
RESULTS AND DISCUSSION
CHAPTER IV

4.1 Static and Pulse Chemisorption

T h e  resu lts  o f  actu a l m eta l lo a d in g  in  th e  p rep ared  ca ta ly s t  sa m p le s , w h ic h  
w er e  o b ta in e d  b y  th e  n eu tro n  a c tiv a tio n  a n a ly s is , are s h o w n  in  T a b le  4 .1 . T h e  
su m m ary  r e su lts  o f  th e  am o u n t o f  h y d r o g e n  and o x y g e n  p u lse  c h e m iso r p tio n  are 
p ro v id ed  in  T a b le  4 .2 . T h e  H /P t ratio in  th e  m o n o m e ta llic  P t /A l2Û 3 c a ta ly s t  w a s  0 .2 8 . 
T h e c o im p r e g n a te d  sa m p le  c o n ta in in g  0.1  w t%  รท e x h ib ite d  a m u ch  larger h y d r o g e n  
u p tak e, g iv in g  a  H /P t ratio  o f  ab o u t 0 .4 6 , a s su m in g  that a ll th e  c h e m iso r b e d  
h y d r o g e n  is  lo c a te d  o n  p la tin u m  su rfa ce  s ite s . H o w e v e r , w ith  further in c r e a se  o f  tin  
c o n te n t, th e  h y d r o g e n  u p ta k e  d ecr e a se d , g iv in g  H /P t ra tio s o f  a b o u t 0 .3 . T h e se  resu lts  
s h o w  th e  sa m e  o v e r a ll tren d s for h y d r o g e n  u p ta k e  v e r su s  tin  c o n te n t as th e  p r e v io u s  
sta tic  v o lu m e tr ic  c h e m iso r p tio n  data  rep orted  b y  B a la k r ish n a n  and  S c h w a n k  for  th e  
sa m e  c o im p r e g n a te d  c a ta ly s t  se r ie s  (B a la k r ish n a n  and S c h w a n k , 1 9 9 1 ). H o w e v e r ,  
the a m o u n t o f  h y d r o g e n  u p ta k e  m ea su red  b y  th e  p u lse  c h e m iso r p tio n  m e th o d  w a s  
c o n s is te n t ly  lo w e r  b y  1 0 - 2 0  % than th e  u p ta k e  o b ta in ed  b y  th e sta tic  v o lu m e tr ic  
m e th o d  (F ig u r e  4 .1 ) . T h e se  f in d in g s  are in  g o o d  a g reem en t w ith  B u y a n o v a  e t al. 
(1 9 6 9 )  w h o  c o m p a red  a fron ta l ch ro m a to g ra p h ic  m e th o d  w ith  th e sta tic  a d so rp tio n  
m eth o d . T h e y  fo u n d  that o n  PTAI2O3 c a ta ly s ts  w ith  P t lo a d in g s  o f  0 .5 0  and  0 .4 5  
w t% , th e  h y d r o g e n  u p ta k e  d e term in ed  fro m  th e  ch ro m a to g ra p h ic  m eth o d  w a s  6 -1 9  %  
sm a lle r  th an  that o b ta in ed  b y  th e  sta tic  m eth o d .

S o m e  o f  th e  d if fe r e n c e s  in  h y d r o g e n  u p tak e b e tw e e n  th e p u lse  and  sta tic  
m e th o d s  m a y  b e  attr ib uted  to sm a ll errors in  th e  in teg ra tio n  o f  th e  p u lse  
c h e m iso r p tio n  p ea k  areas d u e  to  s lig h t  b a se lin e  drift. H o w e v e r , error a n a ly s is  sh o w e d  
that in  a w o r s t-c a s e  sc e n a r io , th e se  in teg ra tio n  errors c o u ld  c a u se  n o t m o re  than  a 5%  
d iscrep a n cy . T h e  rem a in in g  d if fe r e n c e , th ere fo re , w o u ld  b e  in h eren tly  d u e  to  th e  
c h e m iso r p tio n  m eth o d  u sed . O n e  o f  th e  d if fe r e n c e s  a c c o u n tin g  for  th e  larger  
h y d ro g en  u p ta k e  in  sta tic  v o lu m e tr ic  e x p e r im e n ts  c o u ld  b e th e  lo n g e r  e q u ilib r a tio n  
t im e  p ro v id ed .
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Table 4.1 T h e  m eta l lo a d in g  o f  se r ie s  o f  P t-S n  c a ta ly s ts  as d e term in ed  b y  N eu tro n  
A c tiv a t io n  A n a ly s is

C a ta ly st  
(n o m in a l w t% )

Im p regn atio n
M eth o d

C o m p o n e n t  w e ig h t  %
Pt รท C l

1.0 % P t/A l2O 3 0 .9 9 0 0 .7 2

1 .0 % P t-0 .1 % S n /A l20 3 c o im p r e g n a tio n 0 .9 6 0 .1 4 0 .9 7

1 .0 % P t-0 .5 % S n /A l20 3 co im p r e g n a tio n 1.00 0 .5 3 1.00
1.0 % P t-l ,0 % S n /A l2O 3 c o im p r e g n a tio n 0 .8 9 0 .9 9 0 .9 7
1 .0% P t- 0 .6 % S n /A l2O 3 seq u en tia l 1 .04 0 .8 5 1 .09

1,0 % P t-0 .9 % S n /A l20 3 seq u en tia l 1 .03 0 .9 6 1 .05

1 .0 % P t-1 .5 % S n /A l2O 3 seq u en tia l 1 .03 1 .52 1 .24
1 .0 % P t-5 .0 % S n /A l20 3 seq u en tia l 1.12 4 .1 8 1.01



Table 4.2 Composition and pulse chemisorption of hydrogen and oxygen results

M etal (wt% ) รท (atom% ) Sn/Pt
(atom ic ratio)

Gas uptake (cc STP/g cat) H/Pt O/Pt
h 2 0 2

1 .0 P t/A l2O3 0 .9 9 0 0.00 0 .1 5 7 7 0 .1 1 1 5 0 .2 7 7 4 0 .1 9 6 2
C oim pregnation

1.0 Pt-0.1 S n /A l20 3 1.1 19 0 .2 3 0 .2 5 3 3 0 .2 6 7 4 0 .4 5 9 6 0 .4 8 5 2

1.0 Pt-0.5 S n /A l20 3 1.53 4 7 0 .8 9 0 .1 8 4 3 0 .3 6 4 5 0 .3 2 1 0 0 .6 3 4 9

1.0 P t-1.0 S n /A l20 3 1.88 65 1.86 0 .1 4 6 7 0 .3 7 4 4 0 .2 8 7 2 0 .7 3 2 7

Sequential im pregnation (รท first)

1.0 Pt-0.6 S n /A l20 3 1.89 57 1.33 0 .0 8 3 9 0 .1 3 9 1 0 .1 4 0 5 0 .2 3 3 0

1.0 Pt-0.9 รท/A120 3 1.99 61 1.56 0 .1 0 7 3 0 .2 3 2 9 0 .1 8 1 5 0 .3 9 3 9

1.0 P t-1.5 S n /A l20 3 2 .5 5 71 2 .4 5 0 .0 8 8 1 0 .3 0 7 5 0 .1 4 9 0 0 .5 2 0 1

1.0 Pt-5.0 รท/A120 3 5.3 86 6 .1 4 0 .0 2 7 8 0 .0 6 1 6 0 .0 4 3 3 0 .0 9 5 7
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Figure 4.1 C o m p a r iso n  o f  h y d r o g e n  u p ta k e  m easu red  b y  th e p u lse  and sta tic  
v o lu m e tr ic  c h e m iso r p tio n  m e th o d s  a s  a fu n c t io n  o f  n o m in a l tin  lo a d in g .

In B a la k r ish n a n  and  S ch w a n k 's  w o r k  (1 9 9 1 ) ,  a s ig n if ic a n t  p o rtio n  o f  the  
a d so rb ed  h y d r o g e n  w a s  fo u n d  to b e  w e a k ly  ad so rb ed . In th e ir  e x p e r im e n ts , 4 0 -4 5 %  
o f  th e  a d so rb ed  h y d r o g e n  w a s  r e m o v e d  b y  e v a c u a tio n  for 1 h ou r at roo m  
tem p era tu re . In th e  p u lse  e x p e r im e n ts , th e  c a ta ly s t  sa m p le s  w e r e  f lu sh e d  in  f lo w in g  
N 2 at ro o m  tem p era tu re  for  ab ou t 5 m in u te s  b e tw e e n  p u lse s  o f  h y d ro g en . T h is  m ea n s  
there is  n o  eq u ilib r a tio n  t im e  in  p u lse  c h e m iso r p tio n . G iv e n  th e r e la t iv e ly  large  
fraction  o f  w e a k ly  a d so rb ed  h y d r o g e n  o b se r v e d  b y  sta tic  v o lu m e tr ic  m e th o d s , it is  
c o n c e iv a b le  that th e  ex p e r im e n ta l c o n d it io n s  in th e  p u lse  m eth o d  m ig h t lea d  to  
d ifferen t d e g r e e s  o f  su r fa ce  c o v e r a g e  o f  w e a k ly  ad so rb ed  h y d ro g en .

O n  th e  m o n o m e ta llic  l% P t/A l20 3  ca ta ly st , the sta tic  v o lu m e tr ic  m e th o d  g a v e  
an a to m ic  ratio  o f  ad so rb ed  o x y g e n  to  a d so rb ed  h y d r o g e n  (Oads/Hads) eq u a l to  0 .7 3 .  
In th e  p u lse  c h e m iso r p tio n  m eth o d , th e  Oads/Hads ratio  w a s  0 .7 1 , sh o w in g  g o o d  
a g reem en t b e tw e e n  the tw o  m eth o d s. It ap p ea rs that th e  sa tu ration  c o v e r a g e  o f  
o x y g e n  o n  p la tin u m  is  sm a ller  than that o f  h y d ro g en . T h is  o b se r v a t io n  a g rees  w ith  
earlier  w o r k  b y  O ’R ear e t al. ( 1 9 9 0 )  rep ortin g  an Oads/Hads ratio  o f  0 .6 5  on
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u n su p p o rted  p la tin u m  p o w d e r , and b y  B a la k r ish n a n  e t al. ( 1 9 9 0 )  g iv in g  an  Oads/Hads 
ratio  o f  0 .6 8  o n  Pt/SiC>2. S in c e  a la rge  fra c tio n  o f  th e  a d so rb ed  h y d r o g e n  w a s  w e a k ly  
a d so rb ed  (B a la k r ish n a n  and  S c h w a n k , 1 9 9 1 ), th e se  w e a k ly  a d so rb ed  h y d ro g en  
s p e c ie s  sh o u ld  h a v e  h ig h er  m o b ility  than  th e m o re  s tr o n g ly  a d so rb ed  o x y g e n .

W h ile  in  the p u lse  c h e m iso r p tio n  e x p e r im e n ts  h y d r o g e n  ad so rp tio n  req u ired  
sev era l p u ls e s  to  reach  sa tu ration , o x y g e n  a d so rp tio n  rea ch ed  sa tu ration  a lread y  
d u rin g  th e  fir st p u lse  o f  g a s. S u b se q u e n t p u ls e s  o f  o x y g e n  d id  n o t lea d  to  ad d itio n a l 
u p ta k es o f  o x y g e n . T h e se  d if fe r e n c e s  b e tw e e n  h y d r o g e n  an d  o x y g e n  a d so rp tio n  
m ig h t b e  lin k e d  to  th e  d ifferen t d e g r e e s  o f  w e a k  a d so rp tio n  (4 0 -  4 5  % o f  w e a k ly  h e ld  
h y d r o g e n , and  o n ly  1 -2  % w e a k ly  h e ld  o x y g e n )  (B a la k r ish n a n  and S c h w a n k , 1 9 9 1 ). 
T h e o x y g e n  u p ta k e  v a lu e s  m ea su r e d  b y  th e  p u lse  m e th o d  o n  a ll th e  b im e ta ll ic  P t-S n  
sa m p le s  w e r e  ag a in  lo w e r  th an  th o se  o b se r v e d  b y  sta tic  c h e m iso r p tio n  e x p e r im e n ts , 
s im ila r  to  th e  o b se r v a tio n  m a d e  in  h y d r o g e n  c h e m iso r p tio n  (F ig u re  4 .2 ) .

0.0 0.2 0.4 0.6 0.8 1.0 1.2
atom % tin

Figure 4.2 C o m p a r iso n  o f  o x y g e n  u p ta k e  m ea su red  b y  th e p u lse  and  sta tic  
v o lu m e tr ic  c h e m iso r p tio n  m e th o d s  as a fu n c t io n  o f  n o m in a l tin  lo a d in g .



36

In co n tra st to  ou r p u lse  c h e m iso r p tio n  resu lts , th e  ch ro m a to g ra p h ic  m eth o d  
u sed  b y  B u y a n o v a  e t a l. ( 1 9 6 9 )  g a v e  a s lig h t ly  h ig h er  a m o u n t o f  a d so rb ed  o x y g e n  
than th e  s ta tic  m eth o d . T h e  m a in  d if fe r e n c e  b e tw e e n  th e sta tic  m e th o d  and the  
ch ro m a to g ra p h ic  m eth o d  is  that th e  ch ro m a to g ra p h ic  m eth o d  e x p o s e s  th e  c a ta ly s t  to  
f lo w in g  o x y g e n  at e s s e n t ia lly  co n sta n t p artia l p ressu re. In a sta tic  a d so rp tio n  
e x p e r im e n t, o n  th e  o th er  h an d , th e  p artia l p ressu re  o f  o x y g e n  w i l l  g ra d u a lly  d e crea se , 
u n til a d so rp tio n  eq u ilib r iu m  is  e s ta b lish e d . B u y a n o v a  e t al. ( 1 9 6 9 )  m e n tio n e d  that 
their  fron ta l ch ro m a to g ra p h ic  m eth o d  c o u ld  o n ly  b e  u sed  for ro u g h  e s tim a te s .

W ith  in cr e a s in g  tin  c o n ten t o f  th e  c o im p r e g n a te d  c a ta ly s ts , b o th  th e sta tic  and  
the p u lse  m e th o d  sh o w e d  a sy s te m a tic  in c r e a se  o f  o x y g e n  u p tak e (F ig u r e  4 .2 ) . T h e  
in crea sed  o x y g e n  u p tak e a s  a fu n c tio n  o f  tin  c o n te n t m a y  b e  attr ib uted  to  sev era l 
p o s s ib le  rea so n s . O n e  p o s s ib ility  is  that c h e m iso r b e d  o x y g e n  can  sp ill  o v e r  from  
p la tin u m  s ite s  to  a d jacen t t in  s ite s , w h ic h  m a y  b e  p resen t in  form  o f  t in -a lu m in a te  
su rfa ce  c o m p le x e s . A n o th e r  p o s s ib ility  m a y  b e  th at th e  a d so rp tio n  s to ic h io m e tr y  for  
o x y g e n  o n  p la tin u m  is  c h a n g e d  b y  th e  p r e se n c e  o f  a d jacen t tin  io n s. F u rth erm ore, it 
is  w e ll  k n o w n  that o x y g e n  can  b e a d so rb ed  o n  m e ta llic  tin , b ut n o t o n  io n ic  tin . O n e  
c o u ld  arg u e that the in crea sed  o x y g e n  u p ta k e  w ith  in c r e a s in g  tin  c o n ten t m a y  d u e  to  
in crea sed  le v e ls  o f  m e ta llic  tin  in  the c a ta ly s ts  w ith  h ig h e r  tin  lo a d in g . L ie sk e  and  
V ô lte r  ( 1 9 8 4 )  p u rp o sed  th e fo rm a tio n  o f  p la tin u m -tin  a l lo y  b y  a ssu m in g  that m e ta llic  
tin  is  tra n sfo rm ed  in to  S n O  b y  o x id a t io n  and  that th e  p r e se n c e  o f  tin  d o e s  n ot a ffe c t  
th e  o x y g e n  ad so rp tio n  o n  th e p la tin u m  s ite s . T h e y  c o n c lu d e d  that th e  am o u n t o f  
p la tin u m -tin  a llo y  in c r e a se s  w ith  th e a d d it io n  o f  tin . H o w e v e r , th e  X P S  resu lts  
o b ta in ed  o n  ou r c o im p r e g n a te d  P t-S n  c a ta ly s t  se r ie s  (B a la k r ish n a n  and  S ch w a n k , 
1 9 9 1 ) d id  n o t  g iv e  e v id e n c e  for th e  p r e se n c e  o f  zero  v a le n t  tin . It is  l ik e ly  that tin -  
a lu m in a te  c o m p le x e s  are p resen t, w h ic h  c o u ld  ch a n g e  th e  o x y g e n  ad so rp tio n  
ch a ra c te r is tic s  co m p a red  to c a ta ly s ts  w h ere  th ere  is  n o in tera ctio n  o f  a lu m in a  and  tin. 
S im ila r ly , p la tin u m -tin  a l lo y  p a rtic le s  m a y  ad sorb  o x y g e n  in a d iffe r e n t w a y  
co m p a red  to  in d iv id u a l p a r tic le s  o f  m e ta llic  p la tin u m  and  tin.

F or th e  se q u e n tia lly  im p reg n a ted  (รท  first) c a ta ly s ts , w ith  in c r e a s in g  tin  
c o n te n t a m u ch  lo w e r  h y d r o g e n  u p take w a s  o b se r v e d , as co m p a red  to  the  
c o im p r e g n a te d  c a ta ly s ts  (F igu re  4 .3 ) . T h e H /P t a to m ic  ra tio s for se q u e n tia lly  
im p reg n a ted  c a ta ly s ts  s h o w  that the p la tin u m  d isp e r s io n  v a lu e s  are r e la t iv e ly  sm a ll as
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co m p a red  to  th o se  o f  th e  c o im p r e g n a te d  ca ta ly s ts . T h e  s ig n if ic a n tly  sm a ller  
h y d r o g e n  u p ta k e  in  th e  seq u en tia l im p r e g n a tio n  se r ie s  in d ic a te d  that d e p o s it io n  o f  tin  
as first c o m p o n e n t  o n  th e a lu m in a  su p p ort w a s  d etr im en ta l for th e  d isp e r s io n  o f  
p la tin u m , w h ile  c o im p r e g n a tio n  ap p ears to  fa c il ita te  h ig h  p la tin u m  d isp e r s io n s . A fter  
red u ction  in  แ 2 at 4 0 0  °c th e  se q u e n tia lly  im p reg n a ted  c a ta ly s ts  c o n ta in e d  a s lig h tly  
h ig h er  a m o u n t o f  resid u a l ch lo r in e , co m p a r e d  to  th e  c o im p r e g n a te d  c a ta ly s ts  ( se e  
T a b le  1 .1 ). H o w e v e r , th e se  sm a ll d if fe r e n c e s  in  c h lo r in e  c o n te n t sh o u ld  n o t h av e  
s ig n if ic a n t  e f fe c t s  o n  th e  c h e m iso r p tio n  b e h a v io r  and  p la tin u m  d isp ers io n .

Figure 4.3 E ffe c t  o f  c a ta ly s t  p rep ara tion  m eth o d  o n  p la tin u m  d isp e r s io n , as 
m ea su red  b y  h y d r o g e n  p u lse  ch e m iso r p tio n .
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Figure 4.4 E ffe c t  o f  c a ta ly s t  p rep ara tion  m e th o d  o n  O /P t ratio  m ea su red  b y  o x y g e n  
p u lse  c h e m iso r p tio n .

In th e  se q u e n tia lly  im p reg n a ted  c a ta ly s ts , th e  e f fe c t  o f  tin  lo a d in g  on  
en h a n c e d  o x y g e n  u p tak e w a s  m u c h  le s s  p r o n o u n ced  as c o m p a r e d  to  the  
c o im p r e g n a te d  c a ta ly s t  se r ie s  (F ig u re  4 .4 ) . O n  the c a ta ly s t  sa m p le  w ith  v e r y  la rg e  รท 
c o n ten t ( 1 ,0 P t-5 .0 S n /A l2 O 3 ), the u p ta k es  o f  b o th  o x y g e n  an d  h y d r o g e n  w e r e  v ery  
lo w  in d ic a tin g  lo w  d isp e r s io n  o f  p la tin u m . H ig h  r e so lu tio n  e le c tr o n  m ic r o s c o p y  and  
X -ra y  e n e r g y  d isp e r s iv e  sp e c tr o sc o p y  resu lts  sh o w e d  a cer ta in  p ro p o rtio n  o f  the  
m eta l p a r tic le s  w e r e  so m e w h a t  larger an d  th ere  w a s  e v id e n c e  o f  th e  fo rm a tio n  o f  Pt- 
รท a llo y  in  th e  se q u e n tia lly  im p reg n a ted  ca ta ly s ts .

It ap p ears that o x y g e n  a d so rb ed  o n  h ig h ly  d isp e r se d  p la tin u m  p a r tic le s  can  
sp illo v e r  o n to  tin -a lu m in a te  c o m p le x  s itu a tin g  th e n earb y  p la tin u m  a to m s , thu s  
c a u s in g  la rger  O /P t ratio s than H /P t ra tio s  in  the b im e ta ll ic  c a ta ly s ts  w ith  h ig h  Pt 
d isp e r s io n . T h is  e x p la n a tio n  is  a ls o  c o n s is te n t  w ith  th e  X P S  a n a ly s is  o f  the  
c o im p r e g n a te d  c a ta ly s t  se r ie s  w ith  h ig h  Pt d isp e r s io n , in d ic a tin g  that in  th e  red u ced
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4.2 Temperature Programmed Desorption of Methanol

T h e  T P D  p r o file s  o f  m eth a n o l o n  the m o n o m e ta llic  P t /A l20 3  and  the  
c o im p r e g n a te d  P t - S n M f O s  ca ta ly st s e r ie s  are sh o w n  in  F ig u re  4 .5 . T h e  T P D  
p r o file s  for  th e  se q u e n tia lly  im p reg n a ted  c a ta ly s ts  are su m m a r iz e d  in  F ig u re  4 .6 .

B la n k  e x p e r im e n ts  w er e  carried  ou t u s in g  th e  A I2O 3 su p p ort a lo n e , w h ic h  had  
b een  su b je c te d  to  th e  sa m e  p retreatm en t as th e  ex p e r im e n ta l c a ta ly s ts . A fte r  e x p o s in g  
the b la n k  A I2O 3 to  m eth a n o l at 2 5 ° c ,  n o  d eso r p tio n  p ea k  fea tu re  w a s  o b se r v e d  o v e r  
the en tire  tem p era tu re  ran g e  up to 7 0 0 ° c ,  su g g e s t in g  that th e  su p p ort d id  n o t ad sorb  
m eth a n o l to  an y  s ig n if ic a n t  ex ten t. M o r e o v e r , th e  h y d r o g e n  and  o x y g e n  ad so rp tio n  
b e h a v io r  o f  2%  S n /A l20 3  a lso  d id  in  th e  p r e v io u s  w o rk  (B a la k r ish n a n  and  S ch w a n k , 
1 9 9 1 ). T h e  resu lts  sh o w e d  there w a s  n o  a d so rp tio n  o f  h y d r o g e n  and  sm a ll a m o u n t o f  
o x y g e n  a d so rp tio n  (0 .0 2 6  c m 3 S T P /g  ca t.). T h is  is  in  m ark ed  con trast to  the  
o b se r v a tio n s  m a d e  b y  C ord i and F a lc o n e r  ( 1 9 9 6 )  w h o  fo u n d  su b sta n tia l a c t iv ity  o f  
b lank  a lu m in a  for d e c o m p o s it io n  and  d eh y d ra tio n  o f  m eth a n o l. T h ey  rep orted  that a 
sm a ll a m o u n t o f  m eth a n o l d eso rb ed  o v e r  a b road  tem p era tu re  ran g e , w h ile  m o s t  o f  
th e  m e th a n o l d e c o m p o s e d  d u rin g  T P D  b e tw e e n  3 3 0  and  6 3 0 ° c ,  g iv in g  p r im a rily  C O  
and FI2, w ith  C O 2 as a m in o r  rea c tio n  p rod u ct. In a d d itio n , le s s  than  4 0  % o f  the  
m eth a n o l d eh yd ra ted , g iv in g  d im e th y le th e r  b e tw e e n  2 7 0  and 6 2 0 ° c .  T h e y  carr ied  ou t  
th eir  e x p e r im e n ts  o n  K a iser  A -2 0 1  A I2O 3, w h ic h  had b e e n  p retrea ted  in  0 2 at 6 0 0 ° c  
to  d eh y d ra te  it b e fo r e  e a c h  ex p e r im e n t. K a iser  A I2O 3 h as a p ore v o lu m e  o f  0 .4 6  
c m 3/g , an  a v e r a g e  p ore  rad iu s o f  41 Â , and  a  su rfa ce  area o f  2 0 0  m 2/g . O ur  
in v e s t ig a t io n  w a s  carr ied  o u t on  n o n -p o r o u s  fu m ed  a lu m in a  (D e g u s s a )  w h ic h  h as a 
su r fa ce  area  o f  9 0  m 2/g  and is  m a in ly  in  th e  g a m m a  p h a se  w ith  so m e  in  th e  d e lta  
p h ase . T h e  c h lo r in e  c o n te n t o f  th e  a lu m in a  is  le s s  than 0 .5  %. F u rth erm ore, the  
c a ta ly s ts  u se d  in  th is  s tu d y  w e r e  p retreated  w ith  H 2 at 4 0 0 ° c ,  fo llo w e d  b y  c o o lin g  in  
n itrog en . T h u s, the resu lt in g  a lu m in a  su r fa ce  w a s  n o t d eh yd rated .

alumina-supported Pt-Sn catalysts, รท is primarily present in a state of รท(II) or
รท(IV) (Balakrishnan and Schwank, 1991).
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Temperature (°C)
Figure 4.5 T em p era tu re-p ro g ra m m ed  d e so r p tio n  p r o f ile s  o f  c o im p r e g n a te d  P t-S n  
ca ta ly s t  ser ie s .

IeH
0 200 400 600 800
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Figure 4.6 Temperature-programmed desorption profiles of sequential impregnated
Pt-Sn catalyst series (with รท first).
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As seen in Figures 4.5 and 4.6, the TPD profiles detected by TCD on all Pt- 
รท catalyst samples had only one major peak. For the coimpregnated catalyst series, 
the maximum temperature peak increased with increasing tin content from 220°c for 
the monometallic Pt to 275°c for the sample with 1% รท. This indicates that the 
bond strength between the adsorbed species and the Pt sites is the weakest for the 
monometallic l.OPt/AFCb and increases with addition of tin. For the sequentially 
impregnated catalyst series, the maximum temperature peak shifted significantly 
from 230°c to 290°c when tin was added, but did not change much with further 
increase of the tin content from 0.6%-1.5%. Flowever at a tin content of 5%, the 
maximum peak temperature increased dramatically to 375°c.

The major products identified by mass spectrometry in the TPD of methanol 
were hydrogen, and carbon monoxide. Only a small amount of weakly adsorbed 
methanol was found to desorb intact at the beginning of temperature ramping, along 
with small amounts of formaldehyde and water. The results indicate that the 
dehydrogenation of methanol on Pt sites appears to be the dominant pathway of 
methanol decomposition.

The peak maximum temperatures of hydrogen and carbon monoxide on the 
two series of catalysts are presented in Figure 4.7 and 4.8. For all catalysts, the peaks 
observed by mass spectrometry were in agreement with the TPD spectra obtained by 
TCD. From the mass spectra, the H2/CO peak area ratios of the monometallic 
catalysts were consistently larger than 1.5, and for most of the bimetallic catalysts, 
the ratio exceeded a value of 2. This indicates that carbon monoxide is more strongly 
bonded on the surface of the bimetallic catalysts than on the monometallic platinum 
catalysts. This conclusion is consistent with the significant differences seen in the 
desorption peak maxima for the hydrogen and carbon monoxide peaks, as shown in 
Figure 4.9 and 4.10. After the decomposition of methanol on the catalyst surface, 
hydrogen is released before the release of carbon monoxide, indicating that carbon 
monoxide is adsorbed more strongly than hydrogen. Moreover, the difference 
between the hydrogen and carbon monoxide peak maxima temperature increased 
with increasing tin content in both series of catalysts. It appears that the presence of 
tin enhances the differences in adsorption strength of hydrogen and carbon 
monoxide.
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Figure 4.7 The maximum peak temperature from TCD and MS versus Sn/Pt atomic 
ratio for coimpregnation Pt-Sn catalysts.

0 . 0 0  1 .00  2 . 0 0  3 . 0 0  4 . 0 0  5 . 0 0  6 . 0 0  7 .0 0
Sn/Pt (atomic ratio)

Figure 4.8 The maximum peak temperature from TCD and MS versus Sn/Pt atomic 
ratio for sequential impregnation Pt-Sn catalysts.
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Figure 4.9 The difference of hydrogen and carbon monoxide maximum peak 
temperatures versus รท/Pt atomic ratio for coimpregnation Pt-Sn catalysts.

Figure 4.10 The difference of hydrogen and carbon monoxide maximum peak 
temperatures versus Sn/Pt atomic ratio for sequential impregnated Pt-Sn catalysts.
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In a previous chemisorption study (Balakrishnan and Schwank, 1991), it was 
found that CO adsorption on monometallic รท/AI2O3 catalysts was completely 
reversible, with 100 % of the adsorbed CO weakly held and removable by 
evacuation. On monometallic Pt/Al203, on the other hand, 32% of the adsorbed CO 
was weakly held. One would expect that adding รท to Pt would lead to a percentage 
of weakly held CO somewhere between 32% and 100 %. However, this was not the 
case in the present experiments. Adding รท to Pt actually decreased the amount of 
weakly held CO to 16-17%. From the earlier chemisorption results (Balakrishnan 
and Schwank, 1991), it appears that Pt particles in contact with tin-aluminate 
complexes exhibit a stronger CO bonding than that of CO on Pt/Al20 3 . This trend 
towards a stronger CO bonding on Pt-Sn/ AI2O3 catalysts with increasing tin content 
also manifests itself in the shift of the methanol decomposition to H2 and CO to 
higher temperatures.

The bimetallic catalysts are predominantly made up of platinum particles 
located in tin containing regions. On these bimetallic catalysts, methanol 
decomposition, as evidenced by the evolution of hydrogen and CO, requires higher 
temperatures as compared to monometallic platinum catalysts.

Furthermore, the increased concentration of ionic tin species as a function of 
tin loading causes the desorption peak for CO to shift progressively to higher 
temperatures, thus increasing the temperature gap between H2 and CO desorption. 
This could mean that CO interacts more strongly with the interface where platinum 
particles are in direct contact with ionic tin species or tin-aluminates. There is a 
possibility of a dual-site adsorption of methanol molecules by the C -0 bond of 
methanol may interact with SnO and C-H bond of methanol contact on Pt 
crystallites. Therefore, catalysts may be located at the interface between SnO and Pt 
crystallites.

Based on the present TPD results and by comparing with the previous 
characterization of catalysts by chemisorption, high resolution electron microscopy, 
and X-ray energy dispersive spectroscopy (Sachdev, 1989) a schematic describing 
the microstructure properties of the studied catalysts is sketched in Figure 4.11. The 
monometallic PTAI2O3 catalyst structure is quite straightforward as the metal 
particles are highly dispersed and the particle size is mostly smaller than 10À with
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some proportion of the particles in the range of 10-20À. The structures of the 
coimpregnated bimetallic catalysts and of the sequentially impregnated bimetallic 
catalysts are more complex in terms of particle size distribution, structure and 
composition. The size distribution for the coimpregnated bimetallic catalysts 
indicates that the largest proportions of particles are smaller than 10Â. These consist 
of either elemental platinum alone or both platinum and tin. None of the particles 
analyzed were comprised of solely tin. There was no evidence of alloy formation or 
zero valent tin in catalysts except in the high loading of tin catalysts (l%Pt- 
l%Sn/Al203). Most of the platinum particles are associated with tin, so it can be 
postulated that tin exists in an alumina stabilized ionic state and that the platinum 
particles are located within or near it. For the sequentially impregnated catalysts, a 
certain proportion of the metal particles were somewhat larger and there was 
evidence of the formation of Pt-Sn alloy.
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Monometallic Pt/Al203

•  Pt tin-aluminate complex 1 PtSn alloy

Figure 4.11 The schematic describing in the microstructure properties of catalysts.
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4.3 Methanol Oxidation

The conversion of methanol was immeasurable in the empty reactor in the 
studied temperature range (room temperature to 200°C). For each run, it took about 
15 h for the system to reach steady state. Figure 4.12 shows steady-state methanol 
conversion as a function of temperature for the monometallic Pt and bimetallic Pt-Sn 
catalysts prepared by the coimpregnation method. The monometallic platinum 
catalyst was found extremely active. Significant conversion of methanol was 
observed at room temperature for all catalysts and complete conversion was achieved 
at 100°c for the l%Pt/Al203 catalyst. The coimpregnated catalysts were also very 
active and reached 100% methanol conversion near 100°c, except for the l%Pt- 
l%Sn/Al203 catalyst, which required 150°c to achieve 100% methanol conversion. 
For any given methanol conversion, the reaction temperature was increased with 
increasing tin content. The reaction results agree very well with the hydrogen and 
oxygen chemisorption data on monometallic and the bimetallic Pt-Sn catalysts 
prepared by coimpregnation and sequential impregnation with รท first. According to 
the hydrogen chemisorption results, the l%Pt-0 .1%Sn/Al2O3 has better Pt dispersion 
than the monometallic Pt catalyst. The Pt dispersion decreases with increasing tin 
loading in the bimetallic Pt-Sn catalysts. For the methanol oxidation reaction, the 
monometallic Pt catalyst was the most active and the overall conversion shifted to 
higher temperature with increasing tin content. The increased reaction temperature of 
bimetallic Pt-Sn may not be attributed simply to a dispersion effect. The oxygen 
chemisorption results indicated that increasing รท content of the Pt catalyst increases 
the oxygen uptake and further addition of tin gave the increasing oxygen uptake 
decreased the extent of methanol conversion decreased significantly with increasing 
tin content. Thus, the enhanced oxygen uptake can be attributed to adsorption of 
oxygen on รท surface atoms. But an increasing amount of oxidized tin does not 
seem to favor the conversion of methanol. Tin oxide may block Pt sites responsible 
for methanol oxidation. The results of the present study are in good agreement with 
the study of Haner and Ross (1991), who found that in electrochemical oxidation of 
methanol, alloy surfaces of Pt-Sn exhibited lower catalytic activity than pure 
platinum surfaces.
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Figure 4.12. Effect of temperature on methanol conversion for coimpregnated 
catalysts series. The feed contained 1,200 ppm of methanol and 21% O2 in helium 
carrier at a volumetric space velocity of 20,000 h '1.

Figure 4.13 Effect of temperature on methanol conversion for sequentially
impregnated catalysts series. The feed contained 1,200 ppm of methanol and 21% O2

in helium carrier at a volumetric space velocity of 20,000 h '1.
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The results of methanol oxidation over the sequentially impregnated catalysts 
are markedly different from those over the coimpregnated catalysts as shown in 
Figure 4.13. For a temperature up to 100°c, the activity was very low with 
conversions of less than 20 % for all Pt-Sn catalysts. At higher temperatures, the 
activity increased steeply reaching 80-90 % conversion at 200°c. It was also found 
that for any given reaction temperature, the methanol conversion dropped markedly 
in the presence of tin as compared to the monometallic Pt catalyst. For the bimetallic 
Pt-Sn catalysts, increased รท decreased slightly the methanol conversion. As stated 
previously, the TPD results on the sequentially impregnated catalysts showed a 
significant shift to higher desorption temperatures for CO and FI2 formed during 
thermal decomposition of methanol compared to both monometallic Pt and the 
coimpregnated catalysts. This suggests that Pt particles deposited on รท tend to 
adsorb methanol more strongly than Pt in the coimpregnated catalysts. Thus, it is not 
surprising to see much lower oxidation activities of the sequentially impregnated 
catalysts as compared to the coimpregnated catalysts. It is noteworthy that there was 
good correlation between the maximum desorption peak temperature of methanol 
and the methanol oxidation temperature in both of the catalyst series tested. 
Moreover, CO2 and methyl formate were the only carbon-containing products of 
methanol oxidation over the monometallic Pt catalyst, as shown in Figure 4.14. 
Methyl formate was the principle product at low temperatures, but its content 
decreased sharply with increasing temperature, with concomitant increase in the 
production of CO2, which became the principle product at high temperatures. The 
two proposed main reactions of methanol oxidation over the monometallic Pt and 
bimetallic Pt-Sn catalysts are shown below:

2 CH3OH + 0 2
Pt and Pt-Sn catalyst --------------- ►low temperature CH3OCHO + 2H20 (4.1)

2 CH3OH + 3 0 2 Pt and Pt-Sn catalyst --------------- ► 2 CO2 + 4H20 (4.2)
high temperature

These results are in good agreement with the previous work reported by McCabe and 
Mitchell (1986) who studied methanol oxidation over alumina-supported catalysts 
containing highly dispersed Rh. Pd, Pt, Ag or Cu-Cr. They also found that methyl
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formate, CO2 and H2CO were the only carbon-containing products of methanol 
oxidation over the Pt catalyst. Further, methanol oxidation over the Pd catalyst was 
similar to that over the Pt catalyst, but there was more H2CO formed over Pd than 
over Pt. The Rh catalyst was much less active than Pt and Pd and dimethyl ether and 
H2CO were the principle partial oxidation products over the Rh catalyst.

Figure 4.14 Percentage of methanol conversion and selectivity of carbon-containing 
products as a function of temperature over the monometallic Pt catalyst.

For the coimpregnated catalysts, the reaction products are similar to those 
using the monometallic Pt catalyst (Figures 4.15-4.17). Similarly, methyl formate 
was the principle product in the low temperature range, but decreased dramatically 
with increasing reaction temperature. CO2 became dominant at high temperatures. 
Addition of tin decreased the amount of methyl formate.
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Figure 4.15 Percentage of methanol conversion and selectivity of carbon-containing 
products as a function of temperature over l%Pt-0.1%Sn/Al2O3 catalyst.

Figure 4.16 Percentage of methanol conversion and selectivity of carbon-containing 
products as a function of temperature over l%Pt-0.5%Sn/Al2O3 catalyst.
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Figure 4.17 Percentage of methanol conversion and selectivity of carbon-containing 
products as a function of temperature over l%Pt-l%Sn/Al203 catalyst.

6 6.2 6.4 6.6 6.8 7 7.2
In C a o

Figure 4.18 Relation of rate of reaction and initial methanol concentration for 
coimpregnated catalysts series.
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6 6.2 6.4 6.6 6.8 7 7.2
I n  Cao

Figure 4.19 Relation of rate of reaction and initial methanol concentration for 
sequentially impregnated catalysts series.

1/T (* 1 0 0 0  K)

Figure 4.20 Arrhenius plot for coimpregnated catalysts series.
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1/T  (* 1 0 0 0  K)

Figure 4.21 Arrhenius plot for sequentially impregnated catalysts series.

As shown in Figures 4.18-4.19 and Table 4.3, the reaction order calculated 
from the experimental data with respect to the rate of methanol oxidation over both 
the monometallic and bimetallic Pt-Sn catalysts is 1.15 ± 0.05, which is in good 
agreement with the reported value of a first-order reaction for methanol oxidation 
(Cordi and Falconer, 1996). Arrhenius plots were established to calculate the 
activation energy for methanol oxidation (Figures 4.20-4.21). As shown in Table 4.3, 
the apparent activation energy increases significantly with increasing tin content for 
the coimpregnated catalysts. For the sequentially impregnated catalysts, the apparent 
activation energy was almost unchanged with tin contents in the range of 0.6 % -  1.5 
%, but it shifted to 66.81 kJ/mol for 1% Pt -5% รท/AI2O3 catalyst. For both catalysts 
series, the trend toward higher desorption temperature for CO with increasing tin 
content indicates that the presence of tin can decrease methanol oxidation activity. 
The effect of tin is more pronounced in the sequentially impregnated catalysts since 
Pt is deposited on top of oxidized รท. The nature of the microstructures formed 
during sequential impregnation was not investigated. It does appear that the
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sequentially impregnated catalysts have lower platinum dispersion compared to the 
coimpregnated catalysts. Based on the result from the coimpregnated series, it is not 
likely that the observed trends in CO bond strength and in methanol oxidation 
activity can be attributed simply to the Pt dispersion effects. Based on the evidence 
of the microstructures of the studied catalysts, it can be concluded that the strength of 
the CO bonds on the surface is significantly increased by the interaction between Pt 
and รท. Consequently, the reactivity of these catalysts for oxidation of methanol, 
which might involve adsorbed CO intermediates, is significantly decreased.

The results of deactivation study (Figure 4.22) showed a small drop in the 
activity of the monometallic Pt catalyst, but less drop in the activity was found over 
the 0 .96%Pt-0 .14%Sn/Al203 catalyst. The activity decreased considerably when the 
tin loading was further increased. The 0 .92%Pt-0.14%Sn/Al203 catalyst did not show 
any signs of deactivation over 2 days, while 0 .99%Pt/Al2O3 catalyst lost about 2% 
activity per day. Extrapolation of these results indicate that the 0 .99%Pt/Al2O3 

catalyst would lose its activity completely after 39 days on stream. However, the 
results indicate that the activity of platinum catalysts can be maintained by the 
addition of an appropriate amounts of tin.
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Time (min)
Figure 4.22 The long-running experimental for observing the deactivation of the 
coimpregnated catalysts series.

Table 4.3 Calculation values of reaction orders and activation energies

Catalyst Impregnation Reaction Ea
(wt%) Method order (kJ/mol)

0.99 Pt/Al20 3 - 1 .1 2 25.9
0.96 Pt-0.14 รท/AI2O3 coimpregnation 1 .1 2 38. 9
1.00 Pt-0.53 รท/AI2O3 coimpregnation 1.13 41.8
0.89 Pt-0.99Sn/Al2O3 coimpregnation 1.16 48.7
1.04 Pt- 0.85 รท/AI2O3 sequential 1.15 54.5
1.03 Pt-0.96 รท/AI2O3 sequential 1.16 55.1
1.03 Pt-1.52 รท/AI2O3 sequential 1.13 54.9
1.12 Pt-4.18 รท/AI2O3 sequential 1.17 66.8
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