ l-Sutene at temperatures from 80 - 

142°C. 
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All carbonyls, "supported or not, decompos6 upon heating to high enough 

temperatures° Supported carbonyls ~my pass through a n~ber of stabilized 

subcarbonyl species as the temperature is raised. However, the stability of 

particular supported carbonyl species is dependent, typically, upon the 

support and possibly upon the atmosphere° Smith eta!. 22 investigated the 

stability of nickel carbony! supported on phosphinated silica and found that" 

Ni(C0) 3 - L - SiO 2 was totally decarbonylated on heating under vacuum at 

temperatures greater than 150°C~ where L was a phosphine group attached to the 

silica. Bartholin et el. 23 found that a number of supported complexes formed 

from Rh2C!2(C0)4 and several phosphlnated silicas produced matallic-Rh upon 

prolonged heating in ~2 at only 25 - 100°C. Commereuc eta!. 24 have studied 

Fe(CO) 5, Fe3(C0)I2~ and (HFe3(CO)II) -I supported on A1203, La203, MgO~ and 

SiO 2, Following thermal activation of these catalysts under a mixture of CO 

and H2 at [0 bars and 180 - 270°C~ small Fe particles iess than 2 nm Were 

present. After 90 hrs of F-T reaction at these conditions, T.E.M. showed the 

presence of very large Fe particles20 -50 nmin diameter. 

A number of investigations into the stability of supported Ru3(CO)l 2 have 

also been reported. Ga!!ezot et el. 19 Investigsted the loss of C0 by HY- 

supported Ru3(CO)l 2 in a closed~ evacuated cell. They found that Ru3(CO)l 2 

began to lose CO at temperatures as low as 140°C but that a subcarbony! having 

the proportions of Ru3(C0) 9 was stable between 200 ° and 300°C. Above 300°C, 

the carbonyl lost more and more CO ligands as the temperture was raiseduntil 

none remained at 440°C. Robertson and Webbl I found,• however, that 

Ru3(CO)i2/SiO 2 lost some •CO as low as 70°C when• heated in flowing ~a. 

Addtional CO ligands were removed at 130 and 170°C. Recently, Hunt et aL 18 

have reported that 60 - 85% of the 0rglna! carbonyl ligands can survive heat 

treatment under vacuum at 180°C ~[Ru3(CO)l 2 on A!203] and at 250°C!Eu3(CO)I 2 
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on Ti02]. Very few studies of the modification of supported Ru carbonyls 

under catalytic reaction conditions have been done. In their classlc study, 

Robertson and Webb 11 studied the reactions of 1-butene wlth hydrogen over 

Ru3(CO)12/SiO 2 at 80 - 140°C. They did not see any indirect evidence for the 

total decarbonylatlon of the supported cluster. 0tero-Schlpper etal. 25 have 

investigated ethylene hydrogenation over polymer-bond analogs of 

H4Ru4(C0)I2_x(P Ph3) X at 50 " 90°C and I atm. They found no changes in the 

IR spectra followlng reactlon'suggestlng that the originally prepared Ru 4 

carbonyl clusters were largely preserved intact. 

~hls paper reports the results of the catalytic activities and 

selectlvltles of Ru3(CO)12supported on NaY zeolltle for the hydrogenolysis of 

cyclopropane to propane and for the hydro-lsomerlzatlon of 1-butene. Research 

was also carried out on the same catalysts to determine the stability of. the 

carbonyl under reaction conditions at relatively low temperatures. 

,Experimental 

The suppor ted  complex was prepared  by impregna t ion  v i a  the  vapor phase  of 

Ru3(CO)I2 of  NaY z e o l i t e ,  p r e v i o u s l y  d r i e d  under v a c u ~  a t  450°C. ~hls  

impregna t ion  p roces s  took p l ace  i n  an '  evacua ted ,  s ea l ed  pyrex c e l l  he ld  a t  a 

tempera ture  of  80°C f o r  s e v e r a l  weeks.  ~hls t empera ture  ensured  t h a t  the  

vapor  p r e s s s u r e  of Ru3(CO)12 was h igh  enough fo r  ~ r ea sonab ly  r a p i d  a d s o r p t i o n  

of  i t  on the  z e o l i t e  but  was no t  h i g h  enough to  cause  decompos i t ion  o f  the  

ea rbony l .  This  p r e p a r a t i o n  p rocess  was a l s o  used to  produce A1203_ and SiO2_ 

suppor ted  Ru3(C0)12 . Af te r  Impregnat lon  the z e o l i t e  had a ye l l ow  c o l o r .  

V i sua l  examina t ion  of  the  p a r t i c l e s  of  z e o l i t e  i n d i c a t e d  t h a t ,  e s p e c i a l l y  fo r  

the  l a r g e  p a r t i c l e s ,  the  adsorbed ca rbony l  was more c o n c e n t r a t e d  toward the  
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exterior. Thus~ some iarge zeolite particles had canters which were white, 

• indicating low concentrations of the carbonyl. The maximum amount of 

Ru3(CO)I2 able to be impregnated into the zeolite by this method seemed to be 

such that ~he % Ru in the catalyst was on the order of 1.5 wt %. However~ 

loadings of 0.6 - 0.8 wt % Ru were usually used. A Eu/A!203 catalyst was 

prepared also from Ru3(CO)l 2. After impregnation of the alt~Ina by Ru3(CO)12 

the catalyst was heated at 500°C under vacuum to decompose the carbonyi and 

form the reduced supported metal. . .. 

The Ru catalysts were examined closely at-three conditions: . as prepared~ 

following direct decomposition at 400°C under vacuum of the prepared cata!yst~ 

and following reaction at .136°C over the supported carbonyl. Catalytic 

reactions were carried out at I arm in a f!ow~ differential reactor and the 

products analyzed by gas chromatography. The catalysts were pretreated in 

flowing H 2 for 19 hours at 90°C or the temperature of reaction if higher than 

90°C. A feed steam of 0.3 i/hr of l-butene~ 3.0 i/hr of H2, and 6.7 i/hr of 

N 2 was used for the hydroisomerization of l-butane. For the hydrogenolysis of 

cyclopropane, the same "proportions were used with cyclopropane replacing l- 

butane. The flow rate used was sufficient to prevent bu!k diffusion 

limitations. 

IR spectroscopic studies of the catalysts Was carried out using grea~ess 

end gas-tlght IR cells made of pyrex with CaF 2 windows. Samplediscs for IR 

investigation were prepared having dlameters of 1.8 cm andweights between 10 

and 20 mg. The Ru concentrations in the catalysts ware determined hy atomic 

absorption spectroscopy. These catalysts were also examined by gas volumetry 

(H 2 chemisor~ption)~ and transmission electron microscopy (T.E.M.) ..... 
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Results and Discussion 

A. Stability of Ru3(CO)I2/NaY 

After preparation, the supported carbonyl exhibited an IR spectrum 

consistent with the undecomposed carbony113. Table I shows the effect of the 

support and method of preparation on the IR frequencies of the CO groups. The 

type of support greatly affects the relative intensity of the bands in 

addition to causing slight shifts in the band frequencies. 

Ru3(C0)I2/NaY (catalyst A in Table 2), which was yellow in color and had 

been exposed to air, changed to reddlsh-grey upon heating in H 2 at 90°C for 19 

hours. It is known that Ru3(C0)12 will react with R 2 to form a relatively 

stable Ru carbonyl hydride 26-27. Robertson and Webb II have concluded that the 

pink catalytically active form of Ru3(C0) 12/SI02 can be represented as 

[ (sl-o) x Sy Zu3(CO) s) ] 

Since this complex exhibited a color similar to that found for Ru3(CO)I2/NaY 

following pretreatment in H 2 it may be suggested that a similar type of 

hydride existed for that case. However, the NaY supported complex may have 

contained more CO ligands since it was not pretreated under vacuum at 80 ° - 

150°C llke the Si02-supported complex was. 

Heating this Ru-carbonyl-hydrlde/NaY further in H 2 and carrying out the 

hydrogenolysls of cyclopropane over it at 136°C for four hours resulted in a 

change in the color of catalyst to grey and the development of a Ru 

particulate structure (catalyst C in Table 2). ~ese I~ partlcles had an 

average diameter of 2.5 nm as determined by electron microscopy. Exposure of 

Ru3(CO)I2/NaY to air for a prolonged period at 25°C resulted in the complete 
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oxidation of Ru and the removal of all C0 llgands --- as detected by iR 

spectroscopy (catalyst D in Table 2). This was also found to be the.case for 

Eu3(C0)12/Si02 I! even though unsupported Ru3(CO)12 is stable in air at room 

temperature° Neither supported Ru3(C0)!2 nor oxidized Ru3(C0)12 was 

observable by electron miscroscopy. Reduction of this supported oxide in H 2 

at 90°C for 19 hours resulted in the formation of catalyst E~ which can be 

assumed to be highly dispersed, reduced Ru mete! clusters. 

Pmating Ru3(CO)I2/NaY (not exposed to air).under vacuum at 400°C for 2 

hours resultedin the complete decomposition of the carbonyl and the formation 

of some Ru particles having diameters between 1.0 - 2.0 nm~ as determined by 

electron microscopy (catalyst F in Table 2). H 2 chemisorption revealed the % 

dispersion of Ru to be approximately 100 % and IR spectra indicated no CO 

lig~nds remainingo 

~carbony!ation and significant sintering of the supported carbony! 

complex occurred during the hydrogenation of cyc!opropane at 136°C. M~re 

sintering of the reduced metal happened under these conditions than during 

vacuum decomposition at 400°C. Decarbonylation and sinterlng of the Ru were 

probably facilitated by some localized heating effects in the catalyst 

particles during this exothermlc reactlon~ even though the overall reactor 

temperature Was me!hie&ned ~t {36°C ~nd-the-eat-a~ys~Erenu!es ~ad diamsZers of 

only ca. 3 x 10-6mo ' ~carbonylationmay possibly have been'also due in part 

to slow reaction and incorporation of the CO llgands in product molecules° 

Certainiy: it. is known that supported carbony!s .can be oxidized at ambient 

condition in air even when the unsupported carbonyls are air stable. It is 

thus highly probab!e that the carbonyl !igands react with H2 or even organic 

molecules and are removed from the complex, 
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B. Catalytic Activity and Product Selectivity 

I. Hydrogenolysis of Cyclopropane 

Reduced Ib~/~203 Was chosen as a standard of comparison in this study 

since alumina- andsillca-supported Ru catalysts have been the most common 

type of Ru metal catalysts studied in the past. The hydrogenolysis of 

cyclopropane was utilized since it may exhibit many different types of 

concomitant processes: ring opening, hydrogenation,~ and fragmentation to 

ethane and methane. The catalysis of this reaction by Ru/SiO 2 has been 

previously studied 28. It was found in that study that, in addition to 

hydrogenation, there was significant fragmentation of cyclopropane in the 

temperature range 0-80°C. 

As can be seen in Table 3, Ru/AI203 was slightly more active for this 

reaction at 90°C than the NaY-supported Ru clusters. However, both NaY- 

supported catalysts E and B yielded products consisting of 90% or more of 

propane. The rest of the products consisted of ethane (7-10%) and negligible 

quantities of methane. It is somewhat surprising that more methane was not 

observed since the fragmentation of cyciopropane should, produce at least as 

many moles of methane as of ethane. While catalyst E suffered a 44% decline 

in its activity over a four hour period which might have been due to cpking or 

poisoning of the catalyst by CH4, catalyst B exhibited essentially no decline 

in its activity. Even catalyst E, however, showed less of a decline in 

activity than the Ru/AI203, which had a 60% decline in activity for the same 

period. ~his difference in activity decline is probably best explained by the 

difference in the degree of fragmentation on the respective catalysts. 

Increase in the temperature of reaction over catalyst B to 136°C resulted in a 

65% conversion of the cyclopropane and a product distribution of 38% propane, 

17% ethane, and 45% methane. Some of the 44% decrease in activity of this 
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catalyst under this reaction at 136°C could be e~lalned by a decrease in 

dispersion since after reaction this catalyst consisted of supported RU 

particles having an average dlame£er of 2,5 mmo 

~ble 4 shows a comparison of relative sa!ectivitles of the catalysts for 

the hydrogeno!ysis of cyclopropane at 90°C. It is interesting to note that at 

that temp. erature~ the ratio of propane to ethane in the product stream was 4 

times gre~ter for the zeolite-supported Ru clusters than for the Ru/A!203o 

This ratio is indicatlve of the fact that fra=~mentatlon is a less important 

reaction on those zeolite~supported clusters° Another point of interest is 

the difference in the removal of propyiene from the gas stream~ the propylene 

being initially present in the cyclopropane stream as an impurity° While 

Ku/AI203 and catalyst E reduced the amount of propy!ene by 30-40%~ catalyst B~ 

the supported carbony!~ brought about a 94% reduction in the amount of 

propy!eneo Fina!!y~ catalyst E was more active (per g Ru) than either 

Ru/AI203 or catalyst Bo 5owever~ the activity of Ru/A!203 pc@ g of Ru was not 

lower due to the fact that it was less highly dispersed than the supported 

cluster cata!ysts since H 2 chemisorptlon measurements showed that the Ru of 

Eu/AI203 was initially 100% dispersed. Catalyst B was obviously less active 

than catalyst Eo 

2, ~ydroisomerlzat!on of l-butene 

~or the ~ydroisomer~z~ti~a Df [-5~tene a comparison was made between 

Ru/Al203 and catalys~ E (~ble 5). Ru/AI203 was found not to be active at 

25°C to any measurable extent. ~owever~an increase in the temperature to 

90°C ' resulted in a 99% conversion 0f the l-~utene to mostly 5utaneo Catalyst 

E on the other hand was active at 25°C yielding a 4% conversion of l-butene 

with a product dlstrlbutlon of 63% t-~utene-2~ 29% c-bUtCher2 and only 8% 

butane° Increasing the reaction temperature to 90°C produced a 52% conversion 
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with the product distribution remaining essentially the same as at 25°C. At 

I12°C, 94% conversion wasachieved; however, fragmentation of the hydrocarbons 

began to occur and butane became the main product (85%). Both of these 

catalysts exhibited much less stability under this reaction than under the 

hydrogenolysls of cyclopropane. The result of E is contrary to that found by 

P~bertson and Webb II for Si02-supported oxidized Ru3(CO) 12. Their catalyst 

was not active at all for this reaction at temperatures from 80 ° - 140°C. 

This difference is probably due to one of the following: method of 

preparation, support~ or method of pretreatment. However, since oxygen has 

been shown to inhibit the isomerization of l-butene over platinum black 29 it 

is likely that P~bertson and Webb's supported oxide of Ru may not have been 

sufficiently reduced during catalyst pretreatment and reaction to activate 

it. The Nay-supported Ru oxide was probably reduced to form metal clusters. 

Conclusions 

~his study had demonstrated the possibility for preparing active, 

zeolite-supported Ru catalysts from Ru3(CO)I2. The vacuum-impregnation method 

used here would seem to have an advantage over the methods previously used in 

the preparation of P.u/AI20314 and Ru/SiO211' 14 from Ru3(CO)I2 since no 

solvent was needed and catalyst preparation was carried out completely in 

vacuo. This, needless to say, reduces the chance for impurity intrusions into 

the preparation scheme. Furthermore, #nderson et al 14 found that no 

adsorption of Ru3(CO)I2 from a methylene dlchloride solution took place if the 

support had been pretreated in vacuo at temperatures as high as 357°C. No 

such effect was noted for the preparation method used here. 
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Ru carSony! catalysts and Ru ~ata!. cluster .catalysts supported on NaY 
• . 

zeolite have been shown to have unique tara!y tic pr0pertles co~ared to a more 

traditional A!203-supported Ku catalyst.• . These supported cluster catalys~s 

are of interest because of • their • stability under reaction and their 

se~!ectivlties vis-a-vis the hydroganolysis of cyclopropane to propane and th~ 

hydro-isomarlzation of l-Suteneo ~he results also show that~ while a 

supported carbo~yl •such as ~3(¢o)!2•~ay retain .co .llganas ~t relatively 

moderate temperatures under " vacu~ • o r  • a • non-reacting gas~ . complete 

decar~onylat!on can occur at those.-temperatures .or .even •lower under reaction 

conditions, Also, under reaction conditions~ not only decarbonylation but 

also sinterin== of the metal clusters can resu!t, 

• ~ 

97 

• ".. °•. 



i .  

° 

3. 

° 

5. 

6. 

7. 

. 

. 

I0. 

II. 

12. 

13. 

14. 

15. 

16. 

17. 

18.  

19.  

20. 

References 

R a l p e r n ,  J . ,  Rarrod, J .  F . ,  and James, B. R. ,  J .  Am. Chem. Soc. 88, 5150 
(1966). 

L ' E p l a t t e n t e r ,  F . , a n d  Calderazzo, F. ,  Inorg. Chem. 6._, 2092 (1967). 

R[rat ,  H., sawat, E. ,  Ochtat,  E . ,  and Maktshtma, S . ,  J .  Catal .  17.., 119 
(1970). 

James, B. R.,  and Markham, L. D., J. Card1. 27, 442 (1972). 

Lyons, J. E. J. Catal. 28__, 300 (1973). 

Pennella, F., and Banks, R. L., J. Catal. 35, 73 (1974). 

P~lah, D. G., Hughes, A. N°, Hut, B. C.,  and Fan, C. T. ,  J .  Catal .  48, 
340 (1977) o 

Takagt , Y., Tera tan t ,  S. ,  Takahasht, S. ,  and Tanaka, K.,  J .  Mol. Catal .  
2._, 321 (1977). 

Porta ,  F°,  Centnt,  S . ,  Giordano, S°, and F l z z o t t t ,  M., J .  Organomet. 
Chem. 150.._, 261 (1978). 

F red tan t ,  P . ,  Mat teol t ,  U., Bianchi ,  M°, P l a c e n t i ,  F. and Mencht, G., J .  
Organomet Chem. 150.__, 273 (1978). 

Robertson, J., and Webb, O., Proc. R. Soc. Lond. A. 341, 383c (1974). 

Kuznetsov, V. A.,  Be l l ,  A. T. ,  and Yermakov, Y. I . ,  J .  Catal .  65, 374 
(1980). 

Goodwln, J. G., and Naccache, C., J. Mol. Catal. 14, 259 (1982). 

A~derson, J .  R. ,  Elmes, P. S . ,  ~ow~, R. F . ,  and Mhtnwarlng, E. E. ,  J .  
Catal. 50, 508 (1977), 

Smith, A. K.,  Theol te r ,  A.,  Basset ,  J .  M., Uso , R.,  Commereuc, D., and 
Onauvln, Y., J .  Am. Chem. Soe. ~ 2590 (1978)o 

Brenner, A. ,  and Hncul,  D° A.,  J .  Am. Chem. Sec. 102, 2484 (1980). 

Knoztnger, H°, Zhao, Yo, Tesche, B.,  Barth, R.,  Epste in ,  R. ,  Cates,  B. 
C., and Scot t ,  Jo P . ,  Faraday Disc. 72, paper 4 (1981). 

l~n t ,  D. J . ,  Jackson, S. D., Moyes, R. B. ,  Wells ,  P. B. ,  and Whyman, R. ,  
J .  Chem. Sec°, Chem. Comm. 8__5 (1982), 

Callezot, P., Courdurler, Go, Prlmet, M°, and Y~ellk, B°, In l~bleeular 
Sieves I I .  ed. by Katzer ,  J .  R. ,  ACS Syrup. Ser ies  40, 144 (1977). 

Ball ivet-~kachenko , D., and ~katehenko, lo ,  Jo Mol. Catalo 13, 1 (1981). 

98 



21. 

22. 

23. 

24° 

25. 

26. 

27. 

28° 

29° 

Cerllni~ C.~ Braca~ G.~ Ciardelli~ Fo~ and Sbrana~ G.~ J. M~lo Catal. 2_~ 
379 (1977), 

Smith~ Ao Ko, Basset~ J. M.~ and Ma!~lis, P. M.~ J. Mm!. Catal. 2~ 223 
(1977). 

Bartholln~ Mo~ Gra!!lat~ C.= Guyot~ Ao~ Coudurier, Go~ Bandlera~ J.~-and 
Nsccache~ C.~ J. M~i. Cata!. _3, 117 (1977/78). 

Commereuc~ D., Chauvin~ Y., Hngues~ F.~ Basset, J, M., aud O!ivier~ D., 
J. Chemo Soc.~ Chemo Commo 154 (i98Q), . . . . .  

O~ezo-Schlpper~ i.~ I/eto~ J.= and G~tes, Bo C.~, J.' Cata!, 63~ 175 
(!980). 

L'Eplattenier~ F., Mathys~ P.~ and Calderazzo~ F ~ ~norgo Chemo o 342 
(1970). 

Eady, C. R.~ ~ohnson, B. F. G., and lewis~ J., J. Organomet. Chemo 57~ 
CS5 (i973). 

De!ia Betta, R. Ao Cusumano~ 3. A.~ and Sinfe!t~ J. H.~ J. Cata!.. I_~9~" 
343 (1970). 

R.~.galn$~ V.~ J. C, ata!.  34, I (1974). 

99 



I - I  

r,,,i 

J 

t~ 

,I.I 

~ 0  

M ~ 

I 

100 



V 

#. 

i.-I 

I 

I. =~ 
I 
I ~. 
I ~, 
I 
I 

1 ~, ~ "  

I 
I 

I I 
I I C~ 

ed 

,,,-I 

I 
I 
I 
I 
I 
I 

• ! "~ 

~'~ "~ ~=~ 

I 
I 
I 

• 101 



g~ 

N 

• W 

g ~  

C 

~ 1 ~ . ~  ~ - ~  - 

• Q . 

~ g 

, -~ 0 0 0 

o 

o ,q. 

,1¢ 
• Ic ,1¢ 

102 



TaSle 4: Relatlve Selectlvities of Catalysts ~or the ~ydrogenolysis 
of Cyalopropane . 

catal, loadlng(%Ru) 
Pz0pylene (200 min)/ 
Ethane pzopylena (0) 

• Propane/ 
propane (Eu/AI203) 

Ru/AI203 1.04 

E 0.56 i0.I0 

B 0.8 11.97 

2.61 0.63 1.0 

0,69 2.64 

0.06 0.788 

At 90°C after 200 min. ofoperatlon and based on existing amounts in [moles/(sec. gRu) 
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Table 5: Hydro- i somer iza t ion  of  1-Butene 

Catalyst* T(°C) 
o f  Beact ion 

i i i i  i 

Z Conv. Main Products  

Ru/A1203 25 0 

"' 90 99 

None 

butane,  small amounts of  t -bu tene -2  and 
c -bu tene-2  

E 2.5 63Z t - b u t e n e - 2 ,  29Z c -bu tene-2 ,  8X butane  

E 90 52 hydro i somer iza t ion  remained the main r e a c t i o  
in  s i ~ l a r  p ropor t ions  as found a t  25°C 

E 112 94 c rack ing  of  HC's be8an to  occur ,  butane main 
product  (85Z) wi th  10Z t -bu tene -2  and 5X 
c -bu tene-2  

At1 c a t a l y s t s  d e a c t i v a t e d  f a i r l y  r a p i d l y .  
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CHARACTERIZATION OF RU ZEOLITE CATALYSTS BY A 
EYDROGENOLYSIS TEST REACTION NETWORK 

D.J. SaJkowski, J.W° Schwank and J.Go Coo~in, Jr. 

Abstract 

The activity Of a serlesof RuNaY zeoiites' with" dlf~er4nt ruthenium 

ioadings has been investigated in a flow reactor.using t h e  hydrogelo!ys!s of 

ethane, propane and cyc!opropane as test reactions. 

The RuNaY catalysts showed similar activity in ethane and propane 

hydrogenolysls compared to ~/SiO 2 catalysts. However, the activity of the 

RuNaY catalysts for cyclopropane hydrogeno!ysis was By orders of magnitude 

higher than that of Ru/SiO 2 . The RuNaY samples showed high selectivity toward 

propane formmtion, an effect whlchwas previous!y observed on highly dispersed 

Ru/SIO 2 catalysts, it was observed that cyclopropane was sieved out of the 

reactant stream By the zeolite structure at ,the cyciopropane hy~rogeno!ysis 

temperature. This effect was absent in the case of ethane and propane at 

their respective hydrogeno!ysis temperatures. A peculiar discontinuity in the 

cyclopropaneArrhenlus plot was attributed to cyc!opropane adsorption in the 

zeolite° 
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Introduction 

Interactions between the metal and its support have been of interest in 

.the field of catalysis for many years, be combination of high metal 

dispersions and the unique, chemical environment provided by zeolltes makes 

metal loaded zeolite systems interesting candidates for investigating metal- 

support interactions, Hydrogenolysls reactions of hydrocarbons have found 

wide appllcatlon for probing the catalytic behavior of metals (I~2). Tae 

activities of hydrogenolysis catalysts appear to be very sensitive to the type 

of metal used as well as to structural and electronic properties of the 

catalyst. 

Hydrogenolysls reactions have been extensively used as test reactions for 

Rn catalysts (3-Ii). However, little work has been reported on the 

hydrogenolysis activity of zeollte-supported Ru (I 2). On the other hand~ a 

number of hydrogenolysis studies have dealt with other zeollte-supported 

metals, in particular Pt (13-15). Tran Manh Trl et al. (14) correlated the n- 

butane ~ydrogenolysis activity with the electrophillc character of platinum in 

PtY. Neopentane hydrogenolysls was one of the test reactions used by Dalla 

Betta and Boudart (I0) to investigated PtY. ~hey concluded that support 

interactions leading to electron deficient platinum were at least partially 

responsible for the increased activities of the catalysts. Naccache et al. 

(15) reported that the activity of platinum for ethane hydrogenolysls did not 

appear to depend upon whether the metal was supported on SIO 2 or Y zeolite. 

However, in cyclopropane hydrogenolysls, large activity increases were 

observed and attributed to the effect of the electrostatic field of the 

zeolite (15). Thus, different hydrogenolysis reactions can be more or less 

sensitive to structural or electronlc properties of supported metal catalysts. 
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A useful combination of test reactions shou!d be the  'hydrogenolysis of 

ethane, cya!opropane, and propane, E~hane hydroEenoiysis is e • Structure 

sen=itlve reaction which can also provide Infornmtion about the electronic 

properties ° Cyulopropane can underso par~liel reactions leadlng to 

differences in product selectivit~ an~ can act as a very sensitive pr0bao 

"l~opane h~ro.~eno!ysis complements the cy~lopropane hydrogen0iysls in 

assassin E the condi=ions necessary for secondary reactions ° While this set of 

reactions has been proven valuable for characterizin ~ Pt catalysts. (15), it 

has the potential for providing even more information about ruthen!~° First~ 

rutheniu~ has a s~a!!er ionization potential than platinure ~ and therefore~ 

support inte~actlons should be more pronounced with ruthenium° Secondly, 

cyclopr0pane hydro~eno!ys!s overplatlnum produces only propane° ~he same 

reaction conducted over ruthenium produces ethane and .methane" as w~ll as 

• propane° ~nsequently~ se!ectiv!ty patterns may be determined when using .this 

test reaction over. ruthenium, These selectivity pa~terns have been 

e~tensively explored on a variety of supported ruthenium catalysts other than 

.Ru zeo!ites (4~7,8). This previous work is an exce!!ent framework to 

detez-alne the influence of • zeolite interactions on the properties of 

r uthini~n° in addition~ cyc!opropane hydrogenolysis over EuNaY might 

elucidate the contribution of the electrostatic field effect on ~product 

selectivity, To this end, a series of ion-exchanged RuNaY catalysts w-ms 

subjac~ed to this set of ethane~ cyclopr0pane, and propane hydrogeno!ysis test 

th is  s t a y  were prepared by two 

nmithods o Rnthenium was ion exchansed into NaY us!n~ an aqueous solution of 

Eu(NH3)6Ci 3 . -The exchanged [Ru(bTH3)6 ]3+ complex was deco~pos.ed in ultra high 

reactions o 

The RuNaY zeolite eta!ysts .used in 
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vacuum on h e a t i n g  the  c a t a l y s t  up to  400°C a t  a r a t e  of l °C/min.  The meta l  

was then  reduced  a t  450°C i n  hydrogen and s u b j e c t e d  to  the  v a r i o u s  

c h e m i s o r p t i o n  c h a r a c t e r i z a t i o n s  as o u t l i n e d  i n  Table 1o IX  RuNnY was a l s o  

p repared  by vapor  impregna t ion  o f  NaY wi th  Ru3(CO)12. D e t a i l s  of  t h i s  

p r e p a r a t i o n  p rocedure  a r e  g iven  by Goodwin and Naccache (1 6)•  The p r e p a r a t i o n  

method and c h a r a c t e r i z a t i o n  of  Ru/SiO 2 has been  d e s c r i b e d  p r e v i o u s l y  ( 4 , 6 ) .  

A f low r e a c t o r  c o n t a i n i n g  up to  100 mE of  c a t a l y s t  s a m p l e  was ope ra t ed  a t  

a tmospher ic  p r e s s u e  (1 aim - 101.3 kPa) to  o b t a i n  k i n e t i c  da ta  on t h e  

c a t a l y s t s .  P r e p u r i f i e d  hydrogen was passed through a p a l l a d i u m / a s b e s t o s  

r e a c t o r  m a i n t a i n e d  a t  400°C. U l t r a  h i g h  p u r i t y  he l ium was passed  over  copper  

t u r n i n g s  m a i n t a i n e d  a t  300°C. Each gas was then  f u r t h e r  p u r i f i e d  us ing  a 

m o l e c u l a r  s i e v e  t r a p  ma in ta ined  a t  l i q u i d  n i t r o g e n  t e m p e r a t u r e .  High p u r i t y  

e t h a n e ,  propane and cyclopropane  were used w i t h o u t  f u r t h e r  t r e a t m e n t °  

The a n a l y s i s  of  t he  p roduc t s  and t h e  r e a c t a n t s  was c a r r i e d  out  by gas 

chromatography .  The G.C. column was a 3 m copper  tube f i l l e d  wi th  s i l i c a  g e l  

(100-120 mesh) ,  o p e r a t e d  a t  80°C. 

P r i o r  to  p r e t r e a t i n g  the  c a t a l y s t s ,  the  r e a c t o r  was f l u s h e d  wi th  H 2 a t  

room t e m p e r a t u r e  f o r  t e n  m i n u t e s .  The c a t a l y s t s  were t hen  s lowly  h e a t e d  ove r  

a two hour  p e r i o d  from room tempera tu re  to  320°C in  f lowing  H 2 and then  h e l d  

a t  t h i s  t e mpe ra tu r e  i n  f lowing  H 2 f o r  19 h o u r s .  Following r e d u c t i o n  t he  

r e a c t o r  was coo l ed  down to  r e a c t i o n  t empera tu re  i n  f lowing  H 2 ° 

The p rocedure  o u t l i n e d  above was  a l s o  used  f o r  NaY z e o l i t e  samples w i t h  

t h e  e x c e p t i o n  t h a t  he l ium was s u b s t i t u t e d  f o r  the  hydrogen.  This was a l s o  

done f o r  NH4Y to  dehyd ra t e  i t  and to  remove ammonia, i n  o r d e r  to  form HY 

z e o l i t e .  

A "run  h c o n s i s t e d  of  pas s ing  the  a p p r o p r i a t e  r e a c t a n t  mix ture  over  the  

c a t a l y s t  and sampl ing t h e  p roduc t  s t ream a f t e r  120 s e c .  o f  r e a c t i o n .  ~n t h e  
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case of the cyclop~opane hydro~eno!ysis exgerim~nts the raactlon period was 

reduced to 70 SeCo in order =o avoid deactiVation intrusions, • i=mmdiateiy 

after Mamp!!ns~ the .flow of hydrocarbon and helium was stopped and hYdro~e n 

~as passedover =ha catalyst at 200°Clot 1/2 hour. ~he run was =hen repeated 

to check for deic=!vatlono 7~ =here was no evidence for deacilvatlon~ further 

runs w~re conducted with intez'a!ttent 1/2 hour regeneratlon at 320°C= ~hls 

procedure was sufficient for re~eneratlon~ even if siena of de~ctlvatlon had 

'been Observed° 

All the da£a used to calculate turnover numbers and subsequent!y kinmt!c 

parameters ~ m r e  obOe!ned at conversions of less than I0~, Pate orders w~_re 

determined by varyins the partial pressure of one of =he reactants at constant 

temperature° I~activation characteristics of the catalysts w~re studied by 

passing the reactants continuous!y over =he catalyst for I - 2 hours and 

samplins the products at 10 minute Inte_~vals, 

RESULTS 

Thefo!!owin~ test reactions were used in =his study: 

C2H 6 + H 2 ÷ 2 CB 4 

cy¢ lo  - C3H6.+H2. ÷ 

c y c ! o  - C3H 6 + 2H 2 + 

¢yc!o  ~ C3H 6 + 3H 2 

%HS+E 2 * 

%t% + 2~ 2 ÷ 

C3H 8 

c~4 + c2~ 
3c~ 4 

c2E 6 + cE~ 

3c~ 4 

[i] 

[2] 

[3] 

[4] 

[S] 

[6] 

Pe_actlon rates were determined usln~ the folio~-!ng expression: 

N 
x 

molecules 
i~, = '(Ru surface ato=) = s e c  [7)  
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N x i s  t h e ' t u r n o v e r  number ~n molecu les  o f  r e a c t a n t  conver ted  acco rd ing  to 

r e a c t i o n s  [12 th rough  [62. symbol ized  by the  s u b s c r i p t  x .  Y R r e p r e s e n t s  t he  

f low r a t e  of the  r e a c t a n t  i n  molecules  pe r  second.  A s i s  the  number of  

ru thenium atoms on the s u r f a c e  of  the  c a t a l y s t  as  d e t e r , ~ n e d  by H 2 

chencLsorption, and a s t ands  fo r  the  f r a c t i o n  of  r e a c t a n t  be ing  conver ted  

a c c o r d i n g  t o  r e a c t l o n s  [ l ]  t h rough  [ 6 ] .  

In  the  cyclopropane  h y d r o g e n o l y s l s ,  t h e  pe rcen tage  selectivity (S 2) f o r  

Propane fo rmat ion  v i a  r e a c t i o n  [2] was de termined u s i n g  the  f o l l o ~ r l n g  

e x p r e s s i o n :  

N 2 
S 2 = N2 + N3.+ N4 x I00 [8] 

In the  case  of propane h y d r o g e n o l y s i s ,  the  pe rcen tage  s e l e c t i v i t y  (Ss) 

f o r  e thane  fo rma t ion  v i a  r e a c t i o n  [5] was c a l c u l a t e d  by means of the  

e x p r e s s i o n :  

N 5 

s5 " Ns + "6 x Ioo [91 

K i n e t i c  parameters  f o r  e thane  h y d r o g e n o l y s i s  were o b t a i n e d  f o r  the  ~NaY 

z e o l i t e s  and the 3~6Z Ru/Si02. ~hose parameters are g iven in  ~able 2. ~he 

r a t e  e x p r e s s i o n  could  be f i t  t o  the  f o l l o w i n g  power law equa t ion :  

[to] 

F i s u r e  1 shows the  e thane  h y d r o g e n o l y s i s  a c t i v i t i e s  of  0.19Z R.NaY and 

3.86Z Ru/SiO 2.  ~he 0.19Z RuNaY-was o n l y  m o d e r a t e l y  more a c t i v e  t h a n  the  
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Eu/Si0 2 catalyst over the temperature range studied° A stron~ similarity of 

th~ kinetic parsneters ~mon~ eli the catalysts ~ms found (~ble 2)° 

Eowever, the EuNaY zeo!ites dls~layed much hi~her activities th~n Eu/SiO 2 

in cyc!opropane hydrogeno!ysis. On the zeo!ites, qu~ntitative kinetic data 

could only he obtained on the 0.!9% Ruddy samp!e~ the catalyst havin~ the 

lo~mst metal loading. All the other zeolite supported Eu samples ~mre so 

active that even by lowering the reaction temperature to O°C~ increasin~ the 

flow rate to the maximum possible for the reactor system, and decreasin~ the 

amoun~ of catalyst in the reactor to I0 m~, 100% conversion was obtained. 

This represented an increase in activity by more than an order of magnitude 

over the activity of all other ruthenium catalysts .previously studied. In 

fact, the activity for even the" 0.19% Eu~TaY~ which was the !east active of the 

Ru zeoiites in this study, ~ms one ~ order of mmgnitude greater than the highest 

activity ever reported on a Ru/SiO 2 catalyst (5). FA~re 2 is a co,far,son of 

the 0.19% R=NaY's activity ~!th other ruthenium catalysts reported in the 

ii~erature (5). 

The ju~np i n  ,the ac t i~ ty  of the 0.i9% EuI~aY at a t~era tu ra  of a~out 

4Q°C~ as can he seen in Figure 2~ is re~arlc~ble. The Arrhenlus plot for this 

catalyst sho~s a disco=tinu~cy in turnover number by almost an order of 

m~=~nitude~ separatin~ t~ straisht lines of some~rhat similar slopes within 

e~perimenta! error. This abrupt chan~e in turnover number was sh~ to he not 

due to dezctivatlon and w~s reproducible. The discontinuity w a s  observed 

re~ardiess of direction of the temp. erature Chanse or random T chan~e. The 

apparent activation enerEiee on either Side of the discontinuity ~re found to 

he 21.7 and 28.8 • 4 kca!/moie (I kca! = ~o184 k2) for the hi~h~r and lower 

temperature tenses respectively. ~th of these actlvati~n energies appear to 

he si~nifican~!y hiEher than the activation energies for Ru/Si02~ Ru/M~O and 
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Ru sponge p r e v i o u s l y  r e p o r t e d  i n  the  l i t e r a t u r e  ( 5 ) .  These p rev ious  c a t a l y s t s  

had much l a r g e r  pore  d i a m e t e r s  t han  NaY. The re fo re ,  e f f e c t s  o f  d i f f u s i o n  can 

be s a f e l y  r u l e d  out  as the  only  cause of  the  d i s c o n t i n u i t y .  

Even under  n o n - d i f f e r e n t i a l  c o n d i t i o n s ,  i t  may be p o s s i b l e  to  de t e rmine  

s e l e c t i v i t y  p a t t e r n s  f o r  the  primary r e a c t i o n s ,  p rov ided  t h a t  secondary 

r e a c t i o n s  can be r u l e d  o u t .  The r e s u l t s  f o r  propane s e l e c t i v i t y  a r e  shown i n  

F igure  3 f o r  two RuNaY c a t a l y s t s  and the  3.86Z Eu/SiO 2 c a t a l y s t .  Data f o r  t he  

two o t h e r  c a t a l y s t s  a re  t aken  from r e f e r e n c e  (5) and a re  shown f o r  

compar ison.  Methane/e thane  r a t i o s  were c l o s e  to u n i t y  f o r  t empera tu res  l e s s  

• t han  180°C f o r  t he  z e o l i t e  c a t a l y s t s .  

The catalysts follow two trends. The Ru spouse and the 3.86Z Ru/SiO 2 

both have propane selectlvlty-temperature curves which decrease as the 

t em p e ra tu r e s  i n c r e a s e s  above l l 0 ° C .  The z e o l i t e  c a t a l y s t s  and the  h i g h l y  

d i s p e r s e d  0 ~X Ru/SiO 2 a l l  m a i n t a i n  h i g h e r  s e l e c t i v i t i e s  a t  h i g h e r  

t e m p e r a t u r e s .  

The a c t i v i t y  of  RuNaY f o r  cyc lopropane  h y d r o g e n o l y s i s  showed an i n d u c t i o n  

p e r i o d  a t  t empera tu re s  l e s s  than  60°C. When r e a c t a n t s  were passed  over  100 mE 

of  any of  the  z e o l i t e  c a t a l y s t s  and the  p roduc t  s t ream sampled a t  120 s e c . ,  no 

p roduc t s  o r  cyc lopropane  were o b s e r v e d . '  However, a t  l a t e r  t i m e s ,  t he  expec ted  

p roduc t s  and un reac t ed  cyc lopropane  appeared .  The s i e v i n g  e f f e c t  was a l s o  

observed  on p r e t r e a t e d  NaY" and HY. This shows t h a t  the  e f f e c t  t s  no t  

dependen t  upon the  p re sence  of  ru thenium.  This behav ior  was not  observed i n  

e i t h e r  the  e thane  or  propane hydrogenolysSs  exper iments  a t  t h e i r  r e a c t i o n  

t e m p e r a t u r e s .  An i n v e s t i g a t i o n  of the  d e a c t i v a t i o n  c h a r a c t e r i 8 t i c s  of  the  

guNaY c a t a l y s t  was c a r r i e d  out  a t  d i f f e r e n t  r e a c t i o n  t empera tu res  f o r  t he  

cyc lopropane  h y d r o g e n o l y s i s  r e a c t i o n .  There was no i n f l u e n c e  of  d e a c t i v a t i o n  
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on selectlvlty~ h ~ e v e r ,  the activity dropped and leve!ed off as a function of 

reaction time. A typical plot is presented in Figure 40 

Propane hydroganolysls experlmmnts were performed on the 0'76% E u/NaY and 

the 3.86~ Ru/Si02 catalysts° A co~arlson of these two cata!yst;s activities 

is shown in Fi~ure 5o The difference Between the activities of the two 

catalysts is modest° The enerEy of activation was 31 • 4 ca!/mole for the 

0.76% EuNaY. This is in agreement with previously published values of the 

enersy of activation over conventionally supported ruthenium •(4). The rate 

order for hydrogen was also determined on the 0.76% EuNaY. It was found to he 

-2°0~ similar to that previously reported for Ru/Si02 (4). However , the 

selectivity Behavior of the 0~'76Z RuNaY catalyst was different from that of 

the 3°86% Ru/Si02o • Figure 6 shows that on Eu/SiO 2 the selectivity for ethane 
• .t 

formation declined at higher temperatures, while the 0.76% RuNaY exhibited 

100% ethane selectivity over the te~erature range studied. 

DISCUSSION AND CONCLUSIONS 
[ 

Within the temperature range studied in this work~ the blank NaY and KY 

supports proved to he inactive for Both hydrosenolysls and isomerlzation 

reactions° • This indicated that the ~thenium .surface, provided the active 

sites for breakln~ the C-C Bonds. To probe for a potential influence of the • 

zeolite .support on the properties of the active ruthenium sites~ a co~arison 

of the selectivity patterns of RuNaY catalysts with conventionally supported 

Ru catalysts was made° In the propane hydrogeno!ys!s, RuNaY showed 100% 

selectivity for ethane formation via reaction [5], while the selectivity of 

the 3.8670 Eu/SiO 2 catalysts decreased at higher temperatures (FIEare 6) due tO 

the onset of reaction [6]. Ho~Yer, thls difference In selectivity does not 

necessa)lly indicate an influence of the zeolite. It can adequately explalned 

on the Basis of a particle size effect which was found in the previous study 
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of  propane h y d r o g e n o l y s i s  on a s e r i e s  of  c o n v e n t i o n a l l y  suppor ted  ruthenium 

c a t a l y s t s  ( 4 ) .  l ~ a c t i o n  [6 ] ,  the  e x c l u s i v e l y  methane producing r e a c t i o n ,  

becomes dominant on c a t a l y s t s  w i t h  low d i s p e r s i o n s  (Yigure 6) where a modi f i ed  

r e a c t i o n  mechanism seems to  a p p l y  ( 4 ) .  

The s e l e c t i v i t y  p a t t e r n s  i n  the hydrogen61ys i s  of cyc lopropane  can be 

i n t e r p r e t e d  i n  a s i m i l a r  f a s h i o n  i n  terms of  ru thenium p a r t i c l e  s i z e  ( 5 ) .  At 

low t em pe ra tu r e s ,  the  s e l e c t i v i t y  S 2 o£ RuNaY did  no t  appear  to  be d i £ f e r e n t  

from Ru/SiO 2 o r  ru thenium sponge (F igure  3 ) .  I t  would appea r ,  however,  t h a t  

t h e  e l e c t r o s t a t i c  f i e l d  o f  the  z e o l i t e  may f a c i l i t a t e  the  r i n g  opening of  the  

cyc lopropane  molecu le  by perhaps  i n s e r t i n g  a n e g a t i v e  cha rge  i n t o  a low l y i n g  

sigma o r b i t a l  o£ cyc lopropane ,  as  p o s t u l a t e d  by Naccache e t a l .  (15) .  Such an 

i n s e r t i o n  would d e s t a b l i z e  t he  s t r a i n e d  cyc lopropaue  r i n g  and would f a v o r  r i n g  

open ing  bu t  no t  b r eak ing  of  the  c h a i n .  Thus, t h e  presence  of the  z e o l i t e  

would be expec ted  t o  i n c r e a s e  the  r a t e  o f  r i n g  open ing ,  a f t e r  which Ru would 

be ab le  to  hydrogena te  the  i n t e r m e d i a t e  to propane.  This  indeed seems to 

o c c u r .  While the  r e a c t i o n  r a t e  was more than  one o r d e r  of  magnitude g r e a t e r  

t han  t h a t  of comparable c a t a l y s t s ,  . t h e  z e o l i t e - s u p p o r t e d  Ru c a t a l y s t s  s t i l l  

ma in t a ined  h i g h  s e l e c t i v i t y  S 2 £or propane fo rma t ion  even a t  t e u p e r a t u r e s  

• above l l 0 °C  ( F i g u r e  3 ) .  Such a s e l e c t i v i t y  i s  t y p i c a l  fo r  ruthenium c a t a l y s t s  

h a v i n g  h i g h  d i s p e r s i o n s .  I t  was p r e v i o u s l y  no ted  t h a t  t h e  s e l e c t i v i t y  S 2 a t  

t empera tu re s  g r e a t e r  than l l0°C was dependent  on the ruthenium p a r t i c l e  s i z e  

i n  t he  ca se  o f  c o n v e n t i o n a l l y  suppor ted  ru then ium c a t a l y s t s  ( 5 ) .  ~he complete  

h y d r o g e n o l y s i s  o£ cyc lopropane  i n t o  t h r e e  molecules  og methane v i a  r e a c t i o n  

[ 4 ]  r e q u i r e d  l a r g e  ru thenium p a r t i c l e  s i z e s .  B e  onse t  of  r e a c t i o n  [4] a t  

t empe ra tu r e s  g r e a t e r  than  l l0°C was r e s p o n s i b l e  f o r  the  d e c l i n e  i n  s e l e c t i v i t y  

S 2 o f  Ru/SiO 2 and ru thenium sponge hav ing  low d i s p e r s i o n s .  Beac t ion  [4] was 

absen t  on the RuNaY c a t a l y s t s  w i t h i n  the  t empera tu re  range  s t u d i e d .  This  was 
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to be expected in view of the high ruthenium dispersion Sn the zeolite 

cata!ystso For co~parison~ data for a highly dispersed. 0.6% Ru/SiO 2 catalyst, 

• taken from reference (5)~ are included in Fieure 3~ this Ru/SiO 2 catalysts had 

ruthenium particle sizes smeller than 30 A and did not give rise to reaction 

[4] at these higher temperatures° The RuNaY catalysts showed soEewhat higher 

selectivity S 2 than the highly dispersed 0.6% Ru/SiO 2 catalyst (5). it is 

likely that this small selectivity difference is due to 'the even higher 

ruthenium dispersion in the zeolite samp!es~ ratherthan due to the influence 

of the electrostatic field of the zeolite° I~ is~ however~ impossible to. 

differentiate batsmen particle size and electrostatic field effect on the 

basis of our experimental data. 

The catalytic activity of. the RuNaY catalysts in the ethane 

hydrogenolysis was very similar to the activity of Ru/SiO 2 (See ~51e 2 and 

Figure I). These results are consistent with literature reports on PrY 

catalyst where no significant difference between Pt/SiO 2 and PrY zeolite w~s 

detected (15). S!milarly~ the RuNaY samples showed only a slight increase in 

propane hydrogenolysis activity co~ared to Ru/SiO 2 (Figure 5). ~his increase 

is insignificant compared to the order of magnitude changes in turnover number 

which ware prevlouslyobserved on conventional ruthenium catalysts prepared on 

different supports (4). . 

In contrast to the ethane and propane hydrogenolysis resu!ts~ the RuNeY 

cata!yst showed a remarkable increase in cyclopropane hydrogenolysis activity 

by orders of ma~nltude compared to conventiona! Ru catalysts. In addltlon~ 

the Arrhenius plot (FiEare 2) shows a surprising discontunity around 40°C . 

The discontinuity in the activity of KuN~Y for cyclopropane hydrogenolysls as 

the reaction temperature increased past 40°C (Fi~re 2) ~an he ~ easily 

explained. A TGA study (17) Showed that this discontinuity occurs in the 
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