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ABSTRACT 

Pd-Ag bimetal l ic  c a t a l y s t s ,  supported on Y - A 1  0 have been evaluated a s  

Mareover, Pd and Ag 

exhaust c a t a l y s t s  for  methanol-fueled vehicles. 
shown t h a t  a 0.01% Pd-5% Ag c a t a l y s t  has grea te r  CO and CH OH oxidation 
a c t i v i t y  than e i t h e r  0.01% Pd or 5% Ag ca ta lys t s  alone. 
i n t e r a c t  synerg is t ica l ly  i n  the bimetall ic c a t a l y s t  t o  produce greater  CO 
and CH30H oxidation r a t e s  and lower yields of methanol par t ia l  oxidation 
products t h a n  expected from a mixture of the single-component ca ta lys t s .  
The Pd-Ag synergism r e s u l t s  from Pd promoting the r a t e  of 0 adsorption and 
react ion with CO and CH OH on Ag. 
c a t a l y s t  is grea tes t  a t  short  reactor residence times where the oxygen 
adsorption r a t e  l i m i t s  the overal l  reaction r a t e .  

2a&ratory s tudies  have 

Rate enhancement by the gimetal l ic  3 

I N T R O D U C T I O N  

Methanol-fueled vehicles d i f f e r  greatly from gasoline vehicles i n  t h e i r  
exhaust charac te r i s t ics .  Major differences include the absence of s u l f u r  i n  
methanol exhaust and much lower exhaust temperatures associated w i t h  
methanol vehicles.  The l a t t e r  provides impetus for  developing c a t a l y s t s  
t h a t  a r e  e f f e c t i v e  for low-temperature CO and CH OH oxidation. 3 

T h i s  s t u d y  is par t  of a continuing e f f o r t  in our laboratory t o  develop 
c a t a l y s t s  s p e c i f i c a l l y  for methanol-fueled vehicles.  We begin by reviewing 
our previous r e s u l t s  obtained wi th  single-component c a t a l y s t s .  Those 
experiments suggested the use of bimetall ic c a t a l y s t s ,  and t h i s  paper 
focuses on r e s u l t s  obtained w i t h  a bimetall ic Pd-Ag/Y-Al 0 ca ta lys t .  2 3  

EXPERIMENTAL PROCEDURE 

Reactor System 

I The reactor  and experimental methods were ident ica l  t o  those employed 
previously [ I ]  and a r e  only b r i e f l y  reviewed here. A schematic diagram of 
t h e  apparatus is shown i n  F i g .  1 .  The reactor was a 2.5 cm 0.d.  quartz tube I 
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housed i n  a s ing le -zone  f u r n a c e .  The feed g a s e s  pas sed  downward th rough  the  
r e a c t o r  and s e q u e n t i a l l y  c o n t a c t e d  stacked l a y e r s  o f  ( 1 )  q u a r t z  beads  ( f o r  
p r e h e a t i n g  and f e e d ) ,  ( 2 )  the  c a t a l y s t  p e l l e t s ,  and ( 3 )  q u a r t z  wool ( f o r  
s u p p o r t i n g  the  c a t a l y s t  and q u a r t z  b e a d s ) .  Temperatures  were measured w i t h  
a ch romel -a lum1  thermocouple p o s i t i o n e d  a l o n g  the r e a c t o r  c e n t e r l i n e  w i t h  
its t i p  l o c a t e d  i n  t he  c a t a l y s t  bed a few millimeters below t h e  t o p  of t h e  
bed. 

Catalyst  a c t i v i t i e s  and s e l e c t i v i t i e s  were compared u s i n g  three feeds: 
( 1 )  0.2% CH OH,  1 %  0 2’ b a l a n c e  He; ( 2 )  0.2% CO,  I %  0 2’ b a l a n c e  He; and 3 ( 3 )  0.2% CH 27, 0.2% C O ,  1 %  0 , b a l a n c e  He. 
was 52,000 ?I 

The space v e l o c i t y  i n  most r u n s  
(volume b a s i s ; 2 s t a n d a r d  c o n d i t i o n s ) .  

The p roduc t s  were ana lyzed  p r i n c i p a l l y  w i t h  a Varian 6000 gas chromato- 
g r a p h  equipped with b o t h  flame i o n i z a t i o n  and thermal c o n d u c t i v i t y  d e t e c t o r s  
c11. 

C a t a l y s t s  

A l l  c a t a l y s t s  were suppor t ed  on 3.5 mm diameter Y-alumina beads from the  
same - l o t  (Grace Chemical Co., 110 m2 g-l BET su r face  area, 0.5 g 
cm a p p a r e n t  b u l k  d e n s i t y ) .  

The most n o t a b l e  p r e p a r a t i v e  aspect o f  o u r  ear l ie r  work i n v o l v i n g  a 
comparison o f  P t ,  Pd ,  Rh, Ag, and Cu-Cr c a t a l y s t s  was tha t  the  n o b l e  metals 
P t ,  Pd, and Rh were prepared and tes ted under c o n d i t i o n s  o f  e q u a l  numbers of 
exposed atoms and i d e n t i c a l  s u r f a c e  impregna t ion  p r o f i l e s  C11. I n  the  
subsequen t  comparison of  Pd,  Ag and Pd-Ag c a t a l y s t s ,  t h e  t e c h n i q u e s  o u t l i n e d  
below were employed t o  a c h i e v e  a uniform d i s t r i b u t i o n  o f  Pd and Ag through- 
o u t  t h e  i n t e r i o r  o f  t h e  pe l le t s .  

Impregnat ions were made from aqueous,  minimum volume s o l u t i o n s  o f  t h e  
metal s a l t s  - Pd(NH 1 4 ( N 0  I 2  and AgN03. 
d r i e d  f o r  12 h a t  raom te2peratur-e .  
i n  f lowing a i r  t o  773 K where they  were h e l d  f o r  4 h. 

The impregnated c a t a l y s t s  were 
The ca t a lys t s  were s u b s e q u e n t l y  heated 

The bimetall ic 0.01% Pd-5% Ag ca ta lys t  was p r e p a r e d  s e q u e n t i a l l y ;  t h e  
alumina s u p p o r t  was f irst  impregnated w i t h  A g N O  d r i e d ,  and c a l c i n e d  as 
o u t l i n e d  above,  and t h e n  t h e  same p rocedure  was r e p e a t e d  f o r  t h e  Pd ammine 
salt. 

3’ 

The 0.01% Pd c a t a l y s t  has a d i s p e r s i o n  of 42% as measured by s t a t i c  
c h e m i s o r p t i o n  a t  308 K ,  assuming a s t o i c h i o m e t r y  o f  one CO molecule  p e r  
exposed Pd atom. 
as  measured by 0 chemiso rp t ion  u s i n g  t e c h n i q u e s  similar t o  t h o s e  o f  Vannice 
and co-workers E $ ,  31. 
bimetal l ic  c a t a l y s t  were u n s u c c e s s f u l  owing t o  d i f f i c u l t i e s  i n  r e p r o d u c i b l y  
d i s t i n g u i s h i n g  the  small amount o f  i r r e v e r s i b l y  adsorbed CO a s s o c i a t e d  w i t h  
the  Pd from t h e  l a rge ‘amoun t  o f  r e v e r s i b l y  adso rbed  CO a s s o c i a t e d  w i t h  t he  
Ag . 

The d i s p e r s o n  o f  t h e  a i r - c a l c i n e d  5% Ag c a t a l y s t  was 27% 

At tempts  t o  measure Pd-atom d i s p e r s i o n  i n  t h e  
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RESULTS AND DISCUSSION 

Methanol and CO Oxidation over Se lec ted  Cata lys t s  

Figure 2 shows steady-state methanol conversions and product y i e l d s  as a 
func t ion  of temperature  f o r  the P t  c a t a l y s t .  The P t  c a t a l y s t  was extremely 
a c t i v e  and oxidized methanol even a t  room temperature. CO , methyl  formate 
( C H  O C H O ) ,  and H CO were the only carbon-containing producgs. 
f o r i a t e  was the  p r i n c i p a l  product a t  low temperatures ,  bu t  was replaced by 
C02 a t  temperatures  above 350 K. 

CO t o  the f eed ,  as  shown in  Fig. 3. S ign i f i can t  conversion of methanol was 
not observed below 450 K ;  moreover, me thy l  formate was no longer  formed. 

Methyl 2 

Methanol conversion and s e l e c t i v i t y  were both g r e a t l y  a f f e c t e d  by adding 

S imi l a r  CH OH ox ida t ion  experiments were carried out  over t he  Pd,  Rh, 
Ag, and Cu-Cr J a t a lys t s  both i n  t he  presence and absence of CO. 
par i son  of c a t a l y s t  a c t i v i t i e s  is shown in Fig. 4. Three conversion ve r sus  
temperature  p r o f i l e s  are  shown f o r  each c a t a l y s t :  ( 1 )  methanol conversion 
in  a feed conta in ing  CH OH and O2 ( s o l i d  cu rve ) ,  ( 2 )  methanol conversion i n  
a feed conta in ing  CH O H ,  CO,  and 0 (dash-dot-curve) and ( 3 )  CO conversion 
in  a feed conta in ing  CO and O2 (dogted curve) .  
metal c a t a l y s t s ,  P t  and Pd, con t r a s t ed  with t h a t  of t h e  base metal 
ca ta lys t s ,  Ag and Cu-Cr.  CH OH ox ida t ion  was s t rong ly  i n h i b i t e d  over t h e  P t  
and Pd ca ta lys t s  by t h e  addiz ion  of CO t o  t h e  feed.  T h i s  is demonstrated by 
t h e  100-150' s h i f t  of t h e  CH OH conversion p r o f i l e s  t o  h igher  temperatures 
i n  t h e  presence of added C 0 . 3  Addi t ional ly ,  t h e  -- CH OH conversion p r o f i l e s  
observed in  t h e  presence of CO superposed almost e a a c t l y  on t h e  CO ox ida t ion  
p r o f i l e s ,  i nd ica t ing  t h a t  CH O H  ox ida t ion  is t o t a l l y  dominated b y C 0  
ox ida t ion  on t h e  P t  and Pd c J t a l y s t s .  T h i s  is not  unexpected given t h a t  CO 
adsorbs  much more s t r o n g l y  on P t  and Pd s u r f a c e s  than CH OH C4-73, and CH OH 
cannot adsorb and r e a c t  u n t i l  temperatures a re  reached wAere CO begins  t o  
desorb.  

A com- 

3 
3 The behavior of t h e  noble 

3 

In c o n t r a s t  t o  P t  and Pd, CO chemisorption on Ag and Cu-Cr catalysts  is 
v e r y  weak C8-141. Consequently, CO ox ida t ion  a c t i v i t i e s  of the Ag and Cu-Cr 
c a t a l y s t s  a r e  poor compared t o  P t  and Pd. Because of t h e  weak CO 
adso rp t ion ,  however, adsorp t ion  and r eac t ion  of  CH OH are  no t  i n h i b i t e d  by 
CO a s  in  t h e  case  of t h e  noble metal c a t a l y s t s .  
vers ion  p r o f i l e s  shown f o r  the Ag and Cu-Cr c a t a l y s t s  i n  F ig .  4. are 
v i r t u a l l y  unaf fec ted  by the  presence of CO. 

T$us, the  methanol con- 

Motivations f o r  U t i l i z i n g  Bimeta l l ic  Cata lys t s  

Comparison of t h e  CH30H ox ida t ion  data  of Figs. 4a and 4d ,  f o r  t h e  P t  
and Ag c a t a l y s t s  r e s p e c t i v e l y ,  i nd ica t e s  t ha t ,  i n  t h e  presence of CO, CH30H 
ox ida t ion  proceeds more r e a d i l y  on t h e  Ag ca ta lys t  a t  low temperatures  t h a n  
on t h e  P t  c a t a l y s t .  This comparison is shown more c l e a r l y  i n  Fig.  5 where 
t h e  methanol conversion p r o f i i e s  obtained in  t h e  presence ef CO w e  p l o t t e d  I 

I 
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t oge the r .  
r e g i o n ) ,  bu t  t h e  curves c r o s s  a t  h igh  tempera tures .  
o b s e r v a t i o n s  Suggest  t h a t  a bimetal l ic  c a t a l y s t  c o n t a i n i n g  Ag i n  combinat ion 
wi th  e i the r  P t  or Pd would show bet ter  CH OH o x i d a t i o n  a c t i v i t y  ove r  the 
f u l l  r ange  of  t empera tu res  i n  au tomot ive  Sxhaus t  t h a n  either Ag, P t ,  o r  Pd 
c a t a l y s t s  a lone .  

The Ag c a t a l y s t  i s  more a c t i v e  a t  low tempera tures  (hashed 
Together ,  t h e s e  

A bimetall ic c a t a l y s t  such as Pd-Ag might a l s o  prove t o  be a more 
e f f i c i e n t  low-temperature CO o x i d a t i o n  c a t a l y s t  t h a n  the  r e s p e c t i v e  s i n g l e -  
component c a t a l y s t s .  The basis  for t h i s  s u g g e s t i o n  is shown c o n c e p t u a l l y  i n  
Fig.  6 .  A t  low t e m p e r a t u r e s ,  CO o x i d a t i o n  rates are  low on Pd c a t a l y s t s  
because o f  t he  h i g h  surface coverage of CO which p r e v e n t s  O2 a d s o r p t i o n .  Ag 
r e p r e s e n t s  t h e  o t h e r  extreme;  CO i n t e r a c t s  o n l y  weakly w i t h  Ag t h u s  i ts  
s u r f a c e  coverage is low. A ca ta lys t  c o n t a i n i n g  Pd and Ag, i n t i m a t e l y  mixed 
i n  bimetal l ic  c r y s t a l l i t e s ,  might promote CO o x i d a t i o n  by e f f e c t i n g  more- 
uniform s u r f a c e  c o n c e n t r a t i o n s  o f  CO and a tomic  oxygen t h a n  c a n  b e  o b t a i n e d  
w i t h  e i ther  Pd o r  Ag a l o n e .  

Design of a Pd-Ag C a t a l y s t  

A Pd-Ag/Al 0 c a t a l y s t  was p repa red  u t i l i z i n g  a s t r a t e g y  des igned  t o  2 disperse small a i o u n t s  o f  Pd ove r  much larger amounts o f  Ag. 
was 5% by we igh t .  This l o a d i n g  was chosen because ,  as shown i n  Fig.  7 ,  CO 
c o n v e r s i o n  a c t i v i t y  was found t o  depend s t r o n g l y  on Ag l o a d i n g .  I n  
c o n t r a s t ,  CO conve r s ion  a c t i v i t y  over  Pd ca t a lys t s  ( F i g .  8)  d i d  n o t  depend 
s t r o n g l y  on load ing  under t he  c o n d i t i o n s  o f  o u r  s t u d y .  Thus a low l o a d i n g  
o f  0.01% w a s  chosen and uniform impregnation techniques  were employed t o  
h i g h l y  d i s p e r s e  t h e  Pd and t h e r e b y  avo id  t h e  f o r m a t i o n  o f  segregated Pd 
par t ic les .  

The Ag l o a d i n g  

Details of t h e  methanol  o x i d a t i o n  behav io r  o f  t h e  bimetall ic c a t a l y s t  
have been r e p o r t e d  elsewhere C151. The a c t i v i t y  character is t ics  and 
s e l e c t i v i t y  p a t t e r n s  conf i rm t h a t  t he  p r e p a r a t i v e  t e c h n i q u e s  o u t l i n e d  above 
produce a c a t a l y s t  where e s s e n t i a l l y  a l l  of the Pd is p r e s e n t  i n  bimetal l ic  
c r y s t a l l i t e s  r a t h e r  t h a n  as s e g r e g a t e d  Pd p a r t i c l e s .  

CO Ox ida t ion  over the Pd-Ag C a t a l y s t  

The CO o x i d a t i o n  a c t i v i t y  o f  t h e  0.01% Pd-5% Ag c a t a l y s t  was compared t o  
the CO o x i d a t i o n  a c t i v i t i e s  o f  0.01% Pd and 5% Ag ca t_? lys t s  a l o n e .  
shows data ob ta ined  a t  a s p a c e  v e l o c i t y  o f  195,000 h . A t  t e m p e r a t u r e s  
below 500 K ,  t h e  Pd-Ag c a t a l y s t  showed h i g h e r  CO c o n v e r s i o n s  t h a n  e i the r  o f  
t h e  single-component ca ta lys t s .  Moreover, the  shape of t h e  c o n v e r s i o n  ve r sus  
t e m p e r a t u r e  p r o f i l e  c l o s e l y  resembled tha t  o f  the  Ag c a t a l y s t ,  which 
s u g g e s t s  t h a t  the  r o l e  of Pd i n  t h e  bimetall ic c a t a l y s t  is t o  promote CO 
o x i d a t i o n  on Ag. 

F i g .  9 

CO o x i d a t i o n  was a l s o  examined a t  a s p a c e  v e l o c i t y  o f  52,000 h-’, and 
re  u l t s  are shown i n , F i g .  10. I n  c o n t r a s t  t o  the  da ta  o b t a i n e d  a t  195,000 
h , t h e  Pd-Ag c a t a l y s t  showed enhanced c o n v e r s i o n  r e l a t i v e  t o  t h e  Ag 
c a t a l y s t  o n l y  a t  t e m p e r a t u r e s  above -450 K. 

-? 
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Mechanism o f  Pd Promotion of  t h e  Ag Catalyst 

The a d d i t i o n  of Pd t o  t h e  Ag c a t a l y s t  has an effect  t h a t  is similar t o  
This can be  inc reas ing  the  feed  oxygen concen t r a t ion  over an Ag c a t a l y s t .  

seen  by comparing F i g s .  10  and 1 1 .  I n  Fig.  1 1 ,  CH OH ox ida t ion  data a r e  
shown f o r  a 2% Ag/A120 catalyst  a t  two oxygen conJen t r a t ions .  
t empera tures ,  CH OH CoJversions are  v i r t u a l l y  i d e n t i c a l ,  i n d i c a t i n g  t h a t  
t h e  ra te  o f  O2 sapply is no t  a l i m i t i n g  f ac to r .  
400 K ,  however, the curves d iverge .  CH OH conversion is g r e a t e r  i n  t h e  1 %  
0 feed than  i n  t h e  0.25% O2 feed, as eapected under cond i t ions  where t h e  
o v e r a l l  r e a c t i o n  ra te  inc reases  t o  t h e  point  where the  supply o f  oxygen 
becomes a rate-determining s t e p .  S ince  the  same Q u a l i t a t i v e  behavior  is 

A t  low 

A t  temperatures  above 

2 

observed i n  
10 the  d a t a  
cat a l y s t  is 
on the Ag. 

F i g .  12 
experiments  
0.01% Pd-5% 

comparing CO ox ida t ion  over t h e  Pd and Pd-Ag ca t a lys t s  i n  Fig. 
suggest  t h a t  t h e  e f f e c t  of adding small amounts of  Pd t o  an Ag 
t o  i n c r e a s e  t h e  ra te  of O2 adsorpt ion and subsequent r e a c t i o n  

shows r e s u l t s  of  temperature-programmed ox ida t  ion ( T P O )  
c a r r i e d  out  over pre-reduced samples of t h e  0.01% Pd, 5% Ag, and 
Ag catalysts .  The TPO experiments provide a d d i t i o n a l  evidence 

t h a t  t h e  r o l e  of Pd i n  the  b i m e t a l l i c  c a t a l y s t  is t o  inc rease  t h e  ra te  of 0 
adso rp t ion  and r e a c t i o n  on Ag. No 0 
c a t a l y s t  due  t o  t h e  v e r y  low metal  foading (any O2 uptake a s s o c i a t e d  w i t h  
t h e  0.01% Pd ca ta lys t  would have been below t h e  s e n s i t i v i t y  of t he  thermal 
conduc t iv i ty  d e t e c t o r s  employed i n  t h e  TPO appa ra tus ) .  However, t he  Pd-Ag 
ca ta lys t  showed g r e a t e r  rates o f  O2 uptake than  t h e  Ag ca ta lys t  a lone  a t  
temperatures below 600 K. 
i n d i c a t e s  t h a t  Pd enhances t h e  r a t e  of  O2 adso rp t ion  on the Ag, s i n c e  as 
noted p rev ious ly ,  any uptake a s s o c i a t e d  with Pd was below t h e  limits o f  
d e t e c t a b i l i t y .  T h i s  obse rva t ion  is c o n s i s t e n t  wi th  the r e l a t i v e l y  h igh  
s t i c k i n g  p r o b a b i l i t i e s  r epor t ed  f o r  d i s s o c i a t i v e  0 chemisorpt ion on Pd 
s u r f a c e s  ( s  -10°~&161)4compared t o  t h e  extremely ?ow va lues  r epor t ed  f o r  Ag 
s u r f a c e s  (so = 10 -10- C17, 181).  

adsorp t ion  was observed on the 0.01% P g  

The enhanced u p t a k e  r a t e  o f  t h e  Pd-Ag ca ta lys t  

0 

I SUMMARY 

Although a s y n e r g i s t i c  i n t e r a c t i o n  between Pd and Ag has been achieved 
i n  t h i s  s tudy ,  t he  enhanced rates of  CO and CH OH o x i d a t i o n  result  from Pd 
promoting the  rate of O2 adsorp t ion  and r e a c t i a n  on Ag, rather than from a 
b i f u n c t i o n a l  mechanism. 

In  o t h e r  words, our data  sugges t  t h a t  both CO and CH OH ox ida t ion  occur  3 n e a r l y  exc lus ive ly  on Ag i n  the  b ime ta l l i c  c a t a l y s t  w i t h  t h e  r o l e  of  Pd 
being t o  supply oxygen atoms a t  a ra te  greater than t h a t  of  d i r ec t  
d i s s o c i a t i v e  0 adsorp t ion  on Ag c rys ta l l i t es .  T h i s  is i n  c o n t r a s t  t o  t he  
s i t u a t i o n  depic ted  in  Fig. 6 ,  where the  synergism would resul t  from 
adso rp t ion  of  CO and Ag on the  d i f f e r e n t  metal components i n  c l o s e  
proximity . 

2 
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Thus, i n  t h i s  s tudy ,  t he  b i m e t a l l i c  c a t a l y s t  shows i ts  g r e a t e s t  r a t e  
enhancement r e l a t i v e  t o  the  single-component ca ta lys t s  under cond i t ions  
where the  sur face  r eac t ions  are f a s t  re la t ive  t o  t h e  r a t e  of  0 adsorp- 
t i o n .  These a re  not t h e  condi t ions  t h a t  would ob ta in  i n  a low-temperature 
C02 l a s e r  app l i ca t ion .  
adsorbed atomic oxygen would l i k e l y  be r a t e - l i m i t i n g ,  and mul t ime ta l l i c  
c a t a l y s t s  t h a t  adsorb CO and O2 independently on ad jacen t  s i t e s  would appear 
t o  o f f e r  the  g r e a t e s t  r a t e  enhancement. 
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METHANOL OXIDATION REACTOR SYSTEM 

I CO and Other Species 
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Figure 1. Schematic diagram of reactor  apparatus. 
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Figure 2. S t e a d y - s t a t e  methanol  c o n v e r s i o n s  and p r o d u c t  y i e l d s  a s  a f u n c t i o n  
of t e m p e r a t u r e  ove r  a 0.054 w t %  P t / A l  0 c a t a l y s t .  
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Figure 3. S t e a d y - s t a t e  methanol c o n v e r s i o n s  and p r o d u c t  y i e l d s  as a f u n c t i o n  

o f  t e m p e r a t u r e  o v e r  a 0.054 w t %  P t / A 1  0 The expe r imen t  
was i d e n t i c a l  t o  t h a t  of F ig .  2 excepg zha t  0.2% CO was added t o  
t h e  feed. 

c a t a l y s t .  
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Figure  4. A comparison of conversion versus  temperature  d a t a  obtained over ( a )  
0.054 w t %  P t ,  (b) 0.034 w t %  Pd, ( c )  0.026 w t %  Rh, ( d )  1.92 w t %  Ag, 
and ( e )  4 w t %  Cu-2 w t %  C r  a l l  supported on Y-A1 0 . For each 
c a t a l y s t  we show conversion v s  temperature da ta2 fa r  f eeds  con- 
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Figure 5. A comparison of methanol c o n v e r s i o n s  o v e r  2 w t %  Ag and 0.054 w t %  
P t  c a t a l y s t s  as a f u n c t i o n  o f  t e m p e r a t u r e .  
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LOW-TEMPERATURE CO OXIDATION 

Figure 6. A conceptual representation of surface coverages of adsorbed 
species expected for  CO oxidation on alumina-supported Pd, Ag, and 
Pd-Ag ca ta lys t s  a t  low temperatures. 
would b e  expected t o  r e s u l t  in a more uniform surface mixture of 
CO and 0 than e i the r  of the single-component ca ta lys t s .  
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Figure 7. Effect of loading on Ag/Y-AI 0 ca ta lys t  CO oxidation ac t iv i ty .  2 3  
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Figure 8. Comparison o f  CO o x i d a t i o n  a c t i v i t i e s  o f  two Pd/Y-Al 0 ca ta lys t s .  
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Figure 9 .  Conversion as  a f u n c t i o n  o f  t e m p e r a t u r e  for CO o x i d a t i o n  a t  

195,000 h-' ove r  0.01 w t %  P d ,  5 w t %  Ag, and 0.01 w t %  Pd-5 w t %  Ag 
alumina-supported c a t a l y s t s .  
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Figure 10. Ccqversion as a function of temperature for  CO oxidation a t  52,000 

h over 0.01 w t %  Pd, 5 w t %  Ag, and 0.01 w t %  Pd-5 w t %  A g  alurnina- 
supported ca ta lys t s .  
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Figure 11. Effect of feed 0 concentration on CH OH conversion p r o f i l e s  
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Figure 1 2 .  Temperature-programmed o x i d a t i o n  p r o f i l e s  f o r  pre-reduced samples  

of 0.01 w t %  Pd,  5 w t %  Ag, and 0.01 w t %  Pd-5 wt% Ag c a t a l y s t s .  
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