
EXPERIMENTAL METHODS
CHAPTER III

3.1 Catalyst Preparation

In th is  w o rk , tw o  se r ie s  o f  P t-S n /A l2 0 3  c a ta ly s ts  w e r e  in v e stig a te d . T h e  
a lu m in a  su p p o rt w a s  o b ta in e d  from  D e g u s s a  C o rp ora tio n  n a m e ly , A lu m in iu m  O x id e  
c. T h e D e g u s s a  a lu m in a  w a s  fu m e d  an d  n o n -p o r o u s  and  had  a  B E T  su r fa ce  area o f  
9 0  m 2/g . T h e  a lu m in a  c o n s is t s  o f  m a in ly  th e  g a m m a  p h a se  an d  s o m e  o f  it w a s  in  the  
d elta  p h a se . T h ere  w a s  le s s  than  0 .5%  HC1 p resen t in  th e  a lu m in a . T h e  p la tin u m  
p recu rsor u se d  w a s  h y d r o g e n  h e x a c h lo r o p la tin a te  (IV ) h yd ra te  A ld r ic h  C h e m ic a l 
C o m p a n y ) c o n ta in in g  3 9 .7  w t%  p la tin u m . T h e  tin  sa lt w a s  tin  (II) c h lo r id e  (A ld r ic h  
C h e m ic a l C o m p a n y ) h a v in g  6 1 .7  w t%  tin . T h e  m o n o m e ta llic  p la tin u m  c a ta ly s t  
sa m p le  w a s  p rep ared  b y  im p reg n a tio n  o f  th e  su p p ort w ith  th e  p la tin u m  sa lt d is s o lv e d  
in  a c e to n e  as a so lv e n t. T h e  first s e r ie s  o f  b im e ta llic  sa m p le s  w a s  p rep ared  b y  
c o im p r e g n a tio n  o f  th e  su p p ort w ith  a  s o lu t io n  o f  m e ta llic  p recu rso rs in  th e  so lv e n t.  
T h is  c o im p r e g n a te d  c a ta ly s t  se r ie s  h as b e e n  th e  su b jec t o f  e x te n s iv e  ch a ra cter iza tio n  
(S a c h d e v , 1 9 8 9  and  B a la k r ish n a n , 1 9 9 1 ). 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 r e g n a tio n  w ith  รท first o n  th e  A I2O 3 su p p ort, an d  fo l lo w e d  b y  P t, u s in g  
th e  sa m e  m e ta llic  p recu rsors and  s o lv e n t  as g iv e n  in  th e  c o im p r e g n a te d  se r ie s . T h e  
n o m in a l p la tin u m  lo a d in g  w a s  m a in ta in ed  co n sta n t at 1 w t  % in  a ll ca ta ly s ts . 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  w a s  v a r ied  fro m  0 .1 - 1 .0  w t  % . In the  
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 tin  lo a d in g  w a s  v a r ied  from  0 .6 -  5 w t% . 
A fte r  th e  s o a k in g  step , 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 , th e  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 .
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3.2 Catalyst Characterization

3 .2 .1  N eu tr o n  A c tiv a t io n  A n a ly s is
T h e  actu a l p la tin u m , tin  an d  c h lo r in e  c o n te n ts  o f  the p rep ared  c a ta ly s ts  

w er e  q u a n tifie d  b y  n eu tron  a c tiv a tio n  a n a ly s is  at the U n iv e r s ity  o f  M ic h ig a n  n u clear  
reactor  lab  w ith  th e h e lp  o f  the s ta f f  at th e  d ep artm en t o f  n u c lea r  e n g in e e r in g . 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 e u m a tic  tu b e  to  a  lo c a t io n  w ith  an  a v era g e  
n eu tro n  f lu x  rate o f  2 .1 3 x 1  o 12 ฝ c m 2.ร an d  e x p o se d  to  irra d ia tio n  for  1 m in , fo llo w e d  
b y  s in g le  5 0 0 -s e c o n d  c o 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 t  c o n c e n tr a tio n s  w er e  b a sed  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  stan dard  r e feren c e  m ater ia ls .

3 .2 .2  C h em iso r p tio n
B e fo r e  p er fo rm in g  a n y  c a lc u la t io n s  u s in g  th e  c h e m iso r p tio n  resu lts , 

u n d er sta n d in g  th e  nature o f  c h e m iso r p tio n  o f  th e  g a s  o n  th e  m e ta llic  su r fa ce  is  
cru cia l. O n e  o f  th e  im p ortan t p aram eters that h a v e  to  b e  d e te r m in e d  is  the  
c h e m iso r p tio n  s to ic h io m e tr y , w h ic h  is  d e f in e d  a s  th e  n u m b er  o f  a to m s o f  g a s  that are 
a d so rb ed  o n  o n e  su r fa ce  m e ta llic  a tom . In th e c a se  o f  P t th e  fo l lo w in g  c h e m iso r p tio n  
s to ic h io m e tr ie s  h a v e  b e e n  d e term in ed  for  บ 2 and  O 2 g a s

P t +  (1 /2 )  แ 2 ---------- ►  P t-H  (H  c h e m iso r p tio n , H C )
P t +  (1 /2 )  O 2 *■  P t - 0  (O  c h e m iso r p tio n , O C )
P t - 0  +  (3 /2 )  H 2 _______^  P t-H  +  H 20  (H  titra tion , H T )
2 P t-H  +  ( 3 / 2 ) 0 2  ---------- ►  2 P t - 0  +  H 20  (O  titra tion , O T )

T h e  ratio  o f  c h e m iso r p tio n  s to ic h io m e tr y  o f  H y d r o g e n  C h e m iso r p tio n  : O x y g e n  
C h e m iso r p tio n  : H y d r o g e n  T itra tio n  w a s  d e term in ed  to  b e  1:1:3 .
T h e  d isp e r s io n  (D )  o f  Pt in  su p p o rted  Pt c a ta ly s ts  h as b e e n  d e fin e d  as:

D  = (N /N t) X 100 (3.1)
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w h ere , D  =  p e r c e n ta g e  d isp e r s io n
N s =  n u m b er o f  a to m s o f  Pt o n  th e  su r fa ce  
N t =  n u m b er  o f  a to m s o f  a tom  o v e r a ll in  th e  c a ta ly s t  

T h e v a lu e  o f  N t can  b e  o b ta in ed  from  n eu tro n  a c t iv a t io n  a n a ly s is  and  th e  to ta l w e ig h t  
o f  sa m p le  that w a s  u se d  for  th e  c h e m iso r p tio n  ex p e r im e n t. T h e  v a lu e  o f  N t ca n  b e  
a lso  o b ta in e d  from  th e  sa tu ration  c h e m iso r p tio n  u p tak e o f  th e  a d so rb a te  u se d  and  the  
c h e m iso r p tio n  s to ic h io m e tr y  for th e  c h e m iso r p tio n  o f  th o se  p articu lar  ad so rb a tes  on  
th e  su r fa ce  o f  Pt. T h e  c h e m iso r p tio n  a v e r a g e  p a rtic le  s iz e s ,  w h ic h  are a ls o  su rfa ce  
a v era g e  p a r tic le  s iz e s  are o b ta in ed  b y  a ssu m in g  sp h er ica l p a r tic le  sh a p e s . T h e  
a v era g e  area o c c u p ie d  b y  o n e  Pt su r fa ce  a to m  is  a s su m e d  to  b e  0 .0 8 9  n m 2 (G ru b er, 
1 9 6 2 ). T h e  c h e m iso r p tio n  a v era g e  m eta l p a rtic le  s iz e  is  d e fin e d  as:

d  =  6 /S p  (3 .2 )

w h ere , ร  =  m e ta l su rfa ce  (a rea /g  m eta l)  

p =  d e n s ity  o f  m eta l

3 .2 .2 .1  P u lse  C h em iso rp tio n
Prior to  p u lse  c h e m iso r p tio n , th e  c a ta ly s t  sa m p le s  w e r e  red u ced  

in  p u r ified  h y d r o g e n  at a f lo w  rate o f  15 m l/m in  for 2  h. 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  an O m e g a  C N 8 0 0 0  tem p era tu re  c o n tro ller . T h e  red u ced  
sa m p le s  w e r e  p u rg ed  in  p u r ified  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 itr o g e n  a tm o sp h ere . G a s m ix tu r e s  o f  5 % H 2/N 2 and  5 % 0 2 /N 2 

w er e  u se d  a s  a d so rb a tes . A n  in je c tio n  o f  o n e  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 a s  m a d e  in  e v e r y  5 -m in u te  in terv a ls  u n til no  
further g a s  u p ta k e  b y  th e  c a ta ly s t  w a s  o b se r v e d  a s  in d ica ted  b y  co n sta n t p ea k  areas  
o f  the la st  f e w  in je c tio n s . T h e  to ta l a m o u n t o f  a d so rp tio n  c o u ld  b e  c a lc u la te d  b y  
su m m a r iz in g  th e  g a s  u p ta k e  o b se r v e d  in  th e  s e r ie s  o f  in je c tio n s  u n til sa tu ration  w a s  
reach ed . A  g a s  c h ro m a to g ra p h  (H P  5 8 9 0 )  w ith  th erm al c o n d u c tiv ity  d e te c to r  (T C D )  
w a s  e m p lo y e d  to  m e a su re  b oth  h y d r o g e n  and  o x y g e n  c o m p o s it io n s  in  th e  o u tle t
stream s.
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3.2.2.2 Static V o lum etric  C hem isorp tion

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 t io n  e x p e r im e n ts  
h a v e  b e e n  d e sc r ib e d  c o m p r e h e n s iv e ly  (B a la k r ish n a n , 1 9 9 1 ). A  c a ta ly s t  sa m p le  w a s  
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 , f o l lo w e d  b y  e v a c u a tio n . S ta tic  
red u ctio n  w ith  resea rch -g ra d e  H 2 w a s  d o n e  at 6 7 3  K  in  a  p artia l p ressu re  o f  3 3 .3  k P a  
for 3 h , and  fo l lo w e d  b y  e v a c u a tio n . A  se c o n d  sta tic  r e d u ctio n  w ith  h y d r o g e n  w a s  
carried  o u t at 3 3 .3  k P a  at 6 7 3  K  for  10 h. F in a lly , h y d r o g e n  w a s  r e m o v e d  fro m  the  
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 , fo l lo w e d  b y  c o o lin g  o f  th e  c a ta ly s t  sa m p le  to  
a m b ien t tem p era tu re  u n d er  d y n a m ic  v a c u u m . B o th  H 2 and O 2 a d so rp tio n  iso th e r m s  
w er e  th en  o b ta in ed . T h e  first iso th erm  rep resen ted  th e  to ta l H 2 or O 2 u p ta k 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  a d 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 .2 .3  T em p era tu re  P ro g ra m m ed  D e so r p tio n  (T P D ) o f  M e th a n o l

T h e o ry  o f  T P D  (Te m p e ra tu re -P ro g ra m m e d  D eso rp tio n )

T h e  s im p le s t  th e o r e tic a l m o d e l d e sc r ib in g  g a s -s o lid  a d so rp tio n  is  th e  w e l l-  
k n o w n  L a n g m u ir  a d so rp tio n  iso th erm . T h is  m o d e l w i l l  b e  r e c a lle d  b r ie f ly  in  th e  c a se  
o f  b o th  n o n d is s o c ia t iv e  and  d is s o c ia t iv e  a d so rp tio n . T h e  e f fe c t  o f  k in e t ic  p ara m eters  
o f  th e  d eso r p tio n  p h e n o m e n a  h a v e  b e e n  q u a lita t iv e ly  v is u a liz e d  b y  g en e r a tin g  se ts  o f  
th eo re tica l T P D  c u r v e s  th ro u gh  c o m p u ter  s im u la tio n  (L em a itre  et a l ,  1 9 8 4 ). T h e  
e x p e r im e n ta l v a r ia b le s , su c h  a s  h e a tin g  rate and  carrier g a s  f lo w  rate, w i l l  a lso  a ffe c t  
th e  d e so r p tio n  c h a r a c ter is tic s  o n  th e s tu d ie d  su rfa ce . F in a lly , th e  e f fe c t  o f  d if fu s io n  
lim ita tio n s  n e e d s  to  b e  ta k en  in to  co n s id e r a tio n .

A . N o n d is s o c ia t iv e  (F irst-O rd er) A d so r p tio n

T h e  a d so rp tio n  p r o c e s s  o f  a g a s  (G ) o n  a so lid  ( ร )  m a y  b e  c o n s id e r e d  a s  a  
c h e m ic a l re a c tio n  b e tw e e n  a g a s e o u s  m o le c u le  or a to m  w ith  s o m e  a d so rp tio n  s ite s  
(ร * )  p resen t at th e  s o l id  su rface:
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1ร *  +  G  O  S - G  (3 .3 )

T h e  L a n g m u ir  m o d e l is  b a sed  on  th e h y p o th e se s  that a f ix e d  n u m b er  o f  s ite s  N  
(F /c m 2) are p resen t o n  th e s o l id  and  that th e  e n th a lp y  o f  a d so rp tio n  A H a is  

in d ep e n d e n t o f  th e  fra ctio n  o f  o c c u p ie d  a d so rp tio n  s ite s . It is  a lso  a ssu m e d  that b oth  

N  and A H a are tem p era tu re in d ep en d en t.
I f  N  is  th e  n u m b er  o f  s ite s  o c c u p ie d  at g iv e n  t im e  t, th e  rate o f  a d so rp tio n  is  g iv e n  b y  

^ - = ะ p k n a( N * - N ) - k dN  (3 .4 )

w h e r e , N *  is  th e  n u m b er o f  s ite s .
(N * -N )  is  th e  n u m b er o f  v a ca n t s ites , 
p is  ad sorb ate  p ressu re  o v e r  th e  so lid . 
k n a is  th e  k in e tic  c o n sta n t o f  a d so rp tio n . 
k d is  th e  k in e tic  co n sta n t o f  d eso rp tio n .

In th e  c a s e  o f  T P R  in v e s tig a t io n , th e  m ea su red  q u an tity  is  th e  ad so rb a te  
c o n c e n tr a tio n  (C ) in  th e  carrier g a s  s w e e p in g  th e sa m p le . In th e  c a s e  o f  an  id ea l 
reactor , it h a s to  b e  a ssu m e d  that n o  a x ia l or la teral c o n cen tra tio n  gra d ien t e x is ts . T h e  
T P D  e x p e r im e n t  is  n o r m a lly  co n d u c te d  u s in g  a lin ear  h e a tin g  sc h e d u le . T h e  
f o l lo w in g  e q u a tio n s  are ob ta in ed :

c =  - S_dN_ 
F  d t

C ( T )  = __________ S N * 0 A d a y ( - E / R T )
{ = F  + S N  * (1 -  0 )c r ( R T I  i n  M ) l/2 Aa e x p ( -  E j R T ^

d0_ F  
d T  ~  ~  s p  N ; C ( T )

(3 .5 )

(3 .6 )

(3 .7 )

w h ere , c  is  th e  ad so rb a te  c o n c e n tr a tio n  in th e  g a s  p h a se  (m o l/c m 3). 

ร is  th e  sp e c if ic  su rfa ce  area o f  s o l id  ( c m 2/g ) .
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F is  th e  s p e c if ic  f lo w  rate o f  the carrier g a s  (c m 3 S T P / (s -g )) .
p is  th e  h e a tin g  rate (K /s ) .

(7 is  th e  su rfa ce  area  o c c u p ie d  b y  o n e  a d so rp tio n  s ite s  ( c m 2/m o l) .
0  is  th e  su r fa ce  c o v e r a g e .
M  is  th e  m o le c u la r  w e ig h t  o f  th e  a d so rb a te  (g /m o l) .
R  is  th e  g a s  c o n sta n t (J / (K- m o l)) .
T  is  th e  a b so lu te  tem p era tu re (K ).
A d is  th e  en tro p y  factor.
E a is  th e  a c tiv a tio n  e n e r g y  o f  th e  a d so rp tio n  p r o c e ss .
A a is  th e  fre q u e n c y  factor
E d is  th e  a c t iv a t io n  e n e r g y  o f  th e  d eso r p tio n  p r o c e ss .

B . D is s o c ia t iv e  (S e c o n d -O r d e r )  A d so r p tio n

A d so r p tio n  o f  g a s  m o le c u le s  o n  a su rfa ce  m a y  lea d  to  d is s o c ia t io n  o f  th e  
ad so rb a te  in to  tw o  or m o re  fra g m en ts , w h ic h  th en  o c c u p y  su r fa ce  s ite s . For  
d e so r p tio n  to  tak e p la c e , th e se  fra g m en ts  h a v e  to  r e c o m b in e . T h e  d is s o c ia t iv e  
a d so rp tio n  o f  d ia to m ic  m o le c u le s  su c h  a s  H 2, or 0 2 m a y  b e  v ie w e d  as a c h e m ic a l  
rea c tio n  w ith  su r fa ce  s ite s .

2 5 *  +  G 2 <-> 2 S - G  (3 .8 )

T h e  a d so rp tio n  rate can  b e  e x p r e s se d  b y  th e  fo l lo w in g  eq u ation :

~ j~  =  p k n a( N  * - N ) 2 - k j N 2 (3 .9 )

T h e a b o v e  eq u a tio n  is  s e c o n d  p o w e r  w ith  r e sp e c t  to  th e  n u m b er  o f  u n o c c u p ie d  
su rfa ce  s ite s , (N * - N ) , and  o c c u p ie d  su r fa ce  s ite s , (N ) , as a c o n s e q u e n c e  o f  the  
a ssu m p tio n  that ea ch  d is s o c ia t iv e ly  a d so r b in g  m o le c u le  o c c u p ie s  tw o  su r fa ce  s ite s .
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T h e e q u a tio n s  rep resen tin g  th e T P D  fea tu res ca n  b e  d e sc r ib e d  b y  th e fo l lo w in g  
re la tion sh ip :

c ( 7 >

dO__ 
d T  ~  ~

S N * 2 0 2 Ad e x p ( -  E J R T )
F  +  S N  *2 ( l  -  o f  ct( r T /  2 ท M ) 1/2 Aa e x p ( -  E j R T )

F  ; C ( T )S O N *

(3 .1 0 )

(3 .1 1 )

c . D iffu s io n -C o n tr o lle d  D e so r p tio n

U p  to  n o w , d if fu s io n  o f  th e  ad so rb a te  in  th e  p o r e s  o f  th e  s o l id  h as n o t b een  
c o n s id e r e d . H o w e v e r , th ere  are in s ta n c e s , e s p e c ia l ly  o n  su p p o rted  c a ta ly s ts , w h ere  
s lo w  d if fu s io n  in th e  p o r e s  m ig h t co n tro l th e  rate o f  ad so rp tio n . A  gen era l 
m a th e m a tic a l m o d e l o f  d if fu s io n  in  th e  p o res  o f  a ca ta ly s t  is  e x tr e m e ly  d if f ic u lt  and  
w ill  th e r e fo r e  n o t b e  c o n s id e r e d  here.

T h eo ry  o fT P R  (T e m p e ra tu re -P ro g ra m m e d  R ea c tio n )

G a s -s o lid  r e a c tio n s  can  b e  d iv id e d  in to  th e  fo l lo w in g  step s: (L em a itre  et a l . , 1 9 8 4 )
1. T ran sp ort o f  th e  g a se o u s  reactan t fro m  th e b u lk  g a s e o u s  p h a se  tow a rd  th e  

s o l id -g a s  in ter fa ce  (d if fu s io n )
2 . A d so r p tio n  o f  reactan t o n  th e  s o l id  su rfa ce
3. In ter fa c ia l p r o c e s se s
4 . D e so r p tio n  o f  th e  g a s e o u s  p ro d u cts  from  th e s o l id  su rfa ce
5. T ran sp ort o f  th e  p ro d u cts  a w a y  from  th e s o l id -g a s  in ter fa ce  tow a rd  th e b u lk  

g a s e o u s  p h ase  (d if fu s io n ) .
E a ch  o f  th e se  s tep s  m a y  co n tro l c o n c e iv a b ly  th e  o v e r a ll rate o f  th e  p r o c e ss . T h e  
so rp tio n  (s te p s  2 and 4 )  and d iffu s io n  s te p s  (s te p s  1 and  5 ) h a v e  b e e n  d isc u sse d  in  the  
p r e v io u s  se c t io n . T h e p resen t se c t io n  w ill  th ere fo re  fo c u s  o n  ste p  3.

E x te n s iv e  r e v ie w s  o f  p ro p o sed  m e c h a n ism s  for in ter fa c ia l p r o c e s se s  o f  g a s-  
so lid  s y s te m s  h a v e  b e e n  p u b lish e d  in  se v e r a l w e l l-k n o w n  p ap ers. In th is  se c t io n , th e  
p r o c e s se s  m o s t  re lev a n t to  c a ta ly s is  s tu d ie s  w il l  b e  c o n s id e r e d . T o  illu stra te  the
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in f lu e n c e  o f  k in e t ic s  an d  o th er  ex p e r im e n ta l fa c to rs , L em a itre  e t al. ( 1 9 8 4 )  h as  
d e v e lo p e d  th e o r e tic a l T P R  cu r v e s  from  se le c te d  m o d e l m e c h a n ism s .

T h e  T P D  and  T P R  te c h n iq u e s  ca n  p r o v id e  v e r y  in terestin g  resu lts  and  h e lp  
to w a rd  a b etter  u n d er sta n d in g  o f  th e  s tu d ied  sy s te m , p ro v id e d  that o th er in fo rm a tio n  
g a in e d  fro m  o th er  te c h n iq u e s  is  a v a ila b le : for  in s ta n c e , a priori k n o w le d g e  o f  th e  
c h e m ic a l n atu re and  o f  th e  sta te  o f  d isp e r s io n  o f  th e  r e a c tiv e  p h ase .

F or  th is  stu d y , th e  T P D  e x p e r im e n ts  w e r e  sep ara ted  in to  2  parts. T h e  first part 
fo c u se d  o n  q u a n tita tiv e  d e term in a tio n  o f  th e  a m o u n t o f  g a s  d e so r p tio n  b y  m ea su r in g  
th erm al c o n d u c tiv ity  o f  th e  e ff lu e n t  g a s. T h e  se c o n d  part w a s  m a ss  sp ec tro m etr ic  
id e n tif ic a t io n  o f  th e  nature o f  m o le c u la r  s p e c ie s  c o n tr ib u tin g  to  ea ch  T P D  p eak .

3 .2 .3 .1  Q u a n tita tiv e  T P D  E x p e r im e n ts
A  c a ta ly s t  sa m p le  w e ig h in g  0 .0 5  g  w a s  p la c e d  in to  a q u artz tu b e  

reactor , w h ic h  w a s  e x te r n a lly  h ea ted  b y  a tu b e  fu rn a ce . Prior to tem p era tu re  
p ro g ra m m ed  d e so r p tio n  (T P D ), th e  sa m p le  w a s  red u ced  for  2  h at 6 7 3 ° c  w ith  a 
stream  o f  p u r if ie d  h y d r o g e n  at a f lo w  rate o f  2 5  m l/m in . A fte r  c o m p le t in g  th e  
red u ctio n  s te p , th e  c a ta ly s t  w a s  c o o le d  d o w n  to  ro o m  tem p era tu re  b y  in tro d u c in g  a 
stream  o f  u ltra  h ig h  p u rity  n itro g en . T P D  o f  m e th a n o l e x p e r im e n ts  w er e  p erfo rm ed  
u s in g  a  M ic r o m e r it ic s  T P D /T P R  2 9 0 0  u n it. T h e  tem p era tu res o f  th e  th erm al 
c o n d u c tiv ity  d e te c to r  (T C D ), v a lv e  and  in je c tio n  lo o p  w e r e  m a in ta in ed  at 1 0 0 ° c ,  
1 0 0 ° c ,  and  7 5 ° c ,  r e sp e c t iv e ly . U H P  n itr o g e n  w a s  s e le c te d  a s  carrier g a s  w ith  5 0  
m l/m in  f lo w  rate. T h e  d e tec to r  cu rrent w a s  se t  at 55  m A . T h e  e x p e r im e n ta l setu p  
co n ta in e d  th ree  g a s  lin e s . T h e  first lin e  se r v e d  as p retrea tm en t g a s  lin e , th e  se c o n d  
lin e  p r o v id e d  carrier and r e fe r e n c e  g a s e s , w h ile  th e  third  lin e  w a s  u se d  for  carry in g  
th e  s o lv e n t  v a p o r  to  th e  in je c tio n  lo o p . O n c e  th e  a d so rp tio n  p r o c e s s  w a s  c o m p le te ,  
th e  fu rn a ce  c o n tr o lle r  w a s  se t to  ram p th e  fu rn a ce  tem p era tu re  u p  to 8 0 0 ° c  at a lin ear  
ram p rate o f  10 ° c /m in .  A s  th e  tem p era tu re in cr e a se d , su r fa ce  s p e c ie s  b e g a n  to  d eso rb  
and th e  s ig n a l o f  th e  d e so r b e d  s p e c ie s  fro m  th e  th erm al c o n d u c tiv ity  d e te c to r  w a s  
d isp la y e d  a s  a fu n c tio n  o f  tem p eratu re. G ra p h ic a lly , th e  T P D /T P R  d ata  are 
rep resen ted  a s  p ea k s  in  s ig n a l v e r su s  t im e  p lo ts  and  tem p era tu re  v e r su s  t im e  p lo ts . 
T h e lo c a t io n  o f  p ea k s  o n  th e  tem p era tu re a x is  d e p ic ts  th e  stren g th  o f  a d so rp tio n . F or  
s im p le  a d so rb a tes  that d o  n o t u n d erg o  d e c o m p o s it io n  d u rin g  T P D , th e  n u m b er o f
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p ea k s ca n  in d ica te  th e  n u m b er  o f  e n e r g e t ic a lly  d is t in c t  su r fa ce  s ite s . T h e  area u n der  
e a c h  p e a k  rep resen ts  th e  q u an tity  o f  a d so rb ed  s p e c ie s  o n  a g iv e n  ty p e  o f  su r fa ce  s ite s . 
T h e  a d so rb a te  u se d  in  th is  s tu d y , h o w e v e r , is  l ik e ly  to  u n d e r g o  d e c o m p o s it io n  at 
e le v a te d  tem p era tu res , an d  th is  can  lea d  to  a d d itio n a l p ea k s  in  th e  T P D  sp ectru m .

3 .2 3 .2  Q u a lita tiv e  T P D  E x p e r im e n ts
T h e se  e x p e r im e n ts  w e r e  p er fo rm ed  o n  1 0 0 -2 5 0  m g  o f  a 

p rep ared  ca ta ly st . T h e  c a ta ly s t  w a s  p la c e d  in  a 1.2 cm . o .d . tu b u lar quartz reactor. 
Prior to  tem p era tu re  p ro g ra m m ed  d e so r p tio n  th e ca ta ly s t  sa m p le  w a s  a g a in  red u ced  
at 4 0 0 ° c  fo r  2  h ou rs in  f lo w in g  p u r ified  h y d ro g en . A fte r  r ed u ctio n , th e  ca ta ly s t  w a s  
f lu sh e d  w ith  ultra h ig h  p u r ity  h e liu m  at 4 0 0 ° c  for  3 0  m in  an d  th en  c o o le d  d o w n  to  
ro o m  tem p era tu re  in  a f lo w  o f  h e liu m . A fte r  that th e  f lo w  o f  2 0  m l/m in  h e liu m  w a s  
s w itc h e d  an d  sen t to  a p y r e x  g la s s  satu rator, w h ic h  c o n ta in e d  m e th y l a lc o h o l at ro o m  
tem p era tu re . T h e  h e liu m  stream  c o n ta in in g  m e th y l a lc o h o l v a p o r  w a s  p a sse d  th rou gh  
the c a ta ly s t  b e d  for  3 0  m in . T h e  c a ta ly s t  b ed  w a s  p u rged  w ith  f lo w in g  h e liu m  until 
th ere  w a s  n o  lo n g e r  an y  trace  o f  m e th y l a lc o h o l o b se r v e d  b y  m a ss  sp ectro m etry . 
T h en  th e  reactor  w a s  h ea te d  up u s in g  a lin ear  tem p era tu re r ise  o f  4 0 ° c /m in  to  6 0 0 ° c  
in  th e  f lo w  o f  10 0  m l/m in  H e . T h e  tem p era tu re  o f  the fu rn a ce  w a s  c o n tr o lle d  b y  an  
O M E G A  C N 8 5 0 0  c o n tr o lle r  and  reco rd ed  u s in g  a c o m p u ter  d ata  a c q u is it io n  sy s te m  
w ith  L ab V IE W  so ftw a r e . T h e  e f f lu e n t  g a s  fro m  th e  reactor  w a s  sp lit  u s in g  a p a c k le s s  
tw o -w a y  v a lv e  (N u p ro  m o d e l S S -B N V C R 4 ) . A  sm a ll p o rtio n  o f  th e  e f f lu e n t  g a s  w a s  
sen t in to  an  u ltra h ig h  v a c u u m  (U H V )  sy s te m , o p era tin g  at a  b a se  p ressu re  <  1 0 ~9 

torr, th ro u gh  a  v a r ia b le  le a k  v a lu e  (V a r ia n  m o d e l 1 0 0 0 ). B o th  v a lv e s  w e r e  h ea te d  to  
a v o id  c o n d e n sa t io n  o f  m e th y l a lc o h o l. A  M ic r o m a ss  P C  R e s id u a l G a s  A n a ly z e r  
(R G A ), fro m  V G  Q u a d ru p o les , w a s  u se d  for a n a ly z in g  th e  g a s e s  d e so r b in g  fro m  th e  
su rfa ce  o f  th e  c a ta ly st. T h e  R G A  w a s  p la c e d  in  th e  u ltra h ig h  v a c u u m  s y s te m , w h ic h  
w a s  p u m p e d  b y  a tu rb o m o lecu la r  p u m p  (B a lz e r s  m o d e l T P U  4 2 0 ) .  T h e  p ressu re  w a s  
d ete c te d  b y  an io n iz a t io n  g a u g e  tu b e  (V a r ia n ). D u r in g  T P D  e x p e r im e n ts , th e  p ressu re  
in  th e  U H V  ch a m b er  w a s  k ep t at 7 x 1  O'6 torr.
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3 .2 .4  X -r a y  P h o to e le c tr o n  S p e c tr o sc o p y
E lec tro n  S p e c tr o sc o p y  for  C h e m ic a l A n a ly s is  (E S C A ) , a lso  k n o w n  as  

X -ray  P h o to e le c tr o n  S p e c tr o sc o p y  (X P S )  is  a su rfa ce  s e n s it iv e  te c h n iq u e  that can  
d etec t c h a n g e s  in r e la tiv e  co n ce n tr a tio n  o f  su r fa ce  a to m s. It is  a lso  u sed  to  d e tec t the  
o x id a tio n  s ta te s  o f  the e le m e n ts , w h ic h  are p resen t o n  th e  su r fa ce  o f  th e  sa m p le . X P S  
h as fo u n d  w id e sp r e a d  u se  in  h e te r o g e n e o u s  c a ta ly s is  d u e  to  its v e r sa tility  in  stu d y in g  
th e  su r fa ces  o f  c a ta ly s ts  (B arr, 1 9 8 3 ). T h e  E S C A -P H I 5 4 0 0  sy s te m  p resen t in  the  
E lectro n  M ic r o b e a m  A n a ly s is  L ab oratory , T h e  U n iv e r s ity  o f  M ic h ig a n , A n n  A rbor, 
U S A  w a s  u se d  in  the X P S  w ork . T h e  X P S  ap p aratu s c o n s is t s  o f  th e  fo llo w in g  
su b sy ste m s: th e  v a cu u m  sy s te m  an d  a s so c ia te d  e le c tr o n ic s , th e  in tegra ted  c o n so le ,  
the X -ra y  g en era to r , th e  a n a ly z e r -d e te c to r  and  a s so c ia te d  e le c tr o n ic s , th e  co m p u ter  
e le c tr o n ic s , th e  sa m p le  m a n ip u la tio n  sy s te m  e le c tr o n ic s  w ith  sa m p le  p r o c e ss in g  
h ard w are, th e  o p tio n a l sp u tter in g  s y s te m , and  an in -s itu  reactor  c a p a b le  o f  op era tin g  
at tem p era tu re  up to  8 7 3  K  (R u sc h , 1 9 8 4 ).

T h e  E S C A  p r o c e ss  c o n s is t s  o f  b o m b a rd in g  th e  sa m p le  w ith  m o n o e n e r g e tic  
p h o to n s , u su a lly  A lK a  (1 ,4 8 6 .6  e v )  or M g K a  (1 ,2 5 3 .6  e v ) , w h ic h  c a u se s  th e  e je c t io n  
o f  e le c tr o n s  fro m  co r e  and  v a le n c e  s h e lls  in  w h ic h  th e io n iz a t io n  p o ten tia l, or b in d in g  
en erg y , is  sm a lle r  than  th e  p rim ary p h o to n  en e r g y . For s o l id s  th e  b in d in g  e n e r g y  m a y  
b e  c a lc u la te d  from :

Eb‘ =  h v  - Ekin - <t»sp (3 .1 2 )

w h ere , Eb* =  th e  b in d in g  e n e r g y  o f  th e  e le c tr o n  in  the so lid  
h v  =  th e  e n e r g y  o f  th e  e x c it in g  rad ia tion  
Ekin =  th e m ea su red  e le c tr o n  k in e t ic  e n erg y  
<t>sp =  th e  w o rk  fu n c tio n  o f  th e  sp ec tro m eter
T h e  su p erscr ip t f  in d ic a te s  that an e le c tr o n  at rest at F erm i le v e l is a s s ig n e d  

zero  en e r g y . T h e  n u m b er o f  e le c tr o n s  d e te c te d  is  p lo tted  a g a in st  th e  e le c tr o n  k in e tic  
e n erg y  to  g iv e  the p h o to e le c tr o n  sp ectru m . B y  c a lc u la t in g  th e b in d in g  e n e r g y  for the  
d ifferen t p e a k s  and co m p a r in g  th em  w ith  tab u la ted  b in d in g  e n e r g ie s  e le m e n ta l  
id e n tif ic a t io n  can  b e p erfo rm ed .
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T h e  e x p e r im e n ta l p r o to c o l in it ia lly  c o n s is te d  o f  ta k in g  a sm a ll a m o u n t o f  the  
c a ta ly s t  sa m p le  (p rered u ced , f lo w in g  แ 2 for  5 h  at 6 7 3  K ), w h ic h  w a s  to b e  a n a ly z e d , 
and p r e ss in g  it in to  a th in  w a fer . T h en  a sm a ll p ie c e  o f  the w a fe r  w a s  p la c e d  o n  the  
sa m p le  h o ld er . S c r e w s  w e r e  u sed  to  h o ld  th e sa m p le  in  p la c e . T h e  sa m p le  h o ld e r  w a s  
th en  p la c e d  in  a c a r o u se l, w h ic h  w a s  in  turn p la c e d  in s id e  th e  sa m p le  in trod u ction  
ch am b er. T h e  sa m p le  in tro d u ctio n  ch a m b er  w a s  p u m p ed  d o w n  b y  a tu rb o m o lecu la r  
p u m p . T h e  g a te  v a lv e  b e tw e e n  th e in tro d u ctio n  ch a m b er  and  th e  m a in  U H V  ch a m b er  
o f  th e  X P S  m a c h in e  w a s  n o w  o p e n e d  an d  th e sa m p le  h o ld e r  w a s  in tro d u ced  in to  the  
m ain  ch a m b er  w ith  th e  h e lp  o f  a fork  an d  p la c e d  in  a e ig h t  ch a m b er  c a r o u se l. W h en  
the fork  w a s  p u lle d  o u t th e  g a te  v a lv e  a u to m a tic a lly  c lo se d . T h e  U H V  c h a m b e r  w a s  
p u m p ed  b y  an  io n  p u m p  and  an o p tio n a l t ita n iu m  su b lim a tio n  p u m p  w a s  a lso  
p resen t. T h e  v a c u u m  in  th e  U H V  ch a m b er  w a s  u su a lly  b etter  th an  1 X 1 O' 8 torr.

T h e n  th e p o s it io n  o f  th e  sa m p le  in  th e  m a in  ch a m b er  w a s  a d ju sted  s o  that the  
X -r a y s  fro m  th e  so u r c e  w er e  fo c u se d  w ith  m a x im u m  e f f ic ie n c y  o n  th e sa m p le . T h en  
th e  X -ra y  so u r c e  w a s  turn ed  on . T h e  P H I 5 4 0 0  X P S  m a c h in e  h a s a  d u al a n o d e  X -ra y  
so u rce , n a m e ly  a M g  a n o d e  and  an A1 a n o d e . T h ere  are b o th  a d v a n ta g e s  and  
d isa d v a n ta g e s  o f  u s in g  a p articu lar  ty p e  o f  so u r c e  an d  o n e  sh o u ld  d e c id e  o n  w h ic h  
so u rce  to  u s e  b a se d  o n  th e  nature o f  a n a ly s is  that h a s to  b e  p erfo rm ed . F or  in sta n c e ,  
th e  A1 a n o d e  can  b e  u se d  to  stu d y  a  larger b in d in g  e n e r g y  ran g e  o f  p h o to e le c tr o n  
e m is s io n s  a s  co m p a red  to  th e  M g  a n o d e  b ut th e  e n e r g y  r e so lu tio n  is  b etter  in  th e  c a se  
o f  th e  M g  a n o d e  h e n c e  le a d in g  to  le s se r  e x te n t  o f  p ea k  b ro a d en in g . A fte r  th e  d esired  
X -ra y  so u r c e  had  b e e n  turn ed  o n  it w a s  read y  to  c o l le c t  th e  X P S  sp ectru m . In it ia lly  a 
su r v e y  sp ec tru m  w a s  c o l le c te d  w h ic h  sc a n n e d  th e  en tire  b in d in g  e n e r g y  ran g e  and  
p ro v id e d  a g en era l id e a  as w h a t e le m e n ts  are p resen t o n  th e  su r fa ce  o f  th e  sa m p le .  
T h en  a m u lt ip le x  sp ectru m  w a s  c o l le c te d  in  w h ic h  sm a lle r  r e g io n s  o f  th e  sp ectru m  
w er e  sc a n n e d  for lo n g e r  p er io d s  o f  t im e  so  that m o re  d e ta ils  o f  a p articu lar  r e g io n  o f  
in terest w e r e  o b ta in ed . E lec tro n  e n e r g y  a n a ly s is  w a s  carr ied  o u t b y  a  S p h er ica l 
C a p acitor  A n a ly z e r , w h ic h  is  c o n tr o lle d  b y  an e le c tr o n ic s  u n it that is  c o m p le te ly  
c o m p u te r iz e d . A  P erk in -E lm er  7 5 0 0  c o m p u ter  c o n tr o llin g  th e  o p era tio n  o f  the  
m a c h in e  w a s  u sed  for  data  c o l le c t io n  and m a n ip u la tio n . I f  d ep th  p r o f ilin g  w a s  
req u ired  th an  a sp u tter  io n  gu n  w a s  u sed . U s in g  th is  sp u tter  gu n , it c o u ld  raster an
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area o f  1.5 b y  1 n m  o n  th e su rfa ce  o f  th e  sa m p le . T h e  g a s  u sed  for the sp u tter in g  
e x p e r im e n ts  w a s  argon .

T h e  in -s itu  reactor  attach ed  to  th e  m a in  X P S  ch a m b er  w a s  u sed  to  red u ce  the  
ca ta ly s t  sa m p le  in  f lo w in g  h y d r o g e n  at 6 7 3  K  b e fo r e  X P S  a n a ly s is . T h e  red u ction  
step  w a s  e s se n tia l s in c e  d u rin g  th e p rered u ctio n  step , it w a s  e x p o se d  to  air 
su b se q u e n tly , and th is  c o u ld  lead  to  s o m e  e x te n t  o f  su r fa ce  o x id a t io n  o f  th e  m eta ls , 
m a k in g  it n e c e s sa r y  to  red u ce  it a g a in  b e fo r e  X P S  a n a ly s is . W ith  th e h e lp  o f  the  
tran sfer fo rk s  the sa m p le  h o ld er  w a s  tran sp orted  in to  th e  reactor  ch am b er, w h ic h  w a s  
then  se a le d . T h en  th e g a s  f lo w  o f  h y d r o g e n  w a s  turn ed  o n  and  th e sa m p le  w a s  h ea ted  
to the r e d u ctio n  tem p era tu re. A fte r  th e  r e d u ctio n  step  th e  sa m p le  w a s  a l lo w e d  to  c o o l  
d o w n  to r o o m  tem p era tu re , th e  g a s  f lo w  w a s  th en  turn ed  o f f ,  and  th e ch a m b er  w a s  
p u m p ed  d o w n  b y  a tu rb o m o lecu la r  p u m p , b e fo r e  tran sp ortin g  th e  sa m p le  b ack  to  the  
m ain  U H V  ch a m b er  for  X P S  a n a ly s is . B y  th is  p ro ced u re  o n e  c o u ld  o b ta in  red u ced  
c a ta ly tic  su r fa ces  w h ic h  had n ot b e e n  e x p o s e d  to air a fter  th e  r e d u ctio n  s tep , and  
h e n c e  o n e  c o u ld  d e term in e  w h a t th e  o x id a t io n  s ta te s  o f  th e  m e ta ls  w e r e  a fter th is  
red u ctio n  p retreatm en t.

T h o u g h  th e E S C A  te c h n iq u e  is  v ery  v e r sa tile , it a lso  su ffers  fro m  so m e  
l im ita tio n s . O n e o f  th em  is  that it a l lo w s  o n ly  m a c r o sc o p ic  r e so lu tio n , and  is  
se n s it iv e  to  o n ly  ab o u t 1 % o f  a m o n o la y e r . A ls o  th ere  m ig h t b e  sa m p le  d eg ra d a tio n  
c a u sed  b y  th e  p h o to n  b ea m . A n o th er  d if f ic u lty  that is  p resen t in  X P S  a n a ly s is  is  that 
at t im e s  s ig n a l o v e r la p  m ig h t o ccu r , m a k in g  it n e c e s sa r y  to  e ith er  u se  r e g io n s  o f  the  
p h o to e le c tr o n  sp ectru m  to  q u a lita tiv e ly  and q u a n tita tiv e ly  id e n tify  th e  e le m e n ts , or 
u se  so ftw a r e  to  try to  d e c o n v o lu te  th e  p ea k s  b e lo n g in g  to  th e  e le m e n ts  that ov er la p . 
A n o th er  p ro b lem  that o c c u r s  w h ile  s tu d y in g  su p p o rted  c a ta ly s t  sa m p le s  is  that 
p h o to e le c tr o n  p ea k s  are sh ifted  b y  a f e w  e v  from  w h ere  o n e  w o u ld  e x p e c t  th em  to b e  
p resen t b e c a u se  o f  sta tic  ch a rg in g . T h is  o c c u r s  b e c a u se  as th e  p h o to e m is s io n  p r o c e ss  
tak es p la c e  and  th e  a to m s lo o s e  e le c tr o n s , th ere  is  a c c u m u la tio n  o f  p o s it iv e  ch a rg e  on  
th e  su r fa c e  o f  n o n -c o n d u c tin g  sp e c im e n s . D u e  to  th is  p o s it iv e  ch arg e  th e  m o tio n  o f  
p h o to e le c tr o n s  fro m  th e  sp e c im e n  is  retarded  c a u s in g  th eir  k in e t ic  e n erg y  to  b e  lo w e r  
than  w h a t th e  e q u a tio n  re la tin g  k in e tic  e n e r g y  and b in d in g  e n e r g y  p red ic ts  (S w if t  et 
a / .,  1 9 8 3 ).

T h e  th ree  m o st  c o m m o n  m e th o d s  u sed  to  correct for s ta tic  c h a r g in g  are:
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a) U s e  o f  an  in tern al standard  lik e  th e  A1 2 p  p h o to e le c tr o n  p ea k  in  sa m p le s  that h av e  
A I2O 3 a s  th e  su p p o rt m a ter ia l, and a s su m in g  that th is  p ea k  l ie s  at th e  sa m e  p o s it io n  
ir resp e c tiv e  o f  th e  nature o f  the sy s te m . T h en  th e  sh if t  d u e  to  sta tic  ch a rg in g  is  
o b ta in ed  b e  c a lc u la t in g  th e d if fe r e n c e  in  p o s it io n  o f  th e  o b se r v e d  A I2O 3 p ea k  from  
th e  actu a l v a lu e . T h en  th is  d if fe r e n c e  is  u se d  to c a lc u la te  th e  actu a l p o s it io n  o f  the  
p h o to e le c tr o n  p ea k s  c o r r esp o n d in g  to th e  o th er  e le m e n ts  in  th e  sp e c im e n . O n e  
p ro b lem  w ith  th is  m eth o d  is  that it d o e s  n o t a cc o u n t for  m eta l-su p p o rt in tera ctio n  
e ffe c ts .
b ) U s e  th e  v a lu e  o f  a p h o to e le c tr o n  p ea k  lik e  th e  c  I s  p ea k  w h ic h  is  p ro d u c e d  b y  
a d v e n tit io u s  su rfa ce  la y ers o f  carb on  to  correct for sta tic  c h a rg in g . T h is  is  d o n e  b y  
o b ta in in g  th e  d if fe r e n c e  b e tw e e n  th e  o b se r v e d  p ea k  p o s it io n  and  an actu a l v a lu e , 
co rr e c tin g  th e  o th er  p h o to e le c tr o n  p ea k s  u s in g  th is  v a lu e . A  p ro b lem  that is  
en co u n te r e d  w h e n  u s in g  th is  m eth o d  is  that literature rep orts a c tu a l v a lu e s  o f  th e  c  
I s  lin e  v a r y in g  from  2 8 4 .6  to  2 8 5 .2  ev .
c )  U s e  a lo w -e n e r g y  e le c tr o n  f lo o d  g u n , w h ic h  w o u ld  su p p ly  e le c tr o n s  and  try to  
n eu tra lize  th e  p o s it iv e  ch a rg e  o n  the in su la to r  su rfa ce , h e n c e  c o rr ec tin g  for  the  
sa m p le  ch a rg in g . T h is  m eth o d  is a lso  a d v a n ta g e o u s  in  a n o th er  resp e c t  that it co u ld  
d e c r e a se  p e a k  b ro a d en in g . B y  m a k in g  u se  o f  an e le c tr o n  f lo o d  g u n  and  th en  u s in g  an  
in tern al standard  to  further correct the p ea k  p o s it io n , th e  a c c u r a c y  in  d e te r m in in g  the  
actu al p ea k  p o s it io n  is  in crea sed .
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3.3 Methanol Oxidation Experiment

F ig u re  3.1 s h o w s  th e  e x p e r im e n ta l se t  up  for m e th a n o l o x id a t io n  stu d y . T h e  
o x id a t io n  o f  m eth a n o l w a s  carr ied  ou t in  a p y r e x  v ertica l tu b e  reactor. 0 .0 5 -0 .1  gram s  
o f  a c a ta ly s t  p o w d e r  w a s  p la c e d  b e tw e e n  tw o  la y ers o f  g la s s  w o o l . Prior the  
o x id a tio n , th e  ca ta ly s t  sa m p le  w a s  pretreated  in  f lo w in g  h y d r o g e n  at 6 7 3  K  for 2  h  
and p u rged  in  h e liu m  stream  at 6 7 3  K  for  3 0  m in . T h en  th e  c a ta ly s t  sa m p le  w a s  
c o o le d  d o w n  to th e  d es ired  rea c tio n  tem p era tu re  that w a s  v a r ied  from  room  
tem p era tu re  up to 3 7 3  K . M eth a n o l w a s  v a p o r iz e d  b y  p a ss in g  h e liu m  th ro u gh  a 
b u b b ler  c o n ta in in g  liq u id  m eth a n o l at 2 7 8  K. T h e  m e th a n o l- la d e n  h e liu m  w a s  th en  
m ix e d  w ith  o x y g e n  and th e s e c o n d  h e liu m  lin e s  to  g iv e  g a s  m ix tu r e s  h a v in g  1 ,2 0 0 , 
1 ,0 0 0 , 7 7 0 , and  5 0 0  p p m  o f  m eth a n o l w ith  2 1 %  O 2 and b a la n c e  w ith  H e. T h e  f lo w  
rates o f  g a s e s  w e r e  c o n tr o lle d  b y  u s in g  m a ss  f lo w  c o n tro ller s  (S ierra  se r ie s  8 4 0  S id e -  
T rak). T h e  fe e d  m ix tu re  g a s  w a s  p a sse d  u p w ard  th ro u gh  th e reactor. T h e  to ta l f lo w  
rate th ro u g h  th e reactor  w a s  2 6 0  c m 3m in '' g iv in g  a sp a c e  v e lo c i ty  o f  2 0 ,0 0 0  h"1. T h e  
c a ta ly tic  r ea c tio n  w a s  p erfo rm ed  u s in g  a  c o n tin u o u s  f lo w  m e th o d  at a tm o sp h e r ic  
p ressu re . T h e  c o m p o s it io n s  o f  f e e d  g a s  and  o u tle t  g a s  w e r e  p r in c ip a lly  a n a ly z e d  b y  a 
g a s  ch ro m a to g ra p h  (P erk in -E lm e r , A u to s y s te m  X L ) e q u ip p e d  w ith  a F la m e  
Io n iz a tio n  D e te c to r  (F ID ) and  a C a rb op ack  B /3 %  S P -1 5 0 0  c o lu m n , and  w ith  a 
T h erm al C o n d u c tiv ity  D e te c to r  (T C D ) and a 6 0 /8 0  C a r b o x e n -1 0 0 0  c o lu m n . T h e  
tem p era tu res o f  F ID  and  T C D  w e r e  3 9 3  K  and  4 7 3  K , r e s p e c t iv e ly . T h e  g a s  
c h ro m a to g ra p h ic  sep a ra tio n s  w e r e  carr ied  ou t iso th e r m a lly  at 3 3 3  K.
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Figure 3.1 S c h e m a tic  o f  g a s  f lo w  m e th a n o l o x id a t io n  sy s te m .
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