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• ASSTRA'CT ' ' 

A comparative study o/" nickel catalysts supported on X- and 

y- zeoli'fes had been reported in the previous annual report. The 
t 

influence of the catalyst preparation on the structure and the 

properties of" the nickel zeolite catalysts had also been em- 

r,hasized. Several experimental results have shown that a¢Idicion 

of cerium cations to zeolite supported nickel .catalysts was found 

to cause a s.vnergetic effect and a dramatic influence on the sur- 

face nickel dispersibn and the catalytic properties. The pos- 

sibility of ,~-erium cations as chemical anchoring sites, the doping 

induced metal-support interaction, or the SMSI" (strong metal- -.. 

sl]pport interact, ion) needed to be verified. The present pal)er is 

a comparative study of the cerium-containing ni~ckoJ catalysts sup- 

ported on x- and y- zeolites. In general, the addition of cerium 

ions caused at, increase in the catalytic activity for CO h.vdroge- 

nation and shifted the product selectivit.%" to high molecular 

weight hydrocarbons. The degree of the effect of cerium additive 

depends on the ratio of cerium to nickel contents, the redtlction 

temperature, and the nature of the supporting materials. Catal.vst 

characterization, including volumetric hydrogen chemisorption, 

temperature programmed reduction/desorption, x-ray dJ ffraction, 

surface area measurements, in-situ infrared spectroscopy and x-ray 

photoelectron spectroscopy, was performed in order to interpret 

the phenomenal due to the effects of cerium additives and the sup- 

port effect on Ni/zeolite catal~'sts ....... 

Keywords: Ce-Ni/(x-, y-)zeolite, CO/H2 reactions, Ni dispersion, 

TPR, TPD, IR, XRD, XPS. 
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A~STRACT 

A comparative study of nickel catalysts supported on X- and 

y- zeolites had been reported in the previous annual report. The 

influence of the catalyst preparation on the structure and the 

properties of the nickel zeo%ite catalysts had also been em- 

nhasized. Several experimental results have shown that addi£ion 

of cerium cations to zeolite supported nickel catalysts was found 

to cause a synergetic effect and a dramatic influence or, the sur- 

face nickel dispersion and the catalytic properties. The pos- 

sibility of :-erium cations as chemical anchoring sites, the doping 

induced metal-support interaction, or the SMST" (strong metal- 

support interaction) needed to be verified. The present paper is 

a comparative study of the cerium-containing nickel catalysts sup- 

ported on x- and y- zeolites. In general, the addition of cerium 

ions caused an increase in the catalytic activity for CO hydroge- 

nation and shifted the product selectivity to high molecular 

weight hydrocarbons. The degree of the effect of cerium a4ditive 

depends on the ratio of cerium to nickel contents, the reduction 

temperature, and the nature of the supporting materials. Catalyst 

characterization, including volumetric hydrogen chemisorption, 

temperature programmed reduction/desorption, x-ray diffraction, 

surface area measurements, in-situ infrared spectroscopy and x-ray 

photoelectron spectroscopy, was performed in order to interpret 

the phenomena due to the effects of cerium additives and the sup- 

port effect on Ni/zeolite catalysts. 

Keywords: Ce-Ni/(x-, y-)zeolite, CO/H~ reactions, Ni dispersion, 

TPR, TPD, IR, XRD, XPS. 
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ABSTRACT 

A r-oml)nra t ,  i w "  .~t.ud.v c)f n i c k e l  ( : a t n l v . ~ t . q  . q u p p o r t e d  cm X- n n d  

.v- z~ ,o ] i t . e .~  h a d  b~:on r e p o r t e d  i n  t h e  I ) rc 'v i , ,u .~  n n n u n ]  rc ' l ) t J r t . .  "| 'he 

inf'l~,, ,r,¢.(- , ) f  th¢.  ( : a t a l v ~ , t  p r o p a r ' a t i ~ ) n  ,)n the,  .~t.r-u~.lur'¢, .-~¢~d t h , ,  

i ~ r O l , . r !  i~'.~ t)|" t.ht, n i c k ( : l  z r . o l i t r -  c . a t .n ly .~ t .~  hnd  a l s o  b~.,,n (,m- 

phn.~i; ' .~,d.  S , -x ' ( , r a l  r, x p e r i m r . n t . n l  r - o s u l t $  h.'~v(, sh,~t~n t .hat ,  n d d i t  i t ,n  

, ) f  f.c.ri~lm ¢-nl i¢)n.~ to) z,,¢,] i t c ,  . ~ u p l ) ( ) r t , - i  n i , : k e l  c , . a t a l y - ~ t ~  ~:as f~,~jn,l 

t , )  c,:x11.,;,, n .~.vn~:r~.ic- ~,['i'(,(.t nnc~l n d r a m a t ,  i¢" i n f l u ( : n r : , "  ¢)n t.},c; .q,zrfn¢",'. 

t l i¢ 'k~ ' l  d i .~ t . - r .~ i c~n  a n d  t h e  ¢ - n t a l y t i e  p r o p , . r t ,  i e ~ .  T h e  l ' . ~ r ) ~ s i b i l i t : y  

¢)f" ¢ - e r i u m  c-nt. icm.~ a.~ ¢ , h e m i ( . a l  a n c h o r i n g  s i t e , s ,  l.h~, d o p i n g  ind~t¢-~:,t 

mt, t . n l - . q u p p ~ ) r t  i n t r ' r ' a ~ ' t i o n ,  o r  t h e  SHSI ' "  i ~ t r o n g  m e t a l - . ~ U l ) l ) o r t  

int . , , t 'nc- t ,  i o n )  n,.,,.~dod t.o b e  v , r i f i e d .  T h e  I ) r ' r ' s en t .  pap , : ] "  i.~ n ,-¢~m- 

p a r a t i t e  s t u d y  o f  t h e  r . ¢ . r i u m - c o n t a i n i n g  n i c k e l  b a t a l y . ~ t s  SUl )p¢) r t r ' d  

¢)n x -  a n d  .v- z e o l i t e s .  I n  g e n e r a l ,  t h e  a d d i t i o n  o f  c e r i u m  i o t a s  

( . a u . ~ , d  an  i n t . r e a . ~ e  i n  t l i e  ( : a t a l y t i c  a c t i v i t y  f o r  CO h y d r ( ) g t m n t i t , n  

nn(t  .~hit ' t . t-,I t he  p [ ' o d u t : t  . ~ e l e c t i v i t . y  t o  h i g h  m o l e c ; u l a r "  w e i g h t  

} ~ y d t ' , , , . - a r b o n s .  The, d , , g r , , e  o f  t h e  e f f e c t ,  o f  C e z ' i u m  a d d i t i v e  d e p e n d s  

,)n t h t ,  r n !  i t ,  , , f  , . o r i ~ m  t,~ n i t , k e l  e o n t . e n t . ~ ,  t.ht: r e d u ¢ - t i , , n  t.t..mpert.~- 

l i f t ' ( , ,  nnd  t h e ,  n a t ~ r ¢ '  o f  the,  . ~ u l ~ p o r t i n g  m a t ~ , r i a l ,  s .  ( ' n t a l y . ~ l  

Reproduced from 1 
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c h a r a c t e r i z a t i o n ,  i n c l u d i n g  v o l u m e t r i c  h y d r o g e n  c h e m i s o r p t i o n ,  

t e m p e r a t u r e  p r o g r a m m e d  r e d u c t i o n / d e s o r p t i o n ,  x - r a y  d i f f r a c t i o n ,  

s u r f a c e  arc,  a m c : a s u r - e m e n t s ,  i n - s i t u  i n f r ~ d r e d  s p e c t r o s c o p y  and  x - r a y  

p h o t o e l e c t r o n  s p e c t r o s c o p y ,  ~ a s  p e r f o r m e d  i n  o r d e r  t o  i n t e r p r e t .  

t h e  p h e n o m e n a  d u e  t o  t h e  ~ f f e c t s  o f  c e r i u m  a d d i t i v e s  and  t h e  s u p -  

p o r t  e i ' f e , r t ,  on N i / z e o l i t e  c a t a l y s t s .  

I NTRODUCT I ON 

A d d i t i o n  o f  c e r i u m  i o n s  t o  t h e  h i g h l y  d i s p e r s e d  n i ¢ ' k e l / x -  

z e o l i t e  c a t a l y s t s  was r e p o r t e d  t o  s h o w  a s i g n i f i c a n t  in f lu~ .nc~"  on 

t h e  c a t a l y t i c  p r o p e r t i e s  [ l - 2 J .  T h e  s u p p r e s s i o n  i n  h y d r o g e n  

. ' h e m i s o r p t i o n  a n d  t h e  e n h a n c e d  r e a c t i v i t y  o f  CO h y d r o g , : n a t i o n  was 

p r o p o s e d  t o  be d u e  t o  t h e  s t r o n g  m e t a l - s u p p o r t  i n t e r a c t i o n  {SHSI) 

[3 ]  a s  d e s c r i b e d  f o r  t h e  u n i q u e  c h a r a c t e r i s t i c s  o f  t h e  h i g h -  

t e m p e r a t u r e  r e d u c e d  N i / T i 0 2  c a t a l y s t s  [ 4 ] .  S e v e r a l  e x p e r i m e n t a l  

r e s u l t s  h a v e  shown t h a t  a d d i t i o n  o f  t h e  s e c o n d  m e t a l  i o n s  t o  a 

s u p p o r t e d  m e t a l  c a t a l y s t  c a n  c a u s e  a s y n e r g e t i c  e f f e c t  a s  ~, 'ell  a s  

a d r a m a t i c  i n f l u x : n e e  on  t h e  s u r f a c e  m e t a l  d i s p e r s i o n  a n d  t h e  

c a t a l y t i c  p r o p e r t i e s .  B e s i d e s  t h e  SMSI ,  o t h e r  p h e n o m e n a  }lave b e e n  

p r o p o s e d ,  s u c h  a s  t h e  p r e s e n c e  o f  c h e m i c a l  a n c h o r s  [ 5 ] ,  t h e  f o r m a -  

t i o n  o f  b i m e t a l l i c  a l l o y s  [ 6 ] ,  o r  t h e  D o p a n t - I n d u c e d  H e t a l - S u p p o v t  

I n t e r a c t i o n s  [ 7 ] .  

The  n i c k e l - c a t a l y z e d  r e a c t i o n s  b e t w e e n  c a r b o n  m o n o x i d e  and  

h y d r o g e n  h a v e  b e e n  o f  c o n s i d e r a b l e  i n t e r e s t  t o  c a t a l y s i s  r e s e a r c h -  

e r s  f o r  many y e a r s .  R e c e n t  r e p o r t s  h a v e  p r o v i d e d  e v i d e n c e  t h a t  

t h e  s u p p o r t i n g  m a t e r i a l s  c a n  s i n g n i f i c a n t l y  i n f l u e n c e  t h e  a d s o r p -  

2 



t i o n  a n d  h y d r o g e n a t i o n  o f  t a r ' b o l l  m o n o x i d e  on t h e  a c t i v i t y  a n d / o r  

selectivit.v properties of nickel [4, 8-10]. The obserx,:d dif- 

ferent,.', in  t h e  a ¢ . t i v i t y / s o ,  l e c t i v i t y  p r o p ' c r t i e s  f o r  c l i f f ' s ' r u n t  s u p -  

p o r t s  ,~ls a s c r i b e d  t o  t h e  m e t a l - s u p p o r t  i n t e r a c t i t m .  V a n n i c e  a n d  

G a r t e n  [4 ]  s u g g e s t e d  t h a t  t h e  e n h a n c e d  a c t i v i t y  and  s e l e c - t i ~ : i t y  

t o w a r d s  h i g h , : r  m o l e c u l a r  e e i g h t  h y d r o c a r b o n s  f o r  CO/H2 r e a c t i o n s  

o v e r  Ni./TiO2 a s  c o m p a r e d  t o  s i l i c a  o r  a l u m i n a '  s u p p o r t e d  n i c k e l s  

wet,: du, t t,, the SHSI effect [3]; Bartholomev et al. dre~ the same 

conc]usio,, [8-9]. However, this interpretation was criticized and" 

the role of the nature of SHSI state was still ambiguous [10]. 

The purpose of this study on the cerium-containing nickel 

catalysts supported on zeolites is to elucidate the function of 

cerium additives in the different zeolite sites acting as chemical 

anchoring points for the effective nickel dispersion, or playing a 

role in the me£al-sdpport interaction, and the' coincident ¢.ffect.s 

on the properties of nickel catalysts. 

EXPE~INENTAL 

Material 

The employed x- and y -  ze01ites supported nickel catalysts 

were prepared by the incipient-wetness impregnating technique as 

described in ref.[[l, 12]. The cerium-containing nickel catalysts 

were prepared by co-impregnation of cerium ions and nickel ions to 

the supporting materials to incipient wetness. NaX zeolite (350 

m*/g) and NaY zeolite ('730 m2/g), wereobtained from Applied 

Science and Strem Chemicals respectively. Nickel nitrate, 

3 



N i ( N 0 3 ) 2  6 l t20 ,  ~,'as o b t a i n e d  f r o m  F e r a k ,  B e r l i n  and  c e r i u m  n . i t r a t , :  

hexahydrat~:, Ce{NOa)3 6H20, ~'as from Strem Chemicals. The impreg- 

nated samples were subsequently dried a[ ro,,m teml),yrature for t~¢o 

days and sat in f, ven at I IO°C for several hours l)ef,)re stor,'d in a 

desiccator. The contents of metal or metal ions in each sample 

were shown as the notation of each catalyst, for examplu~ 2-10 Ni- 

Ce/X r(,pres,-nts the x-zeolite supported catalyst with 2 wi% of 

nickel and I0 wt% of cerium. 

The Matheson Purity grade CO (99.99%) was used by passing 

through a molecular sieve (SA) trap for removing the carbonyls. 

Hydrogen gas u'as generated by a hydrogen generator" (.~lark %'. 

L/Milton Roy, USA). High purity argon gas was further purified 

through a multipurge purifier supplied by Miltor, Roy" Co. 

Appara t us and Procedure 

The measurement of the activity/selectivity of each catalyst 

for CO h.vdl-ogenation was carried out in a stead}" state flow-mode 

microreactor system operating at atmospheric pressure with a gas 

flow ,'ate rat.io of H2/CO = 3. The exit Eases were analyzed by a 

on-line Varian 3760 gas chromatograph with a 6 ft. x I/8" poropak 

QS (80-100 mesh) column at II0oC. A FID detector was used. The 

peak areas were determined by a Hewlett Packard 3392A integrator. 

Detailed procedures were as described in Ref [12]. The tempera- 

ture programmed reduction (TPR) profiles were monitored by a ther- 

mal conductivity detector, with a mixed gas stream of argon and 

hydrogen (At/H2 = 4, total flow rate = 22.5 ccm) as a carrier. 

4 



The temperature p r o g r a m m e d  desorption (TPD) o f  h y d r o g o n  was 

carried out in an a,'gon stream (flow rate = 30¢'cm), th,, rat.a[yst 

was previously activated in-situ as the' same proce..dur¢.s for the 

a c t .  i v i  t y  m e a s u r e m e n t s  a n d  o c , , l e d  t o  r o o , n  t.t, mpera t .=~ro  l l r = d e r  a 

h y d r o g e n  t ' l o~e .  

S u r f a c e  a r e a  . o f  e a c h  s a m p l e  v : a s  d e t e r m i n e d  f'c, l l o w i r , g  t h e  BET 

method for N2 adso'rption at 77°K, the data were collected with a 

Mi(:romerit. ics AccuSorb 2100E surface area. analyzer. The x-ray 

diffrat-tion measurement was performed o n  a Rigaku D/Max-]iI dif- 
! 

fraetometer with nickel-filtered Cu-K,, radiation. Particle sizes 

ef metal catalysts were estimated from x-ray line broadening 

measurements using the Sch,.'rrer formula [13]. 

For. the infrared spectroscopic studies, the dried catal~'st 

powder was pressed into a thin self-supporting wafer which was 

placed it, a quartz high-vacuum ]R cell. The cell, in which NaCl 

windows were attached ,to the Cajon Ultra-Torr adapter with Varian 

high vacuum Tort Seal, is capable of achieving a vaciJu.m of I0 -s 

tort and designed so that be easily attached to a vacuum line for 

sample treatments either under af]ow mode or the vacuum condi- 

tions. A thin self-supporting catalyst wafer (20-~0 mg/cm 2 ) was . 

achieved by pressing the dried catalyst po,.'der with%a 20 mm die 

under a pressure of 6 tons. Infrared spectra were taken on a 

Bruker IFS-85 Fourier transform spectrometer. 

X-ray photoelectron spectroscopic (XPS) measurements were per- 

formed on Vacuum Genera] VG200 ESCA spectrometer. 



RESULTS AND DISCUSSION 

Ca ta ij't ic a c" ~ i vi t v/sel ec" t i v i t y for CO h>;dro,~.,~na t i on 

T h e  i n f l u e n c e ,  •I" c e r i u m  c a t i o n s  o n  z e o l i t e  s u p p o r t e d  n i ~ ' k e l  

c a t a l y s t s  f o r  ('~) h y d r o g e n a t i o n  .was  s u m m e r i z e d  i n  T a b l e  1, i n  whic-h 

e a c h  c a t . a l y . ~ t  ~ 'as r~.*du¢.ed in  h y d r o g e n  f l o w  a t  5 0 0 o C  f o r  ;t h o u r s ,  

a n d  t h e  r e a , ' t ,  i t m  t~:mpcratux'e of CO h y d r o g e n a t i o l ~  (~:it.h flc~-" r a t ( '  

r a t i o  o f  }l~/c'() = 3)  ~'as h e l d  a t  3 0 0 0 C .  I t .  i s  c l e a r  t h a t  t h e  

c a t a l y t i c  a c : t i v j t y  o f  z e o l i t e  s u p p o r t e d  n i c k e l  c a t a l y s t s  f o r  CO 

h y d r o g e n a t i o n  was  s i g n i f i c a n t l y  e n h a n c e d  b y  a d d i t i o n  o f  c , , r i u m  

c a t i o n s ,  e x r - e p t  t h a t  o f  5 - 2 . 5  N i - C e / v .  T h e  e n h a n c t . d  r e a c - t i o r l  r a t , :  

o v e r  N i - C e / X  c a t a l y s t s  d u e  t o  t h e  p , - e s e n c e  o f  c e r i u m  a d d i t i v e s  

might be attributed t.o t.he chemical anchoring prt,perties of the 

Ce a' cations for nickel dispersed on zeolite, since the high value 

o f  C e 3 ' / N i  r a t i o  l e a d s  t o  t ' he  h i g h  a c t i v i t y .  A d r a , , ' b a e k  i n  t h e  

a p p a r e n t  ae t .  i v i t y  o f  5 - 2 . 5  N i - -Ce /X  m i g h t  b e  p o s s i b l y  b e c a u s e  t h a t  

a l l  t h e  Ce a '  c a t i o n s  g o t  i n t o  t h e  Sx s i t e s  i n  t h e  h e x a g o n a l  p r i s m  

during the dehydration or reduction processes prior to acting as 

the anchoring sites for nickel as suggested by Delafosse [14], 

The effect of cerium additives on y-zeolite supported nickel 

catalysts was somewhat different: the 5-5 Ni-Ce/Y catalyst ex- 

hibited a better activity than the 5-10 Ni-Ce/Y sample and the 

product selectivities were more significantly shifted to the 

higher molecular weight hydrocarbons. Effects of Ce 3* cations on 

x- and y- zeolite supported nickel were quite different. 

The Ce 3" cations were believed to be able to stabilize the 

6 



n i c k e l  p a r t i c l e s  i n  t i l e  z P . o l i t e  c a v i t i e s  [ 1 5 ] .  T h o  p e r f o r m a n c e  , , f  

N i - C e / x - z e o l i t e ,  p r e p a r e d  b y  i n c i p i e n t - w e t n e s s  i m p r e g n a t ; i o n  i n  t h e  

p r e s e n t  s t u d y ,  s e e m e d  t o  w e l l  d e m o s t r a t e '  t h e  r o l e  o f  Ce 3+ i o n s  a s  

" c h e m i c a l  a n ( - h o r s "  a s  ~ ¢ e l ] .  T h e  h i g h e r  a c t i v i t y  o f  c a t a l . / ' s t s  

w i t h  h i g h e r  C+,/Ni r a t i o  m i g h t  b e  r e s u l t e d  f r o m  a w e l l  d i s p e r s e d  

n i c k e l  p a r t i c l e s  on  i .he  z e o l i t e  s u r f a c e  a s  c h e m i c a l  a n c h o r i n g  

p r o p e r t i e s  o f  Ce a '  c a t i o n s  w e r e  c o n c e r n e d .  But. t h e  N i - C e / y -  

z e o l i t e  s a m p l e s  d i d  n o t  t e l l  t h e  s a m e  s t o r ~ ' .  T h e  n a t u r e  c a t i o n s  

s u c h  a s  Na '  o r  Ca 2+ i n  t h e  z e o l i t e s  o r  t h e  a c ' i d i t y  o f  . t h e  s u p p o r t -  

i n g  m a t e r i a l s  m i g h t  a l s o  h e a v i l y  a f f e c t e d  t h e  c a t a l y t i c  

p r o p e r  t i P s .  

B e ( . a , 3 s e  a SMSI ( S t r o n g  N e t a l - S u p p o r t  I n t , . r a c t i o n )  s t a t e  ~'~,~ 

susp,:ct , 'd  t.(, b e  i n d u c e d  b y  Ce 3 '  a d d i t i v e s  a s  p r o p o s e d  b y  S a u v i o t ,  

e £  a l . [ l | ,  we h a v e  e x a m i n e d  t h e  ~ e a c t i v i t i e s  o f  CO h y d r o g e n a t i o n  

o v e r  t .he  h i g h -  a n d  l o w -  t e m p e r a t u r e  ( 5 0 0 o C  a n d  3 0 0 ° C  r e s p e c t i v e l y )  

r e d u e d  samples. It is interesting to find that the 5-5 N i - C e / : : -  

zeolite sample displayed the reve~'sible phenomenon that the high- 

temperature reduced (HTR) sample exhibited "higher activity as com- 

pared to the low-temperature reduced (LTR) sample. Figure 1 il- 

lustrated the reversibility. This behavior is similar to the per- 

formance of Ni/TiO2 catalysts [11]. This plausible "SMSI"catalyst 

seems only £rue for the Ni-Ce/X system. The reversibility of t;,e 

reactivity for CO hydrogenation did not find over y-zeolite sup- 

ported cerium-containing nickel catalysts. 

It was also noticed that the catalytic activity of the x- 

zeolite supported Ni-Ce catalyst was very much dependent on the 



r e d u c t i o n  t e m p e r a t u r e  o f  t h e  c a t a l y s t ,  w h i l e  t h e  y - z e c ,  l i t e  s u p -  

p o r t e d  c a t a l y s t s  o n l y  sho ,~ed  a s u b t l e  c h a n g e .  The  p r o d u c t  s e l e c -  

t i v i r . y ,  in  b o t h  c a s e s ,  d i d  n o t  g i v e  s i g r ~ i f ' i ¢ ' a n t  chang ,~s  d u e  t o  

v a r i o u s  r e d u c t i o n  t e m p e r a t u r e s .  E x a m p l e s  o f  t h e  e f f e c t  o f  r e d u c -  

t i o n  t e m p e r a t u r e  r ) n  t h e  c a t a l y t i c  a c t i v i t y  o f  t h e  C e - c o n t . a i n i n g  

z e o l i t , ~  s u p p , ~ r t , , d  n i c k e l  c . a t a l y s t s  w e r e  summr, r i z e d  in  T a b l e  2 .  

Chemisorpti~,n o£ hydrog~:n and particle size of nickel 

Tables 3 lists the comparative results obtained from hydrogen 

chemisorption and further analyses thereafter of the characteris- 

tic properties of x- and y- supported nickel-cerium catalysts. 

The metallic Ni dispersion deduced from the H2 chemisorption was 

expressed by the ratio of H/M (M = Ni ° ), which was obtained by as- 

suming one a,?tiv~ surface Ni atom chemisorbed one hydrogen atom. 

The part. icl¢, sizes of the nickel crystallites after the ehemisorp- 

tion measur',,ments were estimated from the powder x-ray diffraction 

pattern of Ni{lll) at 20 = 44.5 ° following the line-broadening 

Scherrer formula [[3]. The total surface area of eztch sample 

listed at the last column was obtained by BET method for nitrogen 

a d s o r p t i o n  at 7 7 ° K .  

In  m o s t  c a s e s ,  t h e  t o t a l  s u r f a c e  a r e a  o f  t h e  c a t a l y s t  w a s  n o t  

a f f e ( : t e d  much by  Ce 3 '  a d d i t i v e s  o r  t h e  h i g h  r e d u c t i o n  t e m p e r a t u * ~ e ,  

e x c e p t  t h e  5 - 1 0  N i - C e  s a m p l e s  w h i c h  s h o w e d  t h e  s i g n i f i c a n ~  d r o p s  

i n  s u r f a c e  a r e a .  Some o f  t h e  z e o l i t e  p o r e s  m i g h t  b e  b l o c k e d  b y  

t h e  Ce 3. c a t i o n s  f o r  t h e  s a m p l e s  w i t h  t h e  h i g h  c o n c e n t r a t i o n  Ce "1' 

c a t i o n s .  A d d i t i o n  o f  Ce 3 '  c a t i o n s  t o  t h e  z e o l i t e  s u p p o r t e d  n i c k -  
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e l s  d i d  n o t  s u p r e s s  t h e  h y d r o g e n  c h e m i s o r p t i o n  a s  i n  t h e  c a s e  o f  

N i / S i O 2  [ 1 6 ] .  The  a m o u m t  o f  h y d r o g e n  c h e m i s o r p t i o n  d o e s  n o t  

l i n e a r l y  r e l a t e  t o  t h e  a c t i v i t y  o f  t h e  c a t a l y s t  f o r  CO h y d r o g e n a -  

t i o n .  B e s i d e s ,  t h e  a m o u n t  o f  H2 c h e m i s o r p t i o n  d i d  n o t  show a s i g -  

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

v a r i e d  f r o m  300 t o  5 0 0 o C .  The  p e r f o r m a n c e  i s  c o m p l e t e l y  n o t  t h e  

c a s e  f o r  t h e  SMSI c a t a l y s t s .  

| t  was t 'olJnd t h a t  t h e  h i g h e r  v a l u e  o ~  h y d r o g e n  c h ~ m i s o r p t i o n  

c o r r e s p o n d e d  t o  t h e  s m a l l e r  Ni c r y s t a l l i t e  s i z e ,  a n d  t h e  d e c r e a s e  

i n  N i p a r t i c l e  s i z e  d u e  t o  t h e  p r e s e n c e  o f  c e r i u m  a d d i t i v e  i s  e v i -  

d e n t .  A c t u a ] l y  i n  m o s t  c a s e s ,  e s p e c i a l l y  w h e n  t h e  r e d u c t i o r ,  t e m -  

p e r a t u r e  was l o w ,  t h e  n i c k e l  p a r t i c ~ e ' s i z e  was  t o o  s m a l l  ( l e s s  

t h a n  ~4n~)  t o  be  d e t e c t e d  by  x - r a y  d i f f r a c t i o n  s p e c t r a .  I n ' t h e  

p r e s e n t  p a p e r ,  we p r e s e n t  t h e  r e s u l t s  o f  t h e  h i g h  t e m p e r a t u r e  

r e d u c e d  s a m p l e s  o f  v a r i o u s  C e / N i  r a t i o s  i n  o r d e r  t o  c l e a r l y  s h o w  

t h e  f u n c t i o n  o f  c e r i u m  a d d i t i v e s  a s  " c h e m i c a l  a n c h o r s "  f o r  t h e  

n i c k e l  p a r t i c l e  d i s p e r s e d  on  z e o l i t e s  a n d  i t s  r e s i s t e n c e  t o  s i n -  

t e r i n g .  I t  was  n o t e d  t h a t ,  f o r  e i t h e r  N i - C e / X  o r  N i - C e / Y  s a m p l e s ,  

t h e  r e d u c e d  5 - 5  N i - C e  s a m p l e s  t e n d e d  t o  s h o w  t h e  l a r g e r  H2 

c h e m i s o r p t i o n  a n d  t h e  s m a l l e r  Ni  p a r t i c l e  s i z e  a s  c o m p a r e d  t o  t h e  

r e d u c e d  5 - 1 0  N i - C e  s h m p l e s .  E x c e s s  Ce 3 .  s e e m s  t o  show a n e g a t % v e  

e f f e c t  on t h e  n i c k e l  d i s p e r s i o n .  T h e  5 - 5  N i - C e / Y  s a m p l e s  e x -  

h i b i t e d  h i g h e r  a b i I i t y  f o r  H2 c h e m i s o r p t i o n ,  b u t  f o r m e d  l a r g e r  

p a r t i c l e  s i z e s ,  a s  c o m p a r e d  t o  t h e  5 - 5  N i - C e / X  s a m p l e s  no m a t t e r  

w h a t  t h e  r e d u c t i o n  t e m p e r a t u r e  w a s .  

T h e  H/M v a l u e s  d e d u c e d  f r o m  H2 c h e m i s o r p t i o n s  may n o t  c o r -  
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rec t ly  represent the mata[lic Ni dispersion due to the possible 

e l e c t r o n i c  e f f e f : t  o f  Ce 3 .  c a t i o n s .  T h e  m e t a l l i c  Ni s u r f a c e  a r e a  

may b e  e s i m a t e d  f r o m  t h e  N i  p a r t i c l e  s i z e  b y  a s s u m i n g  t h a t  t h e  Ni 

c r y s t  a l l i t e s  ~ ' e r e  s p h e r , . . s  a n d  t h a t  a l l  s u r f a c e  a t o m s  a r e  a c c e s -  

s i b l e  a c c o r d i n g  t o  t h e  f o l l o w i n g  e q u a t i o n :  

S (m 2 / g - N i )  = (6 x lO'  ) / [ ( 8 . 9 1  g / c m  3 ) { d ( A ) )  ] 

w~.e re  d i s  t h e  p a r t i c l e  s i z e  i n  A, 8 . 9 1  g/L.m 3 i s  t h e  d e n s i t y  o f  

L ~ e l .  B e c a u s e  I m 2 Ni s u r f a c e  c o r r e s p o n d s  t o  1 . 5 4  x 1019 a t o m s  

o f  Ni [ 1 7 ] ,  t h e  m e t a l l i c  Ni d i s p e r s i o n  i s  t h e n  d e r i v e d :  

Ni d i s p e r s i o n  = 1 0 . 1 1 2 / d ( ~ ) .  

By u s i n g  t h e  p a r t i c l e  s i z e  o f  Ni o b t a i n e d  f r o m  XRD m e t h o d ,  t h e  

c a l c u l a t e d  v a l u e s  a r e  l i s t e d  i n  T a b l e  4 f o r  c o m p a r i s o n .  T h e  a c -  

t i v e  m e t a l l i c  Ni s i t e s ,  o b t a i n e d  e i t h e r  f r o m  t h e  }12 ~ - h e m i s o r p t i o n  

o r  f r o m  t h e  c a l c u l a t e d  m e t a l l i c  Ni d i s p e r s i o n  f r o m  XRD r e s u l t s ,  

w a s  c e r t a , n l y  a f f e c t e d  b y  t h e  c e r i u m  a d d i t i v e s .  

E f f o r t s  h a v e  b e e n  made  t o  u s e  t h e  t u r n o v e r  f r e q u e n c y  (TOF)  t.o 

i n t e r p r e t  t h e  c a t a l y t i c  a c t i v i t y .  T h e  t u r n o v e r  f r e q u e n c y  ~¢as 

d e f i n e d  a s  t h e  n u m b e r  o f  CO m o l e c u l e s  c o n v e r t e d  i n t o  t h e  p r o d u c t s  

p e r  a ~ t i v e - s i t e  p e r  s e c o n d .  R e a c t i v i t i e s  f o r  CO h y d r o g e n a t i o n  

o v e r  v a r i o u s  N i - C e / z e o l i t e  c a t a l y s t s  r e p r e s e n t e d  b y  TOF w e r e  s h o w n  

i n  T a b l e  4 .  C o l u m n  [A] was  c a l c u l a t e d  b a s e d  o n  t h e  H2 c h e m i s o r p -  

t i o n  m e a s u r e m e n t s ,  c o l u m n  [ B ;  was  t a k i n g  t h e  XRD r e s u l t s  a s  t h e  

n u m b e r  o f  a c t i v e  s i t e s .  T h e  d e d u c e d  v a l u e s  o f  TOF w e r e  q u i t e  d i f -  

f e r e n t .  N e i t h e r  o f  t h e  r e s u l t s  was  n o t  a s ,  s t r i g h t f o r w a r d  a s  i n  

t h e  c a s e  o f  N i - C e / S i O a  Jn  w h i c h  t h e  TOF was  i n c r e a s e d  b y  i n c r e a s -  

i n g  t h e  c o n t e n t  o f  c e r i u m  a d d i t i v e s .  H o w e v e r  t h e  TOF o f  v a r i o u s  
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cerium containing supported nickel based on Ni particle size 

(column [BI) showed about the same trend as the "Activity" as 

listed in Table I. It indicated that use of "Activity" as defined 

previously for describing the performance of the Ni-Ce/Zeolite 

catalysts was reasonable and practical. 

Although the nickel digpersion was poor for the impregnated 

samples in this sttldy as compared tq the reported ion-exchanged 

samples, the anchoring abi]ity of Ce a* cations to the nickel dis- 

persion on zeolites and its res[stence to sintering were COll- 

e I uded. 

T e m p e r a t u r e  t, r ogrammed  r e d u c t i o n  (TPR) p r o f i l e s  

F i g u r e  2 s h o w e d  t h e  t e m p e r a t u r e  p r o g r a m m e d  r e d u c t i o n  {TPR) 

p r o f i l e s  o f  h y d r o g e n  f o r  x -  a n d  y -  z e o l i t e  s u p p o r t e d  n i c k e l  and  

c e r i u m - t - o n t a i n i n g  n i c k e l  s a m p l e s .  The  r e l a t i v e  r e d u c i b i l ' i t y  o f  

each catalyst is l_~gible. The diminishing peaks on the high- 

temperature side in the TPR profiles of cerium-containing x- and 

y- zeolite .~upported nickels as compared to those of the bare 

zeolite supported nickels indicated that the reducibility of the 

catalyst was improved due to the presence of cerium" additives. 

The TPR peaks on the high-temperature side might correspond to the 

reduction of the nickle of the S, sites inside the hexagonal 

prisms. As declared by Jean jean et al.[18], there is a competi- 

tion between Ce 3' and Ni 2~ cations to occupy Sz sites duping the 

dehydration process. The presence of Ce a* ions in Sl sites 

prevented the nickel ions getting into the hexagonal prism and 
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s p r e a d e d  on t h e  a c c e s s i b l e  s i t e s  o f  z e o l i t e ,  ~.-hich r e s u l t e d  i n  a 

b e t t e r  r e d l l e i b i l i t y  a n d  a b ~ t t e r  d i s p e r s i o n .  
| 

Tempera ture Programmed Den,)rpt ion of Hydrogen 

F i g u r e  3 e x h i b i t e d  t h e  t e m p e r a t u r e  p r o g r a m m e d  d e s o r p t ,  ic,n 

(TPD) p r o f i l e s  o f  h y d r o g e n  f o r  v a r i o u s  a m o u n t  o f  c e r i ~ m l  ~ : o n t c n t  i n  

N i - C e / x - z e o l i t e  s y s t e m ,  a l l  t h e  s a m p l e s  w e r e  p r e v i o u s l y  r e d u c e d  a t  

5 0 0 " C  f o r  3 - h o u r s .  E x c e p t  f o r  t h e  5 - 2 . 5  Ni- -Ce/X s a m p l e ,  a l l  t h e  

TPD p r o f i l e s  s h o w e d  two  p e a k s .  I t  was  e v i d e n t  t h a t  two  k i n d s  o f  

a c t i v e  s i t e s ,  f r o m  w h e r e  [t2 m o l e c u l e s  w e r e  d e s o r b e d ,  w e r e  c r e a t e d .  

I f  we t o o k  t h e  a r e a  u n d e r  t h e  p e a k s  i n t o  a c c o u n t ,  a v e r y  g o o d  c o r -  

r e l a t i o n  b e t w e e n  t h e  c a t a l y t i c  a c t i v i t y  ( s e e  T a b l e  1) a n d  t h e  p e a k  

a r e a  o f  t h e  TPD p r o f i l e s  was e s t a b l i s h e d ,  i t  ~ . ' i l l  be  a g o o d  e x -  • 

a m p l e  f o r  t h e  5 - 1 0  N i - C e / X  t h a t  t h e  h i g h  a c t i v i t y  c o r r e s p o n d s  t o  

t h e  l a r g e  p e a k  a r e a .  T h e  a m o u n t  o f  t h e  d e s o r b e d  h y d r o g e n  m i g h t  be  

c o n s i d e r e d  t o  be p r o p o r t i ~ n a l  t o  t h e  a c t i v e . '  s i t e s  o f  t h e  c a t a l y s t ,  

a s  w e l l  a s  t h e  n u m b e r  o f  t h e  e f f e c t i v e l y  a c t i v e  s u r f a c e  n i c k e l  

a t o m s .  T h e r e f o r e ,  t h e  Ni d i s p e r s i o n  may be  a l s o  r e p r e s e . n t e d  by  

t h e  p e a k  a r e a  on t h e  TPD p r o f i l e  o f  h y d r o g e n .  The  h i g h  d i s p e r s i o n  

o f  n i c k e l  on  5 - 1 0  N i - C e / X  c l e a r l y  l e d  t o  t h e  h i g h  c a t a l y t i c  a c -  

t i v i t y .  F i g u r e  4 s h o w e d  t h e  t e m p e r a t u r e  p r o g r a m m e d  d e s o r p t i o ,  n 

p r o f i l e s  o f  h y d r o g e n  f o r  t h e  5 - 5  N i - C e / X  s a m p l e s  r e d u c e d  a t  d i f -  

f e r e n t  c o n d i t i o n s .  R e d u c t i o n  o f  t h e  s a m p l e  a t  3 0 0 ° C ,  a l a r g e  

p e a k  a r o u n d  280oC w i t h  a s m a l l  s h o u l d e r  a t  4 6 0 ° C  a p p e a r e d  on  t h e  

TPD p r o f i l e s .  I n c r e a s e  t h e  r e d u c t i o n  t e m p e r a t u r e  t o  4 2 5 ° C ,  t h e  

p e a k  a r e a  o b v i o u s l y  i n c r e a s e d  a n d  t h e  c e n t e r  o f  t h e  s h o u l d e r  p e a k  
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s h i f t e d  t o  660°¢: .  As t h e  r e d u ¢ : t i o n ,  t a k e n  a t  5 0 0 ° C ,  t h e  f i r s t  peak  

d e c r e a s e d  a n d  t h e  s e c o n d  p e a k  a p p e a r e d  c l e a r l y  a r o u n d  .7000(. ̀. • Bo th  

I 

p e a k s  might,  b(. ~ a l l  r e s p o n s i b l e  f o r  t h e  c a t a l y t i c  a c t i v i t y .  

F ig , , re .  5 s h o w s  t h e  TPD p r o f i l e s  o f  h y d r o g e n  f o r  v a r i c ~ u s  

amoun t  o f  c ~ : r i u m - c o n t a i n i n g  y - z e o l i t e  s u p p o r t e d  n i c k e l  s a m p l e s .  

A g a i n ,  ti~e ¢ : o r r e l a t i o n  b e t w e b n  t h e  p e a k  a r e a  o f  t h e  TPD p r ¢ ) f i l e  

and  t h e  v a l , e s  o f  t h e  c a t a l y t i c  a c t i v i t y  o f  . e a c h  c a t a l y s t  i s  

n e a r l y  p e r f e c t .  The h i g h e s t  i n t e n s i t y  o f  t h e  t h e  p e a k  f o r  5 -5  N i -  

(.'e/Y g a v e  t h e  .good e x p l a n a t i o n  o f  i t  b e i n g  t h e  m o s t  a c t i v e  

c a t a l y s t  f o r  ('O h y d r o g e n a t i o n ,  

We h a v e  e s t i m a t e d  t h e  u p p e r  l i m i t  f o r  t h e  h e a t  o f  a d s o r p t ,  i on  

o f  h y d r o g e n  t.o be  6 . 5  and 26 K c a l / m o l e  c o r r e s p o n d i n g  t o  ~.he f i r s t  

and  t h e  s e c o n d  p e a k  o f  t h e  TPD p r o f i l e s  o f  5 - 1 0  N i - C e / X ,  h y - t : ~ k i n g  

t~'o TPD p r o f i l e s  a t  two d i f f e r e n t  h e a t i n g  r a t e ,  B=9OC/min  and 

I 8 o C / m i n  { s e e  f i g u r e  6) a n d  f o l l o w i n g  t h e  m e t h o d  a s  d e s c r i b e d  in 

R e f  [ 1 9 ] .  The two p e a k s  o f  TPD s p e c t r a  m i g h t  b e  c o n s i d e r e d  a s  t h e  

h y d r o g e n  d e s o r b e d  f rom c h e m i s o r b e d  h y d r o g e n  .on s u r f a c e  n i c k e l  p a r -  

t i c l e s  and  t h e  h y d r o g e n  r e l e a s e d  f r o m  t h e  r e a c t i o n s  b e t w e e n  t h e  

s u r f a c e  a t o m i c  Ni an d  t h e  s u r f a c e  h y d r o x y l  g r o u p  o f  t h e  z e o l i t e s ,  

I t  i s  t h e  r e a s o n  t h a t  t h e  p e a k  a r e a  o f  TPD s p e c t r a  a r e  r e s p o n s i b l e  

f o r  t h e  c a t a l y t i c  a c t i v i t y  o f  t h e  n i c k e l  c a t a l y s t s .  P r e c i s e l y  

q u a n t i t a t i v e  a n a l y s i s  i s  s o m e w h a t  d i f f i c u l t  d u e  t o  t h e  s h i f t ~ n g  i n  

b a c k g r o u n d  l i n e  o f  t h e  s p e c t r a .  H o w e v e r  e s t i m a t i o n  o f  t h e  r e l a -  

t i v e  a c t i v e  s i t e s  i s  v e r y  s t r a i g h t f o r w a r d .  

We a l s o  c a r r i e d  o u t  t h e  TPD p r o f i l e  o f  CO w i t h  h e l i u m  a s  a 

c a r r i e r  a t  B = l O ° C / m i n ,  a s i n g l e  p e a k  a p p e a r e d  a r o u n d  6 8 0 ° C .  We 
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b e l i e v e  t h a t  t h e  a d s o r p t i o l i  o f  CO, u s u a l l y  d i s s o e i a t  iv , ,  a d s o r b e d  

on  s u r f a c e  n i c k e l  o r  on t h e  i n t e r f a c e  o f  n i ¢ - k o l  a n d  th,"  s u p p o r t i n g  

t 

o x i d e ,  was t h , '  p r i m a r y  f a c t o r  f o r  CO h y d r o g e n a t i o n .  E f f , : e t  o f  

h y d r o g e n  a d s , ~ r p t i o n  o r  d e s o r p t i o n  on CO h y d r o g e n a t i o n  was  n o t  a s  

s e n s i t i v e  a s  t h a t  f o r  a l k a n e  h y d r o g e n o l y s i s .  H o w e v e r ,  t h e  p r e s e n t  

s t u d i e s  i n d i , . ' . a t e d  t h a t  u s i n g "  t h e  TPD o f  h y d r o g e n  t o  a c c o u r , t  f o r  

t h e  n i c k e l  d i s p e r s i o n  s e e m s  t o  be  q u i t e  s a t i s f a c t o r y .  

Infrared spec'£ra of CO adsorption 

Adsorption of CO was examined by in-situ infrared measure- 

ment. The IR spectra of CD adsorption were quite similar for the 

same supporting material, no matter whether the cerium ions ~'ere 

added. F~gure 7 showed IR spectra of the adsorption of CO on 2-Z 

Ni-Ce/X. It is quite clear that desorption of surf~ice CO is dif- 

ficult at room temperature but possibly at 120°C, besides, the 

ability of re-adsorption of CO insured the stability of the active 

sites which led to the better performance in CO hydrogenation. 

The reversibility of the catalytic behavior as shown Jn figure l 

might be also ascribed to this character. Readsorption of CO onto 

Ni-Ce/Y-zeo]ite was not deteoted. Figure 8 showed the effects of 

Ce 3+ additives on IR spectra of CO adsorption of x-zeolite sup- 

pSrted nickel catalysts under the low pressure of carbon monoxide. 

Figures 8a and 8b were the spectra taking at initial and equi- 

librium states of adsorption respectively. The peak intensities 

were well correlated to the catalytic reactivities for CO 

hydrogenation over various cerium containing Ni-Ce/X-zeolite 

14 



c a t a l y s t s .  Tho w e l l  d i s p e r s o d  Ni ( w i t h  CO a d s o r p t i , * n  p e a k  a r o u n d  

2080 era- '  } a l o n g  I J i t h  t h e  e a s y  m i g r a t i o n  o f  t h ~  b r i d g e d  CO a d s o r p -  

t i o n  f o r m  ( a r o u n d  1950 c m - '  } u-as d e f i n i t e l y  rt ,  s p o n s . i b l e  t o  ',.he 

h i g h  r e a c t i v i t y  o f  t:{) h y d r o g e n a t i o n  o v e r  t h ,  • c o r i . u m  c - o n t . a i n i n g  

z e o l i t e  s u p p o r t e d  n i c k e l  c a t a l y s t .  

Surface composition and the bulk structure 

Figure 9 showed the x-ra.v photoelectron ° [xPS) spectra of 5-5 

Ni-Ce/X and 5-5 Ni-Ce/Y before and after the high temperature 

reduction. Three peaks sho~'n in the XPS spe,:tra in figure 9 cor- 

respond to the presence of photoelectrons of Na (2s), Ni(3p) and 

AI (2p) (from left to right.}. It showed that the ratio of surface 

Ni/AI over tho surface of x-zeolite was higher than the y-zeolite, 

eit:her before or after the reduction. The nickel cations were 

more easily to impregnated or reduced over the surface of x- 

zeolite than over the y-zeolite. The surface composition was 

quite different that more Na* ions appeared on surface of ~'- 

zeolite. Besides, the significant cencentraticn of Ca s* ions were 

detected in x-zeolite samples. No Ca 2. ions were found in y- 

zeolite samples. From the present studies, it was not surprised 

that effect of Ce ~' cations on 5-5 Ni-Ce/Y catalysts resulted in a 

larger H2 chemisorp~ion, larger particle size, and lower catalytic 

activity for CO hydrogenation as compared to the x-zeolite sup- 

ported 5-5 Ni-Ce samples. Effects of cerium additives on zeolite 

supported nickel catalysts were not only dependent on the kind of 

zeolite but also on the nature of cations in the zeolites. 
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T h e  b u l k  s t r u c t u r e s  o f  t h e  r e d u c e d  s a m p l e s  ~ e r e  e x a m i n e d  b y  

X - r a y  d i f f r a c t i o n  s p e c t r o s c o p y .  I n  m o s t  c a s e s ,  t h e  x - r a y  d i f f r a c -  
I 

t i o n  a n a l y s e s  s h o w e d  t h a t  t h e  z e o l i t e  l a t t i c e  was  c r y s t a l -  

l o g r a p h i c a l l y  i n t a c t ,  w i t h o u t  s i g n i f i c a n t  s t r u c t u r e  b r e a k d o t # n  

n e i t h e r  a f t e r  i m p r e g n a t i o n  w i t h  o r  w i t h o u t  Ce 3 '  c a t i o n s  a d d i t i v e s ,  

n o r  a f t e r  r e d u c t i o n  a t  h i g h ' t e m p e r a t u r e .  B u t  a f t e r  t h e  v e r y  h i g h  

t e m p e r a t u r e  r e d u c t i o n ( 7 0 0 ° ) ,  a s  f o r  t h e  TPR o r  TPD s a m p l e s ,  

v a r i o u s  d e g r e e s  o f  s t r u c t u r e  b r e a k d o w n  w e r ~  o b s e r v e d  a c c o r d i n g  t o  

t h e  p r e s e n c e  o f  C e ~ '  c a t i o n s .  F i g u r e s  10 a n d  11 w e r e  t h e  e x -  

a m p l e s ,  p e a k s  c o r r e s p o n d i n g  t o  t h e  220  a n d  311 p l a n e s  a l m o s t  

v a n i s h e d  f o r  t h e  5 - 1 0  N i - C e  s a m p l e s .  F o r t u n a t e l y  t h e  r e d u c t i o n  

a n d  r e a c t i o n  c o n d i t i o n s  w e r e  n o t  h e l d  a t  s u c h  h i g h  t e m p e r a t u r e s .  

CONCLUSION 

Based on the above exper imenta l  r e s u l t s  and d i s c u s s i o n ,  we 

understand that due to the strong electrostatic field of Ce ~4 cat- 

ions, it is conceivable to allow the cerium ions to modify the 

strength of the interaction between nickel and the support 

materials. We conclude that the cerium additive in the non- 

reducible oxide!supported nickel catalysts are possibly either 

work as the chemical anchors to get better metallic nickel disper- 

sion or as an inductor to induce some kind of metal-support inter- 

action which prevented the catalyst from sintering. However, the 

degree of the effect of ~erium additive depends on the nature of 

the supporting materials. 

The different effects of cerium additives on x- and y- sup- 
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p o r t e d  n i c k r l s  ,¢~r,. sugg~ .~ t t .d  to  ~;~ d u e  tc~ thr.  s u p p o r t  a ¢ i , l i l y  and  

t h e  n a t . u r e  :).r c a t i o n s  i u  t h e  z e o ! i t e s .  
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Table l .  Activity and Selectivity of Zeolite Supported Ni Catalysts for CO/~5 Reactions~. 

CATALYST b 
Activity Mole %Product 

(.umoleOO/g-Cat) C, C2: C2 Cs: Cs C, C5 

5 ~rt% Ni /X 9 . 0 5  9 2 . 1 4  0 . 0 4  5 . 6 2  0 . 1 3  1 . 6 0  0 . 4 2  0 . 0 5  
5 - 2 . 5  Ni--Ce/X 1 .73  8 6 : 5 8  0 . 1 8  8 . 0 5  0 . 8 0  3 . 2 7  1 .12 - -  
5 - 5 Ni--Ce/X 17.59 90 .94  0 . 0 1  6.67. - -  1 .97  0 . 4 0  0 .01  
5 - 1 0  Ni-C~/X 32 .27  8 9 . 1 0  0 . 0 4  7 . 5 4  - -  2 . 5 8  0 . 6 0  0 . 1 4  

5 ,,,t~ Ni /Y 4 . 9 0  8 7 . 7 2  - -  5.34" - -  5 . 1 6  1 .78  - -  
5 - 5 N i - Ce /Y  12 .02  6 7 . 7 2  1 . 4 5  18 .27  4 . 6 2  5 . 4 5  3 .01  3 . 7 5  
5 - 1 0  N i - C e / Y  6 . 6 9  : 7 4 . 5 9  1 .01  12 .29  3 . 7 4  4 . 4 7  3 . 0 9  0 .81  

a .  F l o w - r a t e  r a t i o  o f  H2/O0 : 3 a t  a t m o s p h e r i c  p r e s s u r e ;  R e a c t i o h "  Temp. : 300 C. 
b .  Each c a t a l y s t  was r e d u c e d  i n  h y d r o g e n  a t  500oC f o r  3 h o u r s .  

019 



Table 2.  Effect of the re.duction temperaturt" on  tile activity of 
Ni-Ce/zeulite catalysts for CO/H~ r~.actions. 

-6  k-t-.~ i y  ~ t 

Rdn Temp 
5 - 5  N i - C e / X  5 - 5  Ni -Ct'-/Y 

3 0 0 ° C  5 . 4 0  1 0 . 6 5  
3 5 0 ° C  1 6 . 0 9  1 0 . 1 7  
4 2 5 ° C  2 8 . 7 6  1 0 . 2 9  
5 0 0 ° C  1 7 . 5 9  1 2 . 0 2  

* A c t i v i t y  w a ~  e x p r e s s e d  i n  u m o l e  C O / g - c a t a l y s t .  

020 



T a b l e  3 .  S a m p l e  c h a r a c t e r i z a t i o n .  

S a m p l e  Rdn Temp H2 c h e m i s o r p t i o n  P a r t i c l e  S i z e  S u r f a c e  a r e a  
(°C) (H/M) of Ni {nm) (mz/g-Cat) 

5 wt% Ni/X 
~-2.5 Ni-Ce/X 
5- 5 Ni-Ce/X 
5- I0 Ni-Ce/X 

500 .0.026 
0.029 
0 . I 0 1  
0.078 

1 4 . 2  
9 . 7  
5 .1  
9 . 0  

330 
340 
327 
265 

5 wt% N i / Y  
5 -  5 N i - C e / Y  
5 -  10 N i - C e / Y  

500 0 . 0 2 9  
0.  187 
0 . 0 3 0  

13 .1  
9 . 6  

1 2 . 4  

468 
495 
320 

5 -  5 N i - C o / X  425 
350 
300 

0 . 1 0 1  
0 . 1 0 0  
0 . 0 9 9  

5.2 
< 4 
< 4 

338 
335 
320 

5 -  5 N i - C e / Y  425 
350 
300 

0 . 2 0 1  
0 . 1 8 7  
0.  186 

9 . 2  
9 . 5  
9 . 7  

497 
499 
512 

021 



T a b l e  4.  C o m p a r i s o n  o f  Ni d i s p e r s i o n  ur,d TOF f o r  C:O/H2 
r e a c t i o n s  bas,.~d on  t h e  r e s u l t s  o f  CO ¢ : h e m i s o r p -  

i .  
t i o n  [A] al~d XRD p a r t i c l e  s i z e  , . ~ s t i m a t i o n  [ B ] .  

Sampl ,' 

g - ~ t ~ '  N i / \  .... 

5 - 2 . 5  N i - ( ' o / X  
5 -  5 N i - ( ' o / X  
5 -  lO N i - ( ' P / X  

Ni D i s p e r s i o n  

5 ut% N i / Y  
5 -  5 N i - C o / Y  
5 -  10 N i - C e / Y  

T()F 

(s,,,:.sit.e)-' x I0 ~ 

. . . . . . .  L A J  . . . . . . . . . . .  ~ _ .  £ 4 J  . . . .  1 ~ 1 _ _  
0 . 0 2 ~  0 . 0 7 4  9 6 . 8 9  3 4 . 0 4  
0 , 0 2 9  0 , 1 0 4  2 1 . 9 0  6 . 1 !  
O . l O l  0 . 1 9 8  6 5 . 4 4  3 3 . 3 8  
0 . 0 7 8  0 . 1 1 2  1 7 1 . 3 2  1 2 1 . 4 8  

0 . 0 2 9  0 . 0 7 7  4 2 . 3 0  1 5 . 9 3  
0 . 1 8 7  0 . 1 0 5  3 9 . 1 3  6 9 . 6 9  
0 . 0 3 0  0 , 0 8 1  6 7 . 1 5  2 4 . 8 7  
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Figure 2.  Temperature Programmed Reduction Profiles 

for various supported Ni-Ce Catalysts: 

Ar/ll 2 = 4, Flow rate = 22.5 cem, B = 10°C/m. 
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Figure  .3. TPD Profiles of x-zeolite supported samples: 

A: 5 wt~ Ni, B: 5-2.5 NI-Ce, C: 5-5 Ni-Ce, 

D: 5-10 Ni-Ce. 
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Figure 4. TPD profiles of 5-5 NI-Ce/X reduced at 

various temperature. Ar: 30 ccm, B = 

19°C/min. 
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Figure 5. TPD profiles of Y-zeolite supported samples: 

A: 5 wt~ NI, B: 5-10 Ni-Ce, C: 5-5 Ni-Ce. 
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Figure 6. TPD PROFILES OF 5-10 Ni-Ce/X ( Rdn, H2, 500°C, 3 hrs) 
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Figure 9. XPS spectra for 5-5 Ni-Ce catalysts supported 

on X- (a) and Y- (b) zeolites before (l) and 

after (2) high temperature (500fJC) reduction. 
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XRD spectra of x-zeolite and supported 

samples reduced at 700°C : A, x-zeolite; 

B, 5 wt~ Ni/X; C, 5-5 Ni-Ce/X; D, 5-10 

NI-Ce/X. 
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Figure li. XRD spectra of y-zeolite and supported 

samples reduced at 700°C : A, y-zeollte; 

B, 5 wt~ Ni/Y; C, 5-5 Ni-Ce/Y; D, 5-10 
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