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Scope of t h e  I n v e s t i g a t i o n  

. . 
This  p'rogram, which began Sept .  1, '1977, .has  had f o u r  major o b j e c t i v e s :  

1) t o  examlne t h e  e f f e c t  o f  metal-&upport  i n t e r a c t i o n s  and mktal  c r j s t a l l i t e  

s i z e  on t h e  s t a t e  of adso rp t ion ,  on a c t i v i t y . ,  and on s e l e c t i v i t y  i n  t h e  CO 

hydrogenat ion r e a c t i o n ;  ' '  2) t o .  b e t t e r  understand t h e  chemical n a t u r e .  of t h e s e  

e f f e c t s  u s ing  c h e m i ~ o r ~ t i o n ,  . . x-ray ,' TEM, k i n e t i c  a n a l y s i s ,  and i n £  r a r e d  spec t ro-  

scopy.; ' 3) t o  s e e  i f  a  c o r r e l a t i o n  e x i s t s  between c a t a l y t i c  behavior  and , ' . 

dhanges i n  t h e  s u r f a c e  . spec i e s  de t ec t ed  under r e a c t i o n  c o n d i t i o n s ;  and . 4 )  t o  

, ' .  . u l t i m a t e l y  develop improved Fischer-Tro-psch s y n t h e s i s  c a t a l y s t s .  , . 

To dat.e,  the.  emphasis has  been or i .  t h r e e  meta l s  -- P.t ,  Pd, and N i  -- 

. .  bec iusd  a l l  t h r e e  have provided evidence;  i r i d i ca t i ng  s e n s i t i v i t y .  t o  a  metal- .  . ; ' 

suppor:t i n t e r a , c t i on ' . o r  a  c r y s t a l l i t e  s i z e  e f f e c t  ( I -? ) .  A s t i r i e s  of supported 

c a t a l y s t s  was prepared from each of t h e s e  meta l s  us ing  alumina,  s i l i c a ,  s i l i c a -  

alumina, t i t a n i a  and carbon. These c a t a l y s t s  have been thoroughly c h a r a c t e r i z e d  

by H 2 ,  CO,  and 0 chemisorpt ion,  t h e  0  -H t i t r a t i o n  r e a c t i o n , '  and x-ray . l i n e  
2  2 2  

. . 

.broadening. . I n  . a d d i t i o n ,  t ransmiks ion  e l e c t r o n  microscopy (TEM) has  been 

u t t l i z e d  t o  d i r e c t l y  deferm5ne p a r t i c l e  s i z e  d i s t r i b u t i o n s  i n  t h e  fami ly  of '  . 

n i c k e l  c a t a l y s t s ,  w i th  s p e c i a l '  emphasis beirlg p laced  on t h e  NiITiO c a t a l y s t s .  2 - 
. . 

We'have s u c c e s s f u l l y  designed arid b u i l t  a  unique I R  c e l l / r e a c t o r  

which o p e r a t e s  a s  a  s ing l e -pas s ,  d i f f e r e n t i a l :  r e a c t o r .  This  u n i t  ha s  been 
. . 

descr ibed  i n  d e t a i l  i n  t h e  l i t e r a t u r e ( 3 ) .  ~d f a r ,  e l even ,  d i f f e r e n t  P t  ca ta -  
. . 

l y s t s  and twelve- d i f f e r e n t  Pd c a t a l y s t s  have been s t u d i e d  i n  t h i s -  program, 

and a l l  :metal/supp,ort combinations have been c h a r a c t e r i z e d  i n  t h e  i r  c e l l  

except  t hose  on carbon. K i n e t i c  r e s u l t s  ob ta ined  i n  t h i s  I R  c e l l ' l r e a c t o r  

have been v e r i f i e d  and reproduced i n  a  s e p a r a t e  r e a c t o r  sys t em. inco rpo ra t i ng  



a d i f f e r e n t i a l ,  p l u g - f l o w . r e a c t o r  which u s e s  t e n  t imes  t h e  amount of c a t a l y s t . ,  

These sys tems and o u r  r e s u l t s  a r e  d i s c u s s e d  i n  t h e  n e x t  s e c t , i o n .  These P t ,  

and Pd c a t a l y s t s  have been s t u d i e d  and t h e  i n f l u e n c e o f  S i 0 2 ,  A1203, Si02- 

A 1 2 0 3 ,  and T i 0  on CO a d s o r p t i o n  h a s  been d e t e r m i n e d  u s i n g  t h e  un ique  I R ,  
2  . . 

c e l l  des igned  f o r '  t h i s .  program.. T h i s  . c e l l  o p e r a t e s .  a s  a  . s ingle- .pass  . d i £ f  er- 

c n . t i a l  s t e a d y - s t a t e  reactor, p r o v i d e s  i n .  s i ' t u  p r e t r e a t m e n t  c a p a b i l i t y ,  and 

a l l o w s  . i r  s p e c t r a  and k i n e t i c  d a t a  t o  b e  &ti f ained s i m u l t a n e o u s l ~  (3) . A l l  , . 

c a t a l y t i c .  r e s u l t s  were  v e r i f i e d  by repea t i f ig  t h e  k i n e t i c  r u n s  . i n  a  s t eady-  
. . .  . . 

k t a t e  m i c r o , r e a c t o i  sys tem.  which u t i l i z e s  t e n .  t imes , .  t h e .  q u a n t i t y  o,f c a t a l y s t .  
. . 

The i r  . s p e c t r a  .under ' r eac t ' ion  c o n d i t i o n s  fiave been v e r y ,  i n f o r m a t i v e ,  q u i t e  

. s u r p r i ~ i n g ,  and have f o r c e d  u s  t o  c o n s i d 6 r  new k i n e t i c  models of t h e  'metha- 
. . 

n a t i o n  r e a c . t i o n  .on P t  and ~d because  of . t h e  absence  o f .  l a r g e  ' q u a n t i t i e s  of 

. . 
adsorbed CO.on. T i 0  -supported P t  and Pd. :This mode l l ing  work is  p r e s e n t l y  2 

underway. . . 

. . 

. .  . . . 
S i g n i f i c a n t  ~ e s u i t s  . . . . . ,  

' .  p l a t i n u m  and p a l l a d i u m  s u p p o r t e d  dn f o u r . d i f f & r e n t  o x i d e  m a t e r i a l s  -- 
. . 

S i 0 2 ,  A1203, SiO -A1 0 and TiO. -- have been s t u d i e d  i n  dep th .  D i f f e r e n t  
2 . 2 3 '  2  . . 

., p r e p a r a t i v e ,  t e c h n i q u e s  were  u t i l i z e d  t o  v a r y  .metal p a r t i c l e  size and c h a n g e  

t h e  i t a t ' e  of t h e ' m e t a l .  For  example, P t  ahd Pd d e p o s i t e d  on T i 0  . a n d ' r e d u c e d  . 
2 . . 

a t  low tempera tu res  (175-200°C) e x h i b i t  norinal a d s o r p t i o n  'behav ior ,  whereas  . .  . 

t h e s e  same c a t a l y s t s  reduced a t  a .  h i g h  teniperature  (500°C).' t r a n s f o r m  i n t o  an  
. . . . 

, SMS-I (S t rong  ~ e t a l - S u p p o r t  ~ ' n t e r a c t i o n )  ski te  and chemisorp t ion  'becqmes 

' g r e a t l y r e d u c e d ' 4 ) .  ~ 6 t h  f r e s h  and u s e d  samples w e r e  c h a r a c t e r i z e d  by H 2 ' 

and CO c h e m i ~ o r ~ t i o n :  I n  a d d i t i o n ,  0  chemisorp t ion  and t h e  H -0 t i t r a t i o n  
2  . 2 2  

were  conducted on most f r e s H  teduced  P t  and Pd c a t a l y s t s  t o  



. . . ' - 3 : - . :  
. . 

I - 

.; further characterize their adsorption properties and to 'determine the agree-. ' . ,  

pent among these various chemisorption techniques. X-rhy . . line. broadening ' 

measurements were then conducted on all catalyst szimple.~, and TEM was used 

to further characterize selected samples, espekially the Ni catalysts. Metal 

loadings were determined by Neutron ~ctivation Analysis. .. . 

. . .. Tab'les 1 and.2 provide the chemisorption data ,on. Pt and Pd' catalysts 

respectively, and Tables 3 and ' 4' show the tiirnover f r,eque&ies (N) measured 
. . 

, . 

on ' ~ t  and Pd. dispersed. on various suppqrts. Extensive 'xperiments were con- 

ducted to confirm the low N values on .Pt/SiO .catalysts. (Table 5) and 'the 2 

high N values previously reported. for P ~ ~ A L  0 catalysts (Table 6 ) ;  , A . : 
2 3 

. . . . 

number of the ir spectra obtained were'shown in last year's report and only 

representative spectra will be attached to this 'report. However,, several of 
. . 

our results ark, quite .noteworthy and typical spectr& indicative of these --  . 

results' are shown in F.igures 1 through 5. , ~igure. 1 shows the ~zansmittance 

spectra for CO adsorbed on SMSI P.t/Ti02, and it clearly reveals the large 
. . 

reduction in intensity at 300 K when. H i.s added to :the system and also 
' ; 2 

shows . the .very weak band observed' under reaction conditions. The difference. 

is remarkable between these spectra and those for the Pt/SiO -A1 0 catalyst, 
2 2 3  

which have never been determined previously and are shown in Figure 2. The 

normal adsorption behavior on Pd/TiO (reduced at 175OC) is shown in Figure 
2 

3 along with the complete absence'of any' ir-active adsorbed CO after the SPlSI . . 
. . . . 

state has been induced by reduction at 500'~. These spectra can be compared 
. . 

to those in Figures 4 and 5 for CO adsorbed dn Pd dispersed on the other 

supports. . . 

. .  . . . . . 

Finally, because we have measured CO adsorption on these.ca'talysts,' 

absolute extinction coe£.ficients can be calculated for the. first' time for CO 



, . 
" - 

~ d s ~ r b e d  on t h e s e  two  meta l s .  Our p re l imina ry  r e s U l t s .  a r e  summarized. l a t e r .  
'' 

Titania-supported n i c k e l  - . c a t a l y s t s  have been .of g r e a t  i n t e r e s t  dbe , 

t o  t h e i r  unusual  and tmproved c a t a l y t i c  p r o p e r t i e s  i n  t h e  CO hydrogenat ion 

r e a ~ t i o n . ( ~ ~  7) . '  F ive  N ~ / T ~ O  c a t a l y s t s  w i t h  weight  l oad ings  of 1.5%, 8%, 
2  

. .  . 

l o % ,  162,  and 30% have been prepared  a long  wi th  8% ~ i / S i 0 ~ .  and 8% N ~ / A ~ ~ o ; . .  

samples. These reduced c a t a l y s t s  have been thoroughly c h a r a c t e r i z e d  us ing  
. . 

H , CO , and 0 '  chemisorp t i o n ,  x-ray l i n e  broadening', a n d  TEM(8) . Experiments 2  2 

a r e  now underway ,with t h e s e  n i c k e l ,  c a t a l y s t s  t o  o b t a i n  i r  s p e c t r a  under . . ' 

r e a c t i o n  cond i t i ons .  
. . 

. . 

Table 7 shows t h e  agreement i n  a v e r a g e . N i  p a r t i c l e  s i z e  determined . . 
. . 

'from chemisorption,x-ray, 'and TEM measurements, and F igure  6 shows 'a t y p i c a l  

p a r t i c l e  . s i z e  . d . i s t r i bu t ion .  For t h e  f i r s t  t ime ,  an. a d s d r ~ t i o n  i s o b a r  f o r  CO 

: . ' .on N i  h a s  bccn' determined and i t  i s  shown i n . ,  ~ i ~ u r e '  7  .. Figu re s  8  and 9. show 

H adso rp t ion  i s o b a r s  on Ni/SiO and Ni/Ti02 c a t a l y s t s .  These r e s u l t s  c l e a r l y  
2  2  

show t h a t  t h e  low CO and H chemisorpt ion uptakes a r e  n o t  a t t r i b u t a b l e  t o  
2 .  , 

. . 
a c t i v a t e d  adso rp t ion .  

, .The major r e s u l t s  f o r  each of . t he  meta l s  w i l l  now be  summarized 
. . 

b r i e f l y .  
. . 

A. Plat inum - 
. . 

Turnover f r equenc i e s  vary  100-fold; a s  shown i n  Table  1, which . . i s  

a  much wid.; range than  t h a t  r e ~ o r t e d  p rev ious ly  . A s  w i t h  Pd, 

, SMSI Pt/TiO has  t h e  h i g h e s t  a c t i v i t y  and P t /S i02 .  has  t h e  lowest  
2  . . 

a c t i v i t y .  

Again,' r e s u l t s  from' t h e  i r .  r e a c t o r  and t h e  microreac ' tor  a g r e e  w e l l .  

m: Under . r eac t ion  c o n d i t i o n s ,  s u r f a c e  concentrat ' ions  of adsorbed .60  

on P t lTiOi  a r e  b a r e l y  d e t e c t a b l e a s  s h o w n i n  F ig .  1 -- a  r e s u l t  ' 

.. . 
. . 

s i m i l a r  t o ,  b u t  n o t  s o  pronounced a s ,  ' t h a t  f o r  PdITi02. A l l  o t h e r ,  
. . . . 

P t  c a t a l y s t s  .s.how s t r o n g  .bands; a s  shown i n  F igu re  2. 
. . . . . .. . .  . 



. . 
U n l i k e  Pd, t h e  HF s p e c i e s  dominates  on P t  s u r f a c e s .  . ~ x t i n c t i o n  c o e f f i c i e n t s  have a l s b  b e e n  c a l c u l a t e d  f o r  t h e s e  P t  

c a t a l y s t s  .: '   hat f o r  P t /S iO based o n l y  on a r a t i o  of p e a k  h e i g h t s  
2 .  

is  i n  e x c e l l e n t  agreement w i t h  e a r l i e r .  v a l u e s .  de te rmined  by. 
' 

. . .  

E i s ~ h e n s ' ~ )  a n d  by Tompkins(lD'. Our a v e r a g e  i n t e g r a t e d  e x t i n c t i o n  
. . 

- 1.8 -1 
, c o i f  f i c i e n t s  of 1 x  1 0  molecule  cm2 a r e  t h e  f i r s t  r e p o r t e d .  f d r  

. . 

P t .  S u r p r i s i n g l y ,  t h e s e , v a l u e s  kave  n o t  y e t  b e e n  o f t e n  determined 
. . 

f o r  Group. ,VIII m e t a . 1 ~ .  . . 

. . 

- . These Pf  c a t a l y s ' t s  h a v e . b e e n  thoroughly  , c h a r a c t e r i z e d  by H CO; 
2 ' . . 

and O 2  c h e m i s o r p t i o n ,  t h e  H -0 t i t r a t i o n  :at 300 K ,  a n d  x-ray l i n e  , , 

. . 2 . 2  . . 

broaden ing .  P r e p a r a t i v e  v a r i a b 1 . e ~  have been s t u d i e d  t o  a l l o w  

. dispersYons  t o  b e  a l t e r e d  50-fold  w i t h o u t  r e q u i r i n g  h i g h  ' t empera tu re  
. . .., > 

s i n t e r i n g  s t e p s .  

H competes w i t h  CO much i d r e  ef r e c t i v e l y  f o r  s i t e s  dq  SMSI P ~ / T ~ O  
2  . . . . 2" 

and s u b s t a n t i a l  CO d i sp lacement  o c c u r s  a t  300 K.  The h i g h e r  a c t i v i t y  

may b e  due t o  t h i s  e f f e c t .  

B. . Pal lad ium 
. . .  . . 

Turnover f r e q u e n c i e s  v a r y  by .  a f a c t o r '  of  .40 ,- a s  shown i n  Tab le  2,  

. . 

and conf i rm :p rev ious  r e s u l t s  of Vannice. ' T i 0  -supported P d  is most 
2  

a c t i v e  and SiO.. -suppor ted Pd i s  l e a s t  a c t i v e .  
2  

. Agreement between . k i n e t i c '  r e s u i t s  from i r  c e l l ,  m i c r o r e a c t o r ,  and 
. . 

p r e v i o u s  work is  ex t remely  good. 

L i t t l e  o r  n6 i r - a c t i v e  e x i s t s  on t h e  T i0  - suppor ted  
2  

SMS I 

c a t a l y s t  under  r e a c t i o n  c o n d i t i o n s .  T h i s  i s  a n  unusua l  r e s u l t  and.. . 

.. is  t h e  . f i r s t  r e p o r t  of an  a c t i v e  60 hydrogena t ion  c a t a l y s t '  t h a t  does  

n o t  have cheinisorbed CO a s  t h e  predominant.  s u r f a c e  s p e c i e : & .  A l l  ' '  

o t h e r  P d ' c a t a l y s t  show s t r o n g  b a n d s ' d u r i n g  r e a c t i o n .  



i When v i s i b l e ,  t h e  low frequency (LF) band predominates over  t h e  

h igh  frequency (HF) band (F igures  3-5). This  LF band i s  normally 

a s s o c i a t e d  w i t h  bridged- o r  multiply-bonded CO whereas t h e  HF band 

is  a s s o c i a t e d  w i th  l i n e a r l y  adsorbed CO. Equi l ib r ium CO adso rp t ion  

i n  t h e  absence ,o f  H has  been s t u d i e d  by i r ,  and no CO b a n d s . a r e  
. . 2 

observed £o r  SfilSI PdjTiO; a t  300. 'K' e i t h e r ,  a s  shawn i n  'F igure  3. . 
' 

2 

. . i 'For t h e  f i r s t  t ime,  a b s o l u t e  i r '  e x t i n c t i o n  c d e f f i c i e n t s .  have been 

calcula . ted f o r  CO adsorbed on Pd. I n  a d d i t i o n , .  s e p a r a t e  . e x t i n c t i o n  ' . . 
. . 

coef f i c . i e n t s  have been es t imated  f o r  the.  HF and LF. s p e c i e s ,  and ' . . 

t h e  l a t t e r  has  an  average. v a l u e  about  an o rde r  of magnitude g r e a t e r  

.-1 2.  
than tha f  f o r  t h e  HF s p e c i e s  (7' i 10-l6 molecu'le c m  . v s  3  x  10-17 

-1 2 
. . . molecule cm ) .  

-e Chqiiisprption 'experiments  have shown t h a t '  t h r e e  d i f f e r e n t  H ad- 
. , 

. . 
2 

. sorption.techniques'agree reasonably  we.11  among themselves and wi th  

CO up takes .  However', t h e  H -0 t i t r a t i o n  r e a c t i o n  a t  373 K repro-  
2 .  2 

ducib ly  g i v e s  H uptakes t h a t  a r e  "15% hi.gh. . . 2 

Good agreement, was ob ta ined  among average c r y s t a l l i t e  s i z e s  on SiO 
2' 

and A 1  0  ' c a l c u l a t e d  from t h r e e . d i f f ' e r e n t  t echniques :  H and .CO 2 3 2 

chemisorp t ion ,  x-ray l i n e  broadei.ling, and' TEM. 

Fdr .  N ' i l ~ i 0  ' c a t a l y s t s ,  H and CO chemisorpt ion nieasurements i n d i -  
2 2 

c a t e d . c r y s t a l 1 i t e  s i r e s  f a r  l a r g e r  than  those  d e t e r m i n e d b y  x - r a y . '  

and'TEM; however, t h e  s i z e s  measured by 0  chemisorpt ion w e r e . i n  2 
. . 

e x c e l l e n t  agreemeqt wi th  t h e  s i z e s  determined by t h e  l a s t  two; 
. . 

. t echniques  assuming an  adso rp t ion  s to i ch iome t ry  of . O / N i  = 1. . 
S 



Oxygen,chemisorption on Ti0 -supported n i c k e l  appea r s  t o  be  
2 

. . decreased compared t o  t h a t .  normally occu r r ing  on l a r g e  N i  c s y s t a l -  

l i t e s ,  

e ,  I s o b a r s  f o r  CO.and H have shown t h a t  a c t i v a t e d  a d s o r p t i 0 n . i ~  
2  

n o t  t h e  cause of d e c r e a s ~ d . m o n o l d y e r  coverages on Ti0 -supported 
2  

. . 
n i c k e l .  

e. ~ransmi ' s s ion ,  e l e c t r o n  micrographs show evidence f o r  2-dimensional., 

" p i l l  box" p a r t i c l e s  s i m i l a r  t o  t hose  observed by the ,  Exxon. workers : 

(11) . . 
. f o r  P t  on Ti0 

2  
. . 

1,evel. of A c t i v i t y  

My major e f f o k t . h a s  been devoted t o  t h i s  program. It has  r equ i r ed  

a  t h i r d  of my t ime,  a n d i t  has  been very  product ive  and informat ive .  I 

b e l i e v e  i t  is  worthy of maintenance a t '  t h i s  l e v e l , .  . . 

One o,f t h e  s t u d e n t s  i nvo lved  i n  t h i s  program, JO& S. Smith, ha s  

completed h i s  Masters  Degree.. H i s  t h e s i s  i s  e n t i t l e d   he C r y s t a l l i t e  .Size 

D i s t r i b u t i o n  and Adsorpt ion Behavior of Ti tania-Supported Nickel".  One of 

. . 
t h e  Ch.E. s e n i o r s  has  been s tudying  H 2 ' 0 2 ,  and CO chemisorp t ion 'and  t h e  

. O  - H '  t i t r a t i o n  r e a c t i o n  on suppor ted  Pd c a t a l y s t s .  
2  2 .  . . 

Tw0.Ph.D.-.students,  one ,of whom is  se l f - suppor t i ng ,  . a re  completing 
. . . . 

t h e  work on t h e i r  t he se s .  One should f i n i s h  by F a l l  Term and t h e ' o t h e r  
. .  , . . 

should complete h i s  work dur ing    ail Term. 
' , 

Although no changes . in  o b j e c t i v e s  . a r e  pe rce ived ,  some new d i r e c t i o n s  

i n  r e sea rch  have become apparen t  a s  a  r e s u l t  of our  work t o  d a t e .  F i r s t ,  i r  

s p e c t r a  ob t a ined  dur ing  t r a n s i e n t  experiments ,  such i s  s t e p  changes i n  CO 

. . 
o r  H r ioncent ra t ions ,  can provide duch infpfmat ion  about t h e  r e l a t i v e  'adkiorp- 2 

. . 
t i o n  bond s t r e n g t h  of .the d i f f e r e n t  CO s p e c i e s .  A sma l l ,  hea ted  i r  cell. wi th  . 



a  very  , s m a l l  dead volume. should ' b e  cons t ruc t ed  -- t h i s  would a l low experiment's 

. . 

. . 
'with r ap id  response t i m e s  t o  b e  conducted a t  d i f f e r e n t  temperatures .  ~ l s o ,  

. . 

t h e  r e s u l t s  of t h i s  r e sea rch  have emphasized t h e  importance of d i f f e r ences  

i n  . h e a t s  of . , adsorp t ion  and i n  h e a t s  of i n t e r a c t i o n  between d i f f e r e n t  adsorbed 

s p e c i e s  -- CO and H. i n . t h i s  system. Such d a t a  a r e  no t  a v a i l a b l e  i n  t h e  lit- 
2  

. .  . 
e r a t u r e  and t h e i f  y a l p e s . a r e  imbortant  .£ram both  a  fundamental and a  p r a c t i c a l  

. . 

viewpoint .  This  i s . e s p e c i a l l y  t r u e  f o r  cha r . ac t e r i za t i on  of t h e  SMSI c a t a l y s t s .  

For example, monolayer coverage a t  '773 K by .s'trangly-adsorbed hydrogen o n '  . , . 
. . . . 

. . 
Pt/T.iO has  been proposed a s  t h e  reason  foir low uptakes  a t  300 K 

2  
(12) r a t h e r  

. . 

than low. monolayer cover.ziges of hydrogen .diie t o  weak adso rp t ion  . . caused by a  

F o . ~ r , ~ u b l i c a t i o r i s  have a l r eady  r e s u l t e d  .from t h i s  work, and these .  

a r e  l i s t e d  below. Copies .have been a t t ached  t o  t h e  accompanying Renewal 
. . 

Proposal .  ,0116 a d d i t i o n a l  p u b l i c a t i o n  has  'been .submitted t o  t h e  J .  of Ca ta ly s i s .  
. . 

. . ' 

desc r ib ing  .Joe Smith 's  ' t h e s i s  r e sea rch ,  aiid f o u r  m a ~ u s c r i p t s  on', t h e  .P t  .and' 
. . 

Pd c a t a l y s t s  a r e  i n  p repa ra t i on .  ' A t  l e a s t  two of t h e s e  should be completed 

by t h e .  end -of  August. " . 
. . 
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. . 

~ e l i / D i f  f  e r e n t i a l '  S'ingle-Pass ~ e a c t o r " ' .  . . 

.2. M .  A .  Vannice, T. R. Kiliaxiy, and M.  B .  Palnier., JL.: , ~ e a c t .  
. . 
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Table  1 

. . H Z  a n d  C O  A d s o r p t i o n  on F r e s h  P t  C a t a l y s t s  



H Z  and: C O A d s o r p t i o n  o n  F r e s h  Pd C a t a l y s t s  . . .  
. . . . 

. . 

. . - - =. 

. . .  

a )  ~ o t a . 1 ' ~ ~  U p t a k e .  



. . 
. . .  

.. , 

. , . . 
. . '  . . 

Table  3 
. . 

. . 
. . 

S p e c i  f i c  A c t i  v i t y  o f  P t  C B t a l y s t s  . . 

C a t a l y s t  ' ;  I , I ' R  Ce 1 1  

. . ' 1 . 5 %  P ~ / S ~ O ' ~  ( D )  . , , . 

, . 
N D 

. , 

[ A ]  2 %  P ~ / T ~ O ;  ( 5 0 0 C )  6 . 2  

R e a c t o r  P rev i . o .us  'Work 

a )  B a s e d  o n  H ( a d )  ,, o n  ' f r e s h  c a t i i y s t  



. . . . 
. . , . 

. . T a b l e  4 . .  . .  , . 
' .  . . . . . . . . . 

. . , S p e c i f i c  A c t i v i t y  o f  Pd C a t a l y s t s  

C a t a l y s t  

2 %  P d / q - A 1 2 0 3  (e) 

, b )  B a s e d  o n  C O .  a d s o r p t i o n  o n  f r e s h  sa inp l  e a 

N 3  -1  - l l ( a )  X 1 0  ( m o l e c u l e s  s i t e  s 
C H 4  

. . 

A s s u m i n g  1 0 0 % ' D i s p e r s i o n  . . . . 

. . 
B a s e d o n  C O  a d s o r p t i o n  o n  f r e s h  ( 1 7 5 ~ )  s a m p l e  

. . . . 

P r e v i o u s  Work  

7.4, 1 2  

0 . 3 2  

- - - -  

- - - -  
- - - -  

0 .53 " )  

--  - - 

I R  C e l l  

3 .3  

N D 

1 . 9  

2 . 0  

( b )  6,5 

0 . 3 9 " )  

1  .8 ( d l  

R e a c t o r  

4 .8  

b . 1 2  

- - - -  

4.1 ib),4.6 ( b  

1 2 ( ~ ) ,  1 7  ( b )  

0.7" )  1 .0  ( c )  

3 . 1 ' d ) , 4 . 6  ( d  



. . . . Table  5 

. S i l  i d d - s u p p o r t e d  P t  Hds Low ' A c t i v i t y  . . 

a )  Based  o n  H2 a d s o r p t i o n  . . o n  f r 6 s h  c a t a l y s t  



: T u r n o v e r  F r e q u e n c i e s  f o r  Pd/A1 2 0 3  C a t a l y s t s  

. . . . . . . . . a )  
Bas'ed on  6 0  a d s o r p t i o n  on . u s e d .  c a t a l y s t  

. 
. . 

C.a t a l  y s  t 

2%.  P d l n - A l 2 O 3 ( i ) .  . 

2 %  P d l r l - ~ 1  2 0 3 '  ( e )  
. . . . 

2 %  Pd/?-A1203 ( e ) ( c , )  

2 % '  . .  Pd/r l -Al2O3 . ( c )  . ' ' , 

2 %  P d / q - A 1 2 0 3  ( c  & s )  ' ,  

9 . 5 %  Pd/v-A1 ( c  & s )  

. . 

1 0 %  P d / ~ - A l 2 0 3 ( c  & S )  

I ,  1 0 %  Pd,/Q-A1203 ( , s )  . .  8 . 5  I .  . ' 1 9 . 2  . 1 0 . 0 1 9  

. E ~ ~ ;  

( k c a l  mol e m ' )  

19.4' 

2 0 . 1 .  

1 3 . 8  

1.9 . 7  . 

2 3 . .  6  
. . 

2 1 . 0  . . . 

2 2 . 2  

. 

, 

( a )  
N x 

C H 4  

8. .8 

. .  . 4.8  

' 4 . 6  

.12 

.7 .4  . 

. l i .  . 

. . 

5 . 1  . .  

. 

( a ) '  , ,  

CO/P'd 

0 . 0 6 5  

, O i l 2  : 
. . 

' 0 . 2 3  
. . 

. O . l l ,  

. 0 . 0 6 7 '  

0 . 0 4 3 .  

0 . 0 3 4  ,. 



. . . '  ' . . 

. . a - '  a l l  TEM r e s u l t s  are meari v a l u e s .  . . 
' . b - assuming O / N i  =. 1. . . . . 

c - assuming O / N i S  =. 2.  . . . . . . . . 
s . . . . . . . ., . 

. . 

. . 
. .  . 

. . . . 
. . 

. . 
. . 

I . . 
. . . . . . 

. . . . . ,.. 



, I R  S p e c t r a  of C O  . . ~ d s o r b e q  o n  2.1 P t / T i O p  ( 5 0 0 C )  , ,,.'. 







I R  S p e c t r a  . o f  C O  ~ d i o r b e d  o n  Pd a t  3 0 0 K  . . 
. . 

. . . . .  . . . . . .  





<- p a r t i c l e  s i z e  (nm.) . . .. . 
I , . . . 

. . . . . . PARTICLE S I Z E  DISTRIBUTION FOR 8% - N i / T i 0 2  . . 
. . . . 



. . 
T e m p e r a t u r e  ( K )  

co ISOBAR FOR 8% . i i / T i 0 ,  
.. -. . 

. . 



1 Temperature (K] : 

112, ISOBAR FOR 8% N ~ / s ~ o ~  
. . 
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