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Appendix A. Pt-Sn/Al20 3  Catalysts: Effect of Catalyst Preparation and 
Chemisorption Methods on แ 2 and O2 Uptake.

Abstract

P u lse  and  sta tic  h y d r o g e n  an d  o x y g e n  c h e m iso r p tio n  te c h n iq u e s  for  
d e term in in g  th e p la tin u m  d isp e r s io n  in  b im e ta llic  P t-S n  c a ta ly s ts  w e r e  carr ied  out 
and  co m p a r e d  for  a m o n o m e ta llic  P t /A l2 0 3  c a ta ly s t  and  a se r ie s  o f  c o im p r e g n a te d  Pt- 
S n  c a ta ly s ts  c o n ta in in g  1 w t%  o f  Pt. T h e  p u lse  c h e m iso r p tio n  m e th o d  g a v e  lo w e r  
u p ta k es o f  h y d r o g e n  an d  o x y g e n  co m p a r e d  to  th e  s ta tic  v o lu m e tr ic  c h e m iso r p tio n  
m eth o d . T h e  d if fe r e n c e s  in  h y d r o g e n  and  o x y g e n  g a s  u p ta k e  b e h a v io r  ca n  b e  
attr ib uted  to  th e  d iffe r e n t eq u ilib r a tio n  t im e s  p ro v id e d  b y  th e  tw o  c h e m iso r p tio n  
m e th o d s. In th e  c o im p r e g n a te d  c a ta ly s t  s e r ie s , th e  O /P t ratio  in cr e a se d  w ith  
in c r e a s in g  รท c o n ten t. T h e  H /P t ratio , o n  th e  o th er  h an d , r e a c h ed  th e  m a x im u m  v a lu e  
at 0 .1  w t  % รท.

P u lse  c h e m iso r p tio n  w a s  th en  u se d  to  ev a lu a te  h o w  th e p rep ara tion  m eth o d  
a ffe c ts  p la tin u m  d isp e r s io n  and  c h e m iso r p tio n  b eh a v io r . T h e  a lu m in a  su p p o rted  
c a ta ly s t  se r ie s  p rep ared  b y  c o im p r e g n a tio n  o f  P t and  รท w a s  co m p a red  w ith  a ser ies  
o f  c a ta ly s ts  p rep ared  b y  seq u e n tia l im p r e g n a tio n  w ith  tin  first, f o l lo w e d  b y  p la tin u m  
as s e c o n d  c o m p o n e n t . C o im p r e g n a tio n  o f  th e  A I2O 3 su p p ort w ith  p la tin u m  an d  sm all 
a m o u n ts  o f  tin  fa c il ita te s  h ig h  Pt d isp e r s io n , w h ile  se q u en tia l im p r e g n a tio n  o f  the  
su p p ort w ith  รท first, f o l lo w e d  b y  Pt, le a d s  to m u c h  lo w e r  P t d isp ers io n .
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1. Introduction

A d d in g  tin  to  p la tin u m  c a ta ly s ts  h a s p ro v en  to  b e  b e n e f ic ia l for a c tiv ity  
m a in te n a n c e  in  a p p lic a t io n s  su ch  as c a ta ly tic  re fo rm in g . T h e  c a ta ly s t  p rep aration  
m eth o d , e s p e c ia l ly  th e  im p r e g n a tio n  s e q u e n c e , is  k n o w n  to  a ffe c t  th e  in tera ctio n  o f  
tin  and  p la tin u m . S e x to n  e t a l.[  1] fo u n d  that a c a ta ly s t  p rep ared  b y  c o p r e c ip ita tio n  o f  
รท w ith  a lu m in a  fo l lo w e d  b y  im p r e g n a tio n  o f  p la tin u m  a c h ie v e d  th e  m a x im u m  
co n ta c t  b e tw e e n  Pt and  io n ic  tin . T h is  c a ta ly s t  a ls o  had  a u n ifo rm  d istr ib u tio n  o f  b oth  
sp e c ie s . M o r e o v e r , it g a v e  th e  h ig h e s t  a c t iv ity  an d  s e le c t iv ity  in  m e th y c y c lo p e n ta n e  
and c y c lo h e x a n e  c o n v e r s io n . D a u tz e n b e r g  et a l .[2] o b se r v e d  that th e  s e q u e n c e  o f  
m eta l im p r e g n a tio n  w a s  an im p o rtan t fa c to r  at lo w  tin  c o n ten t. T h e y  c o n c lu d e d  that 
th e  m o d if ic a t io n  o f  P t-S n  a l lo y  w a s  m o re  im p o rtan t th an  th e e f fe c t  o f  in tera ctio n  o f  
P t w ith  a t in (o x id e ) -m o d if ie d  su p p ort. B a ro n etti and  c o w o r k e r s  [3 ] u se d  three  
d ifferen t p rep ara tio n  te c h n iq u e s  for  P t -S n /A fC b  c a ta ly s ts  and  ch a ra cter ized  the  
sa m p le s  b y  d if fu se  r e f le c ta n c e  s p e c tr o sc o p y  and  tem p era tu re  p ro g ra m m ed  red u ction . 
T h eir  re su lts  in d ica ted  th at there w a s  a  s tro n g  in tera ctio n  b e tw e e n  P t and  รท in  
c a ta ly s ts  p rep ared  b y  c o im p r e g n a tio n  an d  in  c a ta ly s ts  p rep ared  b y  seq u en tia l 
im p r e g n a tio n  w ith  Pt first, w h e r e  a  c o m p le x  o f  (P tC l2(S n C l3)2)2" w a s  d e p o s ite d  o n  the  
a lu m in a  su rfa ce . H o w e v e r , w h e n  th e c a ta ly s ts  w e r e  p rep ared  b y  se q u en tia l 
im p r e g n a tio n  w ith  รท first, th e  c o m p le x  fo rm a tio n  d id  n o t o ccu r , and  o n ly  P t(IV ) and  
รท(IV ) s p e c ie s  w e r e  o b se r v e d  o n  th e  a lu m in a  su rfa ce . T h e  T P R  p r o file  o f  a 
se q u e n tia lly  im p reg n a ted  c a ta ly s t  w a s  s im ila r  to th e  su m  o f  T P R  p r o file s  o f  th e  tw o  
m o n o m e ta llic  sa m p le s  (P t /A fC ^ + S n /A fC b ) .  T h e y  e x p la in e d  that รท (II) d e p o s ite d  
d u rin g  th e  in it ia l im p reg n a tio n  step  w a s  o x id iz e d  to  รท (IV ) in  th e  d ry in g  step , 
th ereb y  p r e v e n tin g  th e  fo rm a tio n  o f  th e  (P tC l2(S n C l3)2)2' c o m p le x  w h e n  P t(IV ) w a s  
ad d ed  as th e  s e c o n d  c o m p o n e n t , d u e  to  th e  w e a k  in tera ctio n  b e tw e e n  (P tC k )2' and  
(S n C lô )2’ sp e c ie s .

M a n y  resea rch  g ro u p s h a v e  w o rk ed  o n  th e ch a ra c ter iza tio n  o f  th e  sta te  o f  รท, 
u s in g  v a r io u s  c h a ra c ter iza tio n  m e th o d s  su ch  as c h e m iso r p tio n  b y  sta tic  or p u lse  
te c h n iq u e s  [4 -1 4 ] , X -ra y  d iffra c tio n  (X R D )  [1 5 ] , X -ra y  p h o to e le c tr o n  sp e c tr o sc o p y  
(X P S )  [ 1 ,8 ,1 6 ] ,  M ô ssb a u e r  sp e c tr o sc o p y  [1 7 -1 8 ] ,  and  tem p era tu re p ro g ra m m ed  
r e d u ctio n  (T P R ) [1 9 -2 0 ] , S r in iv a sa n  and  c o w o r k e r s  [1 5 ] o b se r v e d  a l lo y  fo rm a tio n
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w ith  a P t/S n  s to ic h io m e tr y  o f  1:1 b y  in -s itu  X -r a y  d iffr a c tio n . L i e t al. [1 7 ]  sh o w e d  
that th e  fra c tio n  o f  Pt p resen t in  an  a l lo y  p h a se  in cr e a se d  w ith  in c r e a s in g  t in  c o n ten t, 
and an a l lo y  r ich er  in  รท  than  P t/S n  = 1 :1  w a s  p resen t o n  th e  s i l ic a  su p p ort. V e r b e e k  
and  S a ch tler  [2 1 ] in v e s t ig a te d  th e su r fa ce  c o m p o s it io n  o f  a l lo y s  o f  p la tin u m  and  tin  
b y  a d so rp tio n  and tem p era tu re  p ro g ra m m ed  d e so r p tio n  (T P D ) o f  d eu ter iu m  and  
carb on  m o n o x id e . B a se d  o n  T P D  resu lts , th e y  referred  to  th e  lig a n d  e f fe c t , w h ic h  
c a u se d  w e a k e n in g  o f  th e  c h e m iso r p tiv e  b o n d  o f  d eu ter iu m  an d  carb o n  m o n o x id e  
w h e n  th e  p rop o rtio n  o f  t in  in  the a l lo y s  in crea sed . S ta tic  c h e m iso r p tio n  o f  h y d ro g en  
and o x y g e n  w a s  u sed  for  in v e s t ig a t in g  th e  su r fa ce  o f  c a ta ly s ts  b y  se v era l research ers. 
F or e x a m p le , O tter et a l. [1 2 ] s tu d ied  th e  e f fe c t  o f  h y d r o g e n  trea tm en t at h ig h  
tem p era tu res (> 5 0 0 ° C )  o n  P t/A L O ] ca ta ly s ts . T h e y  attr ib u ted  th e  d e c r e a s in g  am o u n t  
o f  h y d r o g e n  c h e m iso r p tio n  a fter re d u c tio n  at h ig h  tem p era tu res  o n  h ig h ly  d isp e r se d  
p la tin u m  p a r tic le s  fo r m in g  an  a l lo y  w ith  th e  a lu m in a  su p p ort. M u lle r  e t a l. [1 3 ]  
o b se r v e d  that the a m o u n t o f  o x y g e n  a d so rp tio n  o n  th e  P t-S n  b im e ta ll ic  c a ta ly s ts  w a s  
p rop o rtio n a l to  b o th  th e  p e r c e n ta g e s  o f  p la tin u m  and  tin  o n  th e a lu m in a  su p port. 
T h e y  fo u n d  n o  e v id e n c e  fo r  th e  m e ta llic  s ta te s  o f  รท  or P t-S n  a llo y s .

T h e  first o b je c t iv e  o f  th is  p ap er w a s  to  carry ou t an d  c o m p a re  th e  a c cu ra cy  o f  
p u lse  and  sta tic  h y d r o g e n  and  o x y g e n  c h e m iso r p t io n  te c h n iq u e s  o n  a m o n o m e ta llic  
P t/A fC b  c a ta ly s t  and  a  se r ie s  o f  c o im p r e g n a te d  P t-S n  c a ta ly s ts . T h e s e c o n d  o b je c tiv e  
w a s  to  e v a lu a te  h o w  th e  p rep aration  m e th o d  a f fe c ts  P t d isp e r s io n  and  c h e m iso r p tio n  
b eh a v io r , c o m p a r in g  a lu m in a  su p p o rted  c a ta ly s ts  prep ared  b y  c o im p r e g n a tio n  o f  Pt 
and  รท w ith  c a ta ly s ts  p rep ared  b y  se q u e n tia l im p reg n a tio n  w ith  tin  first.

2. Experimental methods

2 . 1 C a ta ly s t p re p a ra tio n

In  th is  w o rk , tw o  se r ie s  o f  P t-S n /A L C fi ca ta ly s ts  w e r e  in v e s t ig a te d . T h e  first  
se r ie s  w a s  p rep ared  b y  c o im p r e g n a tio n  o f  D e g u s s a  n o n p o r o u s  fu m ed  a lu m in a  (B E T  
su r fa ce  area  o f  9 0  m 2/g )  w ith  a c e to n e  so lu t io n  o f  E L P tC b  (A ld r ic h ) and  S n C b  
(A ld r ic h ). T h is  c o im p r e g n a te d  ca ta ly s t  se r ie s  h as b e e n  e x te n s iv e ly  ch a ra cter ized  [ 8 ], 
T h e se c o n d  se r ie s  w a s  p rep ared  b y  se q u en tia l im p reg n a tio n  o f  th e  AI2O 3 su p p ort
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w ith  รท first, f o l lo w e d  b y  Pt, u s in g  th e  sa m e  p recu rsors and  s o lv e n t  a s  in  the  
p r e v io u s  w o r k  [ 8 ]. T h e  n o m in a l p la tin u m  lo a d in g  w a s  k ep t co n sta n t at 1 w t%  in  all 
ca ta ly sts . In th e  c o im p r e g n a te d  se r ie s , th e  n o m in a l tin  lo a d in g  v a r ied  fro m  0 .1 -1 .0  
w t% . In th e  se q u e n tia lly  im p reg n a ted  se r ie s , th e  n o m in a l t in  lo a d in g  v a r ied  from  0 .6 -  
5 w t% . F o l lo w in g  im p reg n a tio n , th e  c a ta ly s ts  w e r e  d ried  at 3 9 3  K  and  th en  c a lc in e d  
in  air at 7 7 3  K  for 2 h ou rs. A fte r  c a lc in a t io n , the c a ta ly s ts  w e r e  red u ced  for  5 h  in  
f lo w in g  h y d r o g e n  at 6 7 3  K. T h e  actu a l p la tin u m , tin  and  c h lo r in e  c o n te n ts  o f  th e  
c a ta ly s ts  w e r e  q u a n tified  b y  n eu tro n  a c tiv a tio n  a n a ly s is  in  th e  U n iv e r s ity  o f  
M ic h ig a n  n u c lea r  reactor  lab oratory . T h e  c a ta ly s t  sa m p le s  w e r e  d e liv e r e d  v ia  
p n eu m a tic  tu b e  to  a lo c a t io n  w ith  an a v e r a g e  n eu tro n  f lu x  rate o f  2 .1 3 x 1  o’2 ท/ 
(c m 2.ร) and  e x p o s e d  to  irrad iation  for  1 m in , f o l lo w e d  b y  a 5 0 0 - s e c o n d  co u n t o f  
g a m m a -a c t iv ity  a fter a 2 0  m in u te  d e c a y . C a lc u la tio n s  o f  e le m e n ta l c o n c e n tr a tio n s  
w ere  b a se d  o n  c o m p a r iso n s  w ith  h ig h -p u r ity  s in g le -e le m e n t  standard  r e feren c e  
m ateria ls . A  su m m ary  o f  th e  resu lts  o f  n eu tro n  a c tiv a tio n  a n a ly s is  is  sh o w n  in  T a b le
1.

2 .2  P u lse  C h em iso rp tio n

Prior to  p u lse  c h e m iso r p tio n , a ll sa m p le s  w e r e  red u c e d  in  p u r if ie d  h y d r o g e n  
at a f lo w  rate o f  15 m l/m in  for  2  h ou rs at 6 7 3  K . T h e  tem p era tu re  w a s  c o n tr o lle d  to  ±  
l°c  b y  a  tem p era tu re  co n tro ller  (O m e g a  C N 8 0 0 0 ) .  T h e  red u ced  sa m p le s  w ere  
p u rged  in  p u r if ie d  n itr o g e n  at 6 7 3  K  for  3 0  m in  and th en  c o o le d  to  ro o m  tem p era tu re  
in  n itro g en  a tm o sp h ere . T h e  c h e m iso r p tio n  o f  h y d r o g e n  and  o x y g e n  w a s  m ea su red  
b y  u s in g  a g a s  ch ro m a to g ra p h  (H P  5 8 9 0 )  w ith  a th erm al c o n d u c tiv ity  d e tec to r  
(T C D ). G a s m ix tu r e s  o f  5 % H 2/N 2 an d  5 % 0 2 /N 2 w e r e  u se d  as a d so rb a tes . In jec tio n s  
o f  th e se  g a s  m ix tu r e s  in to  a N 2 carrier g a s  stream  f lo w in g  at 3 0  m l/m in  w e r e  m a d e  in  
5 -m in u te  in te r v a ls  u n til n o  further g a s  u p tak e b y  th e  c a ta ly s t  w a s  o b se r v e d  as 
in d ica ted  b y  co n sta n t p ea k  areas o f  th e  la st f e w  in je c tio n s . T h e  to ta l am o u n t o f  
a d so rp tio n  w a s  c a lc u la te d  b y  a d d in g  th e  g a s  u p tak e o b se r v e d  in  th e  se r ie s  o f  gas  
in je c tio n s  u n til sa tu ration  w a s  reach ed .
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2.3 S ta tic  V o lu m etric  C h em iso rp tio n

T h e  d e ta ils  o f  th e  sta tic  v o lu m e tr ic  c h e m iso r p tio n  e x p e r im e n ts  h a v e  b een  
d e scr ib ed  p r e v io u s ly  [ 8 ], T h e  c a ta ly s ts  w e r e  p re -red u ced  in  a  h y d r o g e n  f lo w  o f  15 
c c /m in  at 6 7 3 K , fo l lo w e d  b y  e v a c u a tio n  an d  sta tic  re d u c tio n  at 6 7 3  K  in  a partial 
p ressu re  o f  3 3 .3  k P a  o f  resea rch -g ra d e  แ 2 for  3 h ou rs, f o l lo w e d  b y  e v a c u a tio n  and  a 
se c o n d  e x p o su r e  to  3 3 .3  k P a  o f  H 2 for  10 h ou rs at 6 7 3  K . H y d r o g e n  w a s  r e m o v e d  
from  th e  c a ta ly s t  su r fa ce  b y  e v a c u a tio n  at 6 9 3  K , f o l lo w e d  b y  c o o l in g  o f  th e  ca ta ly s t  
sa m p le  to  a m b ien t tem p era tu re u n der d y n a m ic  v a cu u m . F o r  b o th  H 2 and  O 2, tw o  
a d so rp tio n  iso th e r m s w e r e  c o lle c te d . T h e  first iso th erm  rep resen ted  th e  to ta l H 2 or 0 2 

u p tak e at 2 9 8  K . T h e  se c o n d  iso th erm  w a s  o b ta in ed  a fter  r e m o v in g  th e  w e a k ly  
ad so rb ed  h y d r o g e n  or o x y g e n  b y  e v a c u a tio n  at 2 9 8  K  for  1 hour.

3. Results and discussions

C o m p a riso n  o f  p u lse  ch e m iso rp tio n  a n d  s ta tic  ch em iso rp tio n

T a b le  2  s h o w s  th e su m m ary  resu lts  o f  th e  a m o u n ts  o f  h y d r o g e n  and o x y g e n  
ad so rb ed  o n  th e tw o  se r ie s  o f  P t-S n /A l20 3  ca ta ly s ts  u s in g  p u lse  c h e m iso r p tio n  
te c h n iq u e . T h e  H /P t ratio  in  the m o n o m e ta llic  P t /A l20 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 c h  larger h y d r o g e n  
u p ta k e, g iv in g  a H /P t ratio  o f  a b 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 r fa 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 ten t, th e  h y d r o g e n  u p ta k e  d e c r 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  t in  c o n ten 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 t io n  data  rep orted  b y  B a la k r ish n a n  and  S c h w a n k  for the  
sa m e  c o im p r e g n a te d  c a ta ly s t  se r ie s  [ 8 ], H o w e v e r , th e  a m o u n t o f  h y d r o g e n  u p take  
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 e d  b y  th e  sta tic  v o lu m e tr ic  m e th o d  ( F ig . l ) .  T h e se  f in d in g s  are 
in  g o o d  a g r e e m e n t w ith  B u y a n o v a  e t a l. [4 , 5] w h o  co m p a red  a fron ta l 
c h ro m a to g ra p h ic  m e th o d  w ith  th e  s ta tic  a d so rp tio n  m eth o d . T h ey  fo u n d  that on  
P tM H C b c a ta ly s ts  w ith  Pt 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 take
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determined from the chromatographic method was 6-19 % smaller than that obtained 
by the static method.

Some of the differences in hydrogen uptake between the pulse and static 
methods may be attributed to small errors in the integration of the pulse 
chemisorption peak areas due to slight baseline drift. However, error analysis showed 
that in a worst-case scenario, these integration errors could cause not more than a 5% 
discrepancy. The remaining difference, therefore, would be inherently to the 
chemisorption method used. One of the differences accounting for the larger 
hydrogen uptake in static volumetric experiments could be the longer equilibration 
time provided. In Balakrishnan and Schwank's work [8], a significant portion of the 
adsorbed hydrogen was found to be weakly adsorbed. In their experiments, 40-45% 
of the adsorbed hydrogen was removed by evacuation for 1 hour at room 
temperature. In the pulse experiments, the catalyst samples were flushed in flowing 
N2 at room temperature for about 5 minutes between pulses of hydrogen. This means 
there is no equilibration time in pulse chemisorption. Given the relatively large 
fraction of weakly adsorbed hydrogen observed by static volumetric methods, it is 
conceivable that the experimental conditions in the pulse method might lead to 
different degrees of surface coverage of weakly adsorbed hydrogen.

On the monometallic l%Pt/Al2C>3 catalyst, the static volumetric method gave 
an atomic ratio of adsorbed oxygen to adsorbed hydrogen (Oads/Hads) equal to 0.73. 
In the pulse chemisorption method, the Oads/Hads ratio was 0.71, showing good 
agreement between the two methods. It appears that the saturation coverage of 
oxygen on platinum is smaller than that of hydrogen. This observation agrees with 
earlier work by O’Rear e t a l. [24] reporting an Oads/Hads ratio of 0.65 on unsupported 
platinum powder, and by Balakrishnan e t al. [25] giving an Oads/Hads ratio of 0.68 on 
Pt/Si02. Since a large fraction of the adsorbed hydrogen was weakly adsorbed [8], 
these weakly adsorbed hydrogen species should have higher mobility than the more 
strongly adsorbed oxygen [26],

While in the pulse chemisorption experiments hydrogen adsorption required 
several pulses to reach saturation, oxygen adsorption reached saturation already 
during the first pulse of gas. Subsequent pulses of oxygen did not lead to additional 
uptakes of oxygen. These differences between hydrogen and oxygen adsorption
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might be linked to the different degrees of weak adsorption (40- 45 % of weakly held 
hydrogen, and only 1-2 % weakly held oxygen) [8], The oxygen uptake values 
measured by the pulse method on all the bimetallic Pt-Sn samples were again lower 
than those observed by static chemisorption experiments, similar to the observation 
made in hydrogen chemisorption (Fig.2).

In contrast to our pulse chemisorption results, the chromatographic method 
used by Buyanova et a l. [5] gave a slightly higher amount of adsorbed oxygen than 
the static method. The main difference between the static method and the 
chromatographic method is that the chromatographic method exposes the catalyst to 
flowing oxygen at essentially constant partial pressure. In a static adsorption 
experiment, on the other hand, the partial pressure of oxygen will gradually decrease, 
until adsorption equilibrium is established. Buyanova e t a l. [5] mentioned that their 
frontal chromatographic method could only be used for rough estimates

With increasing tin content of the coimpregnated catalysts, both the static and 
the pulse methods showed a systematic increase of oxygen uptake (Fig 2). The 
increased oxygen uptake as a function of tin content may be attributed to several 
possible reasons. One possibility is that chemisorbed oxygen can spill over from 
platinum sites to adjacent tin sites, which may be present in form of tin-aluminate 
surface complexes. Another possibility may be that the adsorption stoichiometry for 
oxygen on platinum is changed by the presence of adjacent tin ions. Furthermore, it 
is well known that oxygen can be adsorbed on metallic tin, but not on ionic tin. One 
could argue that the increased oxygen uptake with increasing tin content may due to 
increased levels of metallic tin in the catalysts with higher tin loading. Lieske and 
Volter [7] purposed the formation of platinum-tin alloy by assuming that metallic tin 
is transformed into SnO by oxidation and that the presence of tin does not affect the 
oxygen adsorption on the platinum sites. They concluded that the amount of 
platinum-tin alloy increases with the addition of tin. However, the XPS results 
obtained on our coimpregnated Pt-Sn catalyst series [8] did not give evidence for the 
presence of zero valent tin. It is likely that tin-aluminate complexes are present, 
which could change the oxygen adsorption characteristics compared to catalysts 
where there is no interaction of alumina and tin. Similarly, platinum-tin alloy
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particles may adsorb oxygen in a different way compared to individual particles of 
metallic platinum and tin.

C o m p a r iso n  o f  the  c o im p re g n a te d  a n d  s e q u e n tia lly  im p re g n a te d  P t-S n  ca ta lys ts .

For the sequentially impregnated (รท first) catalysts, with increasing tin 
content a much lower hydrogen uptake was observed, as compared to the 
coimpregnated catalysts (Fig. 3). The H/Pt atomic ratios of the sequentially 
impregnated catalysts show that the platinum dispersion values are relatively small as 
compared to those of the coimpregnated catalysts. The significantly smaller 
hydrogen uptake in the sequential impregnation series indicates that deposition of tin 
as first component on the alumina support is detrimental for the dispersion of 
platinum, while coimpregnation appears to facilitate high platinum dispersions. After 
reduction in แ 2 at 400 ๐c , the sequentially impregnated catalysts contained a slightly 
higher amount of residual chlorine, compared to the coimpregnated catalysts (see 
Table 1). However, these small differences in chlorine content should not have 
significant effects on the chemisorption behavior and platinum dispersion.

In the sequentially impregnated catalysts, the effect of tin loading on 
enhanced oxygen uptake was much less pronounced as compared to the 
coimpregnated catalyst series (Fig.4). On the catalyst sample with very large รท 
content ( 1 .0Pt-5 .0Sn/Al20 3), the uptakes of both oxygen and hydrogen were very 
low indicating low dispersion of platinum. High resolution electron microscopy and 
X-ray energy dispersive spectroscopy results showed a certain proportion of the 
metal particles were somewhat larger and there was evidence of the formation of Pt- 
Sn alloy in the sequentially impregnated catalysts [27],

It appears that oxygen adsorbed on highly dispersed platinum particles can 
spillover onto tin-aluminate complex situating the nearby platinum atoms, thus 
causing larger O/Pt ratios than H/Pt ratios in the bimetallic catalysts with high Pt 
dispersion. This explanation is also consistent with the XPS analysis of the 
coimpregnated catalyst series with high Pt dispersion, indicating that in the reduced 
alumina-supported Pt-Sn catalysts, รท is primarily present in a state of รท(II) or 
รท(IV) [8],
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4. Conclusions

Comparing static volumetric chemisorption data to the pulse chemisorption 
data shows agreement in the qualitative trends. On monometallic Pt/AhOî, the static 
method gives an Oads/Hads ratio equal to 0.73, in excellent agreement with the pulse 
chemisorption method, where the Oads/Hads ratio is 0.71. In the coimpregnated Pt-Sn/ 
AI2O 3 catalyst series, the H/Pt ratio goes through a maximum for the catalyst with 
0.1 wt% รท, both for the static as well as the pulse method. In both methods, the 
O/Pt ratio increases with increasing รท content. However, the pulse chemisorption 
method gives consistently lower uptakes of hydrogen and oxygen compared to the 
static volumetric method. These differences in gas uptake might be attributed to the 
different equilibration times provided by the two chemisorption methods.

The method of catalyst preparation has great influence over the metal 
dispersion and adsorption behavior. Coimpregnation of the AI2O3 support with 
platinum and small amounts of tin facilitates the formation of high Pt dispersion, 
exceeding the dispersion of monometallic Pt/Al203 catalysts with similar Pt loading. 
However, sequential impregnation of the AI2O3 support with รท first, followed by Pt, 
leads to low Pt dispersion, as evidenced by consistently lower H/Pt and O/Pt ratios as 
compared to coimpregnated catalysts with similar overall Pt and รท loading.

In the tin containing catalysts, the O/Pt ratios obtained are consistently higher 
than the H/Pt ratios, showing a trend towards enhanced oxygen uptake with 
increasing รท content. It appears that oxygen adsorbed on highly dispersed platinum 
particles can migrate from the platinum sites to adjacent tin sites, populating the รท 
surface. รท is in a state of รท(II) and/or รท(IV), according to XPS results. This 
enhancement of oxygen uptake is not observed on catalysts containing large amount 
of tin, but low platinum dispersion, suggesting that the presence of highly dispersed 
platinum is required for populating nearby tin sites with oxygen.
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Tablel The metal loading of series of Pt-Sn catalysts as determined by Neutron 
Activation Analysis

Catalyst 
(nominal wt%)

Impregnation
Method

Component weight %
Pt รท Cl

1.0 Pt/Al20 3 0.99 0 0.72
1 .0 Pt-0,l รท/AI2O3 coimpregnation 0.96 0.14 0.97
1.0 Pt-0.5 S11/AI2O3 coimpregnation 1.00 0.53 1.00

1.0 Pt-1.0 Sn/Al20 3 coimpregnation 0.89 0.99 0.97
1.0 Pt- 0.6 S11/AI2O3 sequential 1.04 0.85 1.09
1.0 Pt-0.9 S11/AI2O3 sequential 1.03 0.96 1.05
1.0 Pt-1.5 S11/AI2O3 sequential 1.03 1.52 1.24
1.0 Pt-5.0 รท/AI2O3 sequential 1 . 1 2 4.18 1.01



Table 2 Pulse Chemisorption of hydrogen and oxygen

Metal (wt%) รท (atom%) Sn/Pt
(atomic ratio)

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

1.0 P t/A IA 0.99 0 0.00 0.1577 0.1115 0.2774 0.1962
Coimpregnation

1.0 Pt-0.1 S n /A IA 1.1 19 0.23 0.2533 0.2674 0.4596 0.4852
1.0 Pt-0.5 S n /A 1A 1.53 47 0.89 0.1843 0.3645 0.3210 0.6349

1.0 Pt-1.0 S n /A IA 1.88 65 1.86 0.1467 0.3744 0.2872 0.7327
Sequential impregnation (รท first)

1.0 Pt-0.6 Sn/Al20 3 1.89 57 1.33 0.0839 0.1391 0.1405 0.2330
1.0 Pt-0.9 S n /A 1A 1.99 61 1.56 0.1073 0.2329 0.1815 0.3939

1.0 Pt-1.5 S n /A 1A 2.55 71 2.45 0.0881 0.3075 0.1490 0.5201
1.0 Pt-5.0 S n /A 1A 5.3 86 6.14 0.0278 0.0616 0.0433 0.0957
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Figure 1: Comparison of hydrogen uptake measured by the pulse and static 
volumetric chemisorption methods as a function of nominal tin loading.
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Figure 2: Comparison of oxygen uptake measured by the pulse and static volumetric 
chemisorption methods as a function of nominal tin loading.

atom % tin



H/
Pt

79

Figure 3: Effect of catalyst preparation method on platinum dispersion, as measured 
by hydrogen chemisorption.
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Figure 4: Effect of catalyst preparation method on O/Pt ratio.
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Appendix B. Temperature-Programmed Desorption of Methanol and Oxidation 
of Methanol on Pt/Sn/Ah03  Catalysts.

Abstract

The temperature programmed desorption (TPD) of methanol, a widely used 
solvent contributing to industrial v o c  emissions, was studied on two different series 
of Pt-Sn/Al203 catalysts that were prepared by coimpregnation and sequential 
impregnation with รท first. TPD results showed that methanol decomposed primarily 
to hydrogen and carbon monoxide. Hydrogen desorbed first, followed by carbon 
monoxide at higher temperatures. Adding รท to Pt shifted the desorption peaks of 
both H2 and CO to higher temperatures. For the coimpregnated Pt-Sn catalysts, the 
temperature difference between the H2 and CO desorption peak maxima increased 
systematically with increasing รท content; for the sequentially impregnated catalysts, 
the temperature difference remained nearly constant. An exception was the catalyst 
containing 5% รท, where the peaks shifted upward by 150°c. In both catalyst series, 
the temperature difference between the hydrogen and the carbon monoxide 
desorption peak maxima increased with increasing รท content. This study has 
demonstrated that the adsorption/desorption behavior of methanol on platinum is 
strongly modified by the presence of tin.

The oxidation of methanol over the monometallic Pt and bimetallic Pt-Sn on 
alumina support was studied in the temperature range of 35-300 °c and initial 
concentrations of methanol in the range 500-1200 ppm and excess oxygen (21% O2). 
The experimental results showed that the monometallic Pt catalyst were much more 
active than the bimetallic catalysts. The coimpregnated catalysts were more active 
than the sequentially impregnated catalysts. CO2 and methyl formate (CH3OCHO) 
were the only carbon-containing products of methanol oxidation. Methyl formate 
was the principle product at low temperatures, while CO2 was the principle product 
at high temperatures. The reaction order of methanol oxidation was 1.15 ะ!ะ 0.05. The 
apparent activation energy of the monometallic platinum catalyst was 14.4 kj/mol. 
For the coimpregnated catalysts, addition of tin increased the apparent activation 
energy while in the sequentially impregnated Pt-Sn the apparent activation energy
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remained essentially constant over the range of 0.6 % -  1.5 % รท, then shifted to
66.8 kJ/mol for 5% รท.

1. Introduction

Emissions of volatile organic compounds (VOCs) are a concern in solvent
intensive operations in many manufacturing processes. Gaseous effluents and 
contaminated exhaust air containing VOCs enter the atmosphere, where they 
contribute to environmental pollution. Incineration is an energy efficient method to 
destroy VOCs. This proceeds in the presence of a catalyst and excess oxygen at 
temperatures higher than 700°c, depending on the nature of the VOCs. However, 
incineration is energy intensive and requires expensive materials to withstand 
corrosion and high temperatures. In order to reduce capital investments and fuel 
costs, there is a need for development of a catalyst that can oxidize VOCs at lower 
temperatures. Research on heterogeneous catalytic oxidation of low concentrations 
of VOCs with air should focus on identifying active catalysts that yield 
environmentally benign reaction products at lower temperatures, most desirably H2O 
and CO2. Heterogeneous catalytic oxidation of VOCs has been reviewed by Spivey 
[1], The most common catalysts used for voc abatement are metals or metal oxides 
such as Pt, Pd, Rh, and V2O5 dispersed on high surface area supports such as AI2O3, 
Si02, T i02, etc. [2-7],

Methanol has been used widely to represent VOCs in oxidation studies 
because of its simple chemical structure. Methanol oxidation yields various 
products, e.g., formaldehyde and CO2, depending on the type of catalysts and 
operating conditions. Davies and Mariotti [8] studied the temperature-programmed 
desorption (TPD) of methanol on Cu(l 10) surfaces. They proposed that the reaction 
pathway was sensitive to the local structure of the methoxy/oxygen adlayer. They 
also confirmed the presence of two states of methoxy at the Cu(110)/O(a) surface 
and assigned them to methoxy species with and without stabilization by surface 
oxygen. Farneth e t  a l .  [9] investigated the partial oxidation of methanol over M0O3. 
Their values of the number of active sites and of the Arrhenius parameters for the 
rate-limiting C-H bond cleavage, determined by TPD under high vacuum with
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simultaneous microbalance and mass spectrometry detection, were used to predict 
heterogeneous reaction rates that were in excellent agreement with the reaction data. 
Yao e t  a l .  [10] studied the kinetics of methanol oxidation over SiC>2 in the 
temperature range 400-600 °c to determine the oxidation pathway of methanol. They 
found that methanol was oxidized primarily to formaldehyde and then CO. CO2 was 
produced mainly from the oxidation of intermediate species products from 
dehydrogenation of formaldehyde on SiÛ2.

Methanol oxidation is also utilized to produce intermediates for the synthesis 
of several commercial products such as formaldehyde, methyl formate and as an 
alternative hydrocarbon fuel. Cheng [11] found that on M0O3, methanol was 
partially oxidized to formaldehyde because water and methanol blocked the catalytic 
adsorption sites for further oxidation. IR results showed that formaldehyde, 
methanol, and water competed for the same adsorption sites on M0O3. Busca e t  a l .  

[12] conducted flow reactor studies using FT-IR spectroscopy to reveal the 
mechanism of the selective oxidation of methanol to formaldehyde, 
dimethoxymethane, formic acid, and methyl formate over vanadium oxide and 
titanium oxide catalysts, prepared by impregnation and coprecipitation. Niwa and 
Igarachi [13] studied the role of solid acids over M0O3 loaded on รท(ว2 in the 
selective oxidation of methanol to formaldehyde. They found that methanol was 
adsorbed more weakly on the acid sites than on the exposed surface of SnC>2 

resulting in the formation of formaldehyde. Elmi e t  a l .  [14] concluded that the ability 
of coprecipitated vanadium-titanium oxides to catalyze the oxidation of methanol to 
methyl formate was correlated with the existence of dioxymethylene species with an 
intermediate stability not found in reactions catalyzed by pure titania or vanadia. 
Hydrogen production by partial oxidation of methanol on ZnO and ZrC>2 supported 
Pd catalysts was studied by Cubeiro and Fierro [15]. The results showed that the Pd 
catalysts can compete with the commercial low-temperature-methanol-synthesis 
catalysts, Cu/Zn0 (Al203), when used under the specific conditions for the partial 
oxidation of methanol.

Obviously, the catalytic oxidation of trace concentrations of VOCs in air is 
more economical when the reaction is carried out at lower temperatures. To do this, 
high activity, high selectivity, low activation energies and high durability of v o c
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oxidation catalysts are required. The present study provides information about 
methanol oxidation on Pt and Pt-Sn catalysts to lead to a better understanding of the 
mechanistic aspects of v o c  oxidation catalysis. The objective of this work was to 
investigate the oxidation of methanol on two different series of Pt-Sn/Al203 

catalysts. Adding tin to platinum catalysts has been proven to be beneficial for 
activity maintenance in applications such as catalytic reforming [16, 17]. One of the 
factors that affects the interaction of tin and platinum is the preparation methods of 
the catalysts. Thus, in this study, one series of catalysts was prepared by 
coimpregnation and a second series was prepared by sequential impregnation with รท 
followed by Pt.

2. Experimental methods

2 . 1  C a t a l y s t  p r e p a r a t i o n

Fumed alumina (Degussa; BET surface area = 90 m2/ g) with a chlorine 
content of about 0.35 wt % was used as the catalyst support. The primary alumina 
phase was the y-phase. Most commercial aluminas tend to give undesirable contrast 
effects in high resolution microscopy due to the various overlaying crystalline planes 
of alumina. This particular Degussa support has been proved to be more conducive 
to characterization by electron microscopy as it can minimize the contrast effects that 
might obscure the observation of small metal particles. A comparison with Pt-Sn 
catalysts supported on high surface area, porous y-alumina (BET surface area = 250 
m2/g) did not show significant differences in particle size distribution and elemental 
composition.

The first series of Pt-Sn/Al2C>3 catalysts was prepared by coimpregnation with 
acetone solution of E^PtCh (Aldrich) and SnCE (Aldrich). The nominal platinum 
loading was maintained constant at 1 wt % for all catalysts and the nominal tin 
loading was varied from 0.1-1.0 wt %. This coimpregnated catalyst series has been 
the subject of extensive characterization [18-21], The second series was prepared by 
sequential impregnation with รท first, followed by Pt, using the same precursors and
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solvent as described previously [18]. For the sequentially impregnated series, the 
nominal platinum loading was maintained constant at 1 wt % and the nominal tin 
loading was varied from 0.6 - 5 wt %. Following the impregnation step, the catalysts 
were dried at 100°c and then calcined in air at 500°c for 2 h. Portions of these 
calcined catalysts were reduced overnight in flowing hydrogen at 400°c. Neutron 
Activation Analysis was performed after the calcination and reduction steps to verify 
the actual metal compositions and to determine the chlorine content of the catalyst 
samples. The prepared catalysts were characterized by hydrogen and oxygen 
chemisorption, XPS, HREM, and TPD as reported in a related study [19].

2 . 2  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  ( T P D )  o f  m e t h a n o l

The TPD experiments were conducted in two parts: first, the quantitative 
determination of the amount of gas desorption by thermal conductivity detection of 
effluent gas; second, mass spectrometric identification of the molecular species 
contributing to each TPD peak.

2 . 2 . 1  Q u a n t i t a t i v e  T P D  e x p e r i m e n t s

A fresh catalyst sample of 50 mg was placed into a quartz tube reactor, which 
was externally heated by a tube furnace. Prior to TPD, all samples were reduced for 2 
h at 400°c with a stream of ultra high purity hydrogen at a flow rate of 25 cm3/min. 
After completing the reduction step, the catalysts were cooled down to room 
temperature by introducing a stream of ultra high purity nitrogen. TPD was 
performed using a TPD/TPR unit (Micromeritics, 2900). The temperatures of the 
thermal conductivity detector (TCD), valve and injection loop were maintained at 
100°c, 100°c, and 75°c, respectively. Ultra-high purity nitrogen was selected as 
carrier gas at a 50 cm3/min flow rate. The detector current was 55 mA. The 
experimental setup contained three gas lines. The first line served as a pretreatment 
line, the second provided carrier and reference gases, while the third was used for 
carrying the solvent vapor to the injection loop. Once the adsorption step was 
complete, the temperature controller was set to ramp the furnace temperature up to
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800°c at a linear ramp rate of 10°c/min. As the temperature increased, the surface 
species began to desorb and the signal of the desorbed species from the TCD was 
displayed as a function of temperature. Typically, the TPD/TPR data are represented 
as peaks in signal vs. time plots and temperature vs. time plots. The location of peaks 
on the temperature axis depicts the strength of adsorption. For simple adsorbates that 
do not undergo decomposition during TPD, the number of peaks can indicate the 
number of energetically distinct surface sites. The area under each peak represents 
the quantity of adsorbed species on a given type of surface site. The adsorbate used 
in this study, however, is likely to undergo decomposition at elevated temperatures, 
and this can lead to additional peaks in the TPD spectrum.

2 . 2 . 2  Q u a l i t a t i v e  T P D  e x p e r i m e n t s

These experiments were performed on 100-250 mg of cataly st. The catalyst 
was placed in a 1.2 cm o.d. tubular quartz reactor. Prior to temperature programmed 
desorption, the catalyst sample was again reduced at 400°c for 2 h in flowing 
purified hydrogen. After reduction, the catalyst was flushed with ultra high purity 
helium at 400°c for 30 min and then cooled down to room temperature (25°C) in a 
flow of helium. After that, 20 cm3/min of helium was switched and sent to a pyrex 
glass saturator, which contained methyl alcohol at room temperature. The helium 
stream containing methyl alcohol vapor then passed through the catalyst bed for 30 
min. The catalyst bed was purged with pure helium until there was no longer any 
trace of methyl alcohol observed by mass spectrometry. Then the reactor was heated 
with a linear temperature rise of 40°c/min to 600°c in a He flow of 100 cm3/min. 
The temperature of the furnace was controlled by an OMEGA CN8500 controller 
and recorded using a computer data acquisition system with LabVIEW software. The 
effluent gas from the reactor was split using a packless two-way valve (Nupro, SS- 
BNVCR4). A small portion of the effluent was sent into a UHV system, operating at 
a base pressure < 10‘9 torr, through a variable leak valve (Varian, 1000). Both valves 
were heated at 60°c to avoid condensation of methyl alcohol. A Micromass PC 
Residual Gas Analyzer (RGA), from VG Quadrupoles, was used for analyzing the 
gases desorbing from the surface of the catalysts. The RGA was placed in the ultra
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high vacuum system, which was pumped by a turbomolecular pump (Balzers, TPU 
420). The pressure was detected by an ionization gauge tube (Varian). During TPD 
experiments, the pressure in the UHV chamber was kept at 7xl0"6 torr.

2 . 3  M e t h a n o l  o x i d a t i o n  e x p e r i m e n t s

The oxidation of methanol was carried out in a pyrex vertical tube reactor. 
Catalyst powder (50-100 mg) was placed between layers of glass wool. Prior the 
oxidation, the catalyst sample was pretreated in flowing hydrogen at 400°c for 2 h 
and purged in a helium stream at 400°c for 30 min. Then the catalyst sample was 
cooled down to the desired reaction temperature, that was varied from room 
temperature to 100°c. Methanol was vaporized by passing helium through a bubbler 
containing liquid methanol at 5°c. The methanol-laden helium was then mixed with 
the oxygen and the second helium lines to give gas mixtures having 1,200, 1,000, 
770, and 500 ppm of methanol with 21% O2 and balance with He. The flow rates of 
gases were controlled by mass flow controllers (Sierra series 840 Side-Trak). The 
feed mixture gas was passed upward through the reactor. The total flow rate through 
the reactor was 260 cm3 min'1 giving a space velocity of 20,000 h'1. The catalytic 
reaction was performed using a continuous flow method at atmospheric pressure. 
The compositions of the feed gas and the outlet gas were principally analyzed by a 
gas chromatograph (Perkin-Elmer, Autosystem XL) equipped with a flame ionization 
detector (FID) and a Carbopack B/3% SP-1500 column, and with a TCD with a 
60/80 Carboxen-1000 column. The temperatures of the FID and TCD were 120°c 
and 200°c, respectively. The gas chromatographic separations were carried out 
isothermally at 60°c.

3. Results and Discussion

Table 1 shows the actual loadings of Pt and รท as well as chlorine content of 
two series of Pt-Sn catalysts in the study. The TPD profiles of methanol on the 
monometallic Pt/Al203 and the coimpregnated Pt-Sn/AhCL catalyst series are shown
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in Fig. 1. The TPD profiles for the sequentially impregnated catalysts are 
summarized in Fig. 2.

Blank experiments were carried out using the AI2O3 support alone, which had 
been subjected to the same pretreatment as the experimental catalysts. After exposing 
the blank AI2O3 to methanol at 25°c, no desorption peak feature was observed over 
the entire temperature range up to 700°c, suggesting that the support did not adsorb 
methanol to any significant extent. Moreover, the hydrogen and oxygen adsorption 
behavior of 2% รท/AI2 O 3 also did in the previous work [18]. The results showed 
there was no adsorption of hydrogen and small amount of oxygen adsorption (0.026 
cm3 STP/g cat.). This is in marked contrast to the observations made by Cordi and 
Falconer [22] who found substantial activity of blank alumina for decomposition and 
dehydration of methanol. They reported that a small amount of methanol desorbed 
over a broad temperature range, while most of the methanol decomposed during TPD 
between 330°c and 630°c, giving primarily CO and H 2 , with CO2 as a minor 
reaction product. In addition, less than 40 % of the methanol dehydrated, giving 
dimethylether between 270°c and 620°c. They carried out their experiments on 
Kaiser A-201 AI2O3, which had been pretreated in O2 at 600°c to dehydrate it before 
each experiment. Kaiser AI2O3 has a pore volume of 0.46 cm3/g, an average pore 
radius of 41 Â, and a surface area of 200 m2/g [22], Our investigation was carried out 
on non-porous fumed alumina (Degussa) which has a surface area of 90 m2/g and is 
mainly in the gamma phase with some in the delta phase. The chlorine content of the 
alumina is less than 0.5 %. Furthermore, the catalysts used in this study were 
pretreated with H2 at 400°c, followed by cooling in nitrogen. Thus, the resulting 
alumina surface was not dehydrated.

As seen in Figs. 1 and 2, the TPD profiles detected by TCD on all Pt-Sn 
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 1 .OPt/AfCfi 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
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increase of the tin content from 0.6%-1.5%. However 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 Figs. 3 and 4. 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 
Figs. 5 and 6 . 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.

In a previous chemisorption study [18], 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 [18], it appears that Pt particles in contact with tin- 
aluminate complexes exhibit a stronger CO bonding than that of CO on Pt/Al20 3 .
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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 [18-21], a schematic describing the microstructure properties of the 
studied catalysts is sketched in Fig. 7. The monometallic Pt/Al2Û3 catalyst structure 
is quite straightforward as the metal particles are highly dispersed and the particle 
size is mostly smaller than 10Â with some proportion of the particles in the range of 
1 0 -2 0 Â . 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 proportion of particles 
are smaller than 10 Â . 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/Al20 3 ). 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
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sequentially impregnated catalysts, a certain proportion of the metal particles were 
somewhat larger and there was evidence of the formation of Pt-Sn alloy.

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. Fig. 8 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 [19]. 
According to the hydrogen chemisorption results, the l%Pt-0 .1 %Sn/Al2C>3 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. 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 [23], who found that in 
electrochemical oxidation of methanol, alloy surfaces of Pt-Sn exhibited lower 
catalytic activity than pure platinum surfaces.

The results of methanol oxidation over the sequentially impregnated catalysts 
are markedly different from those over the coimpregnated catalysts as shown in Fig.
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9. 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, an 
increased รท content slightly decreased 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 แ 2 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 Fig. 10. 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 + <ว2 pt andP.t:s- i :.!t>yst CH3OCHO + 2H20  
lo w  te m p e ra tu re

P t a n d  P t-S n  c a ta ly s t
2 CH3OH + 3 0 2 ■ ■ ■ _ ------►  2C 02 + 4H20h ig h  te m p e ra tu re

These results are in good agreement with the previous work reported by McCabe and 
Mitchell [24] who studied methanol oxidation over alumina-supported catalysts 
containing highly dispersed Rh, Pd, Pt, Ag or Cu-Cr. They also found that methyl 
formate, CO2 and H2CO were the only carbon-containing products of methanol 
oxidation over the Pt catalyst. Furthermore, methanol oxidation over the Pd catalyst
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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.

For the coimpregnated catalysts, the reaction products are similar to those 
using the monometallic Pt catalyst (Figs. 11-13). 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.

As shown in Figs. 14-15 and Table 2, 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
[22], Arrhenius plots were established to calculate the activation energy for methanol 
oxidation (Figs. 16-17). As shown in Table 2, 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 66.8 

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 micro structures formed during sequential 
impregnation was not investigated. It does appear that the 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.
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The results of deactivation study (Fig. 18) 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 0.96%Pt-0.14%Sn/Al2C>3 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 indicates 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 amount of tin.

4. Conclusions

From the TPD results of methanol oxidation on the bimetallic Pt-Sn/AbCb 
catalysts, methanol decomposes primarily into hydrogen and carbon monoxide. 
Hydrogen desorbs first followed by desorption of carbon monoxide at higher 
temperatures. In the coimpregnated catalyst series, the desorption peaks of both H2 

and CO were found to gradually shift to higher temperatures with increasing รท 
content. In the sequentially impregnated catalyst series, the same results were 
observed for all รท containing samples, except for the catalyst containing 5% รท, 
where the shift was significantly larger than for all other samples. The temperature 
difference between the H2 and CO desorption peak maxima increased significantly 
with increasing รท content in both catalyst series. This study has demonstrated that 
the adsorption and decomposition behavior of methanol on platinum is strongly 
modified by the presence of tin. The relative distribution of รท to particles of 
different size and nature, such as alloy particles or partially oxidized รท species 
interacting with the alumina support, influences the strength of adsorption of both H2 

and CO. This has been shown by a schematic describing the microstructure of 
catalysts.

The alumina-supported monometallic Pt catalyst was found to be the most 
active methanol oxidation catalyst. The trend in oxidation temperature was similar to 
the maximum peak temperature as seen from the TPD results. The main carbon-
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containing products of methanol oxidation over the alumina-supported monometallic 
Pt and bimetallic Pt-Sn catalysts were found to be C O 2 and methyl formate 
(CH 3O C H O ). A small amount of tin can counteract the deactivation of platinum 
catalyst.

Acknowledgements

This research was sponsored by the National Science and Technology 
Development Agency (NSTDA), Thailand and the Ratchadapisaksompoch Fund 
Chulalongkom University. Dr. Amit Sachdev is gratefully acknowledged for his 
assistance in catalyst preparation.



96

References:

[1] J. Spivey, Ind. Eng. Chem. Res. 26 (1987) 2165.
[2] H. Arai, T. Yamada, K. Eguchi, T. Seivama, Appl. Catal. 26 (1986) 265.
[3] J. A. Busby, D. L. Trimm, J. Catal. 60 (1979) 430.
[4] c . F. Cullis, B. M. Willatt, J. Catal. 83 (1983) 267.
[5] R. D. Gonzalez, M. Nagai, Appl. Catal. 18, (1985) 57.
[6] พ . R. Patterson, c . Kemball, J. Catal. 2 (1963) 465.
[7] J. J. Spivey, Royal Soc. Chem. 8 (1989) 157.
[8] P. R. Davies, G. G. Mariotti, J. Phys. Chem. 100 (1996) 1975.
[9] พ . E. Farneth, F. Ohuchi, R. H. Staley, บ. Chowdhry, A. พ . Sleight, J. Phys. 
Chem. 89 (1985) 2493.
[10] ร. Yao, F. o . Yang, ร. Shimumora, H. Sakurai, K. Tabata, E. Suzuki, Appl. 
Catal. A: General 198 (2000) 43.
[11] พ . Cheng, J. Catal. 158 (1996)477.
[12] G. Busca, A. ร. Elmi, P. Forzatti, J. Phys. Chem. 91 (1987) 5263.
[13] M. Niwa, J. Igarachi, Catal. Today 52 (1999) 71.
[14] A. ร. Elmi, E. Tronconi, c . Cristiani, J. P. G. Martin, p. Forzatti, G. Busca, 
Ind. Eng. Chem. Res. 28 (1989) 387.
[15] M. L. Cubeiro, J. L. G. Fierro, Appl. Catal. A: General 168 (1998) 307.
[16] บ.ร. Patent 3,415,737 (1968) to Chevron.
[17] B .c. Gates, J.R. Katzer, G.C.A. Schuit, Chemistry of Catalytic Processes, 
McGraw-Hill, New York, (1979).
[18] K. Balakrishnan, J. Schwank, J. Catal. 127 (1991) 287.
[19] p. Chantaravitoon, Ph.D. Thesis, Chulalongkom University, 2002.
[20] K. Balakrishnan, A. Sachdev, J. Schwank, Proceedings of the 10th 
International Congress on Catalysis (1992) 905.
[21] K. Balakrishnan, A. Sachdev, J. Schwank, J. Catal. 121 (1990) 441.
[22] E. Cordi, J. Falconer, J. Catal. 162 ( 1996) 104.
[23] A. N. Haner, p. N. Ross, J. Phys. Chem. 95 (1991) 3740.
[24] R. พ . McCabe, p. J. Mitchell, Appl. Catal. 27 (1986) 83.



97

T a b l e  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 tron  
a c tiv a tio n  a n a ly s is

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

Im p reg n a tio 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 l20 3 0 .9 9 0 0 .7 2

1 .0 P t-0 , l  รท /A I2O 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 11/A I 2O 3 c o im p r e g n a tio n 0 .9 2 0 .5 8 0 .3 8

1 .0 P t - 1 .0 S n /A l 20 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  รท /A I2O 3 seq u en tia l 1 .0 4 0 .8 5 1 .0 9

1 .0  P t-0 .9  S 11/A I 2O 3 seq u en tia l 1.03 0 .9 6 1 .05

1 .0  P t - 1.5 รท /A I2O 3 seq u en tia l 1.03 1 .52 1 .2 4

1 .0 P t - 5 .0 S n /A l 20 3 seq u en tia l 1 . 1 2 4 .1 8 1 . 0 1
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T ab le  2. C alculation values o f  reaction orders and activation energies.

C a ta ly s t
(w t% )

Im p re g n a tio n
M e th o d

R eac tio n
o rd e r

E a
(k J/m o l)

0.99 P t/A l20 3 - 1.12 25.93
0.96 P t-0.14 รท/AI2O 3 coim pregnation 1.12 38.89
0.92 Pt-0.58 Sn/A l20 3 coim pregnation 1.13 41.79
0.89 P t-0 .99Sn/A l2O 3 coim pregnation 1.16 48.71
1.04 Pt- 0.85 ร n/A l20 3 sequential 1.15 54.52
1.03 Pt-0.96 Sn/A l20 3 sequential 1.16 55.08
1.03 Pt-1.52 Sn/A l20 3 sequential 1.13 54.94
1.12 Pt-4.18 รท/A120 3 sequential 1.17 66.81
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F ig u re  1. T em perature-program m ed desorption profiles for catalysts o f 
coim pregnation Pt-Sn series.

Temperature (°C)
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F ig u re  2. T em perature-program m ed desorption profiles for catalysts o f  sequential 
im pregnation (รท first) P t-Sn series.

l%Pt/A1203 
1 %Pt-0.6%Sn/AI2O3 
1 %Pt-0.9%Sn/AI2O3 
1 %Pt-1 5%Sn/AI203 
1 %Pt-5%Sn/A1203

200 4 0 0 6 0 0 8 0 0

Temperature (°C)
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F ig u re  3. The m axim um  peak tem perature from  TC D  and M S versus Sn/Pt atom ic 
ratio for co im pregnation  Pt-Sn catalysts.

0 . 0 0  1 . 0 0  2 . 0 0  3 . 0 0  4 . 0 0  5 . 0 0  6 . 0 0  7 . 0 0
Sn/Pt (atomic ratio)
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F ig u re  4. The m axim um  peak tem perature from  TCD  and M S versus Sn/Pt atom ic 
ratio for sequential im pregnation Pt-Sn catalysts.
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F ig u re  5. The difference o f  hydrogen and carbon m onoxide m axim um  peak 
tem perature versus รท/Pt atom ic ratio for coim pregnation  P t-Sn catalysts.



Te
m

pe
ra

tu
re

 di
ffe

ren
ce

104

F ig u re  6. The difference o f  hydrogen and carbon m onoxide m axim um  peak 
tem perature versus รท/Pt atom ic ratio for coim pregnation Pt-Sn catalysts.

Sn/Pt (atomic ratio)
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F ig u re  7. The schem atic describing in the m icrostructure properties o f  catalysts.

M onom etallic Pt/A hCb

C oim pregnated bim etallic Pt-Sn

Pt tin-aluminate complex ( ^ )  PtSn alloy
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F ig u re  8. E ffect o f  tem perature on m ethanol conversion for coim pregnated catalysts 
series. The feed contained 1,200 ppm  o f  m ethanol and 21%  O 2 in helium  carrier at a 
volum etric space velocity o f  20,000 h '1.

Temperature (°C)
0 T 

0 3 0 0 4 0 0
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F ig u re  9. E ffect o f  tem perature on m ethanol conversion for sequentially  im pregnated 
catalysts series. The feed contained 1,200 ppm  o f  m ethanol and 21%  (ว2 in helium  
carrier at a volum etric space velocity o f  20,000 h '1.

ร#o*35น<ü
1pบิ
1a
ป ี

ร

100 2 0 0  3 0 0
T e m p e ra tu re  (°C )

4 0 0
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Figure 10. P er c e n ta g e  o f  m eth a n o l c o n v e r s io n  and  s e le c t iv ity  o f  ca r b o n -c o n ta in in g  
p rod u cts  as a  fu n c tio n  o f  tem p era tu re  o v e r  th e  m o n o m e ta llic  Pt ca ta ly st.



% 
me

tha
no

l co
nv

 &
 Pr

od
uct

 yie
ld;

109

Figure 11. P e r c e n ta g e  o f  m eth a n o l c o n v e r s io n  and  s e le c t iv ity  o f  ca r b o n -c o n ta in in g  
p rod u cts a s  a fu n c tio n  o f  tem p era tu re o v e r  l% P t-0 . 1 % S n /A l2O 3 ca ta ly st.

Temperature (°C)
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Figure 12. P e r c e n ta g e  o f  m eth a n o l c o n v e r s io n  and  s e le c t iv ity  o f  ca r b o n -c o n ta in in g  
p rod u cts  a s  a fu n c tio n  o f  tem p era tu re o v e r  l% P t-0 , 5 % S n /A l2O 3 ca ta ly st.
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Figure 13. P e r c e n ta g e  o f  m eth a n o l c o n v e r s io n  and  s e le c t iv ity  o f  ca r b o n -c o n ta in in g  
p ro d u cts  a s  a fu n c t io n  o f  tem p era tu re o v e r  l% P t- l% S n /A l2 0 3  ca ta ly st.
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Figure 14. R e la tio n  o f  rate o f  r ea c tio n  and  in itia l m e th a n o l co n ce n tr a tio n  for  
c o im p r e g n a te d  c a ta ly s ts  ser ie s .
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Figure 15. R e la t io n  o f  rate o f  rea c tio n  and  in itia l m e th a n o l c o n c e n tr a tio n  for  
se q u e n tia lly  im p reg n a ted  c a ta ly s ts  ser ie s .
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Figure 16. A rrh en iu s p lo t  for c o im p r e g n a te d  c a ta ly s ts  se r ie s . T h e  fe e d  co n ta in ed  
m eth a n o l an d  21%  O 2 in  H e  carrier at a  v o lu m e tr ic  sp a c e  v e lo c i ty  o f  2 0 ,0 0 0  h '1.

1/T (*1000 K)
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Figure 17. A rrh en iu s p lo t  for se q u e n tia lly  im p reg n a ted  c a ta ly s ts  se r ie s . T h e  fe e d  
co n ta in e d  m e th a n o l and  2 1 % O 2 in  h e liu m  carrier at a  v o lu m e tr ic  sp a c e  v e lo c i ty  o f
2 0 ,0 0 0  h '1.

1/T (*1000 K)
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Figure 18. T h e  lo n g -ru n n in g  
c o im p r e g n a te d  c a ta ly s ts  se r ie s

ex p e r im e n ta l for o b se r v in g  th e  d e a c t iv a t io n  o f  the

Time (min)
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