
R E S U L T S  A N D  D IS C U S S IO N
C H A PT E R  IV

4.1 B E T  S u r fa c e  A rea , P a r tic le  D en sity , S tr u c tu r a l D e n s ity  an d  P o re  V o lu m e  o f  
th e  A d so r b e n ts

T h e  d i f f e r e n t  a d s o r b e n t s  ( m e s o p o r o u s  a n d  m a c r o p o r o u s  a lu m in a  d e n o t e d  a s  

m - A l 20 3  a n d  M - A I 2 O 3 , r e s p e c t i v e ly )  w e r e  c h a r a c t e r iz e d  b y  u s i n g  n it r o g e n  

a d s o r p t io n /d e s o r p t io n  at 7 7  K  a n d  m e r c u r y  p o r o s im e t r y  m e t h o d s ,  to  s tu d y  th e  

p r o p e r t ie s  o f  th e  p o r o u s  m a t e r ia ls  in  t e r m s  o f  s u r f a c e  a r e a , p o r o s i t y  a n d  p o r o u s  

s tr u c tu r e . T h e  p r o p e r t ie s  o f  b o th  p o r o u s  a lu m in a s  a re  l i s t e d  in  T a b le  4 .1  a n d  4 .2 .

T a b le  4.1 P r o p e r t ie s  o f  a d s o r b e n ts  c h a r a c t e r iz e d  b y  n i t r o g e n  a d s o r p t io n /d e s o r p t io n  

m e t h o d  a t 7 7  K

P r o p e r tie s
A d so r b e n ts  

(IF P  R e fe r en ce ) S b e t
(m 2/g ) 4»

(cm 3/g)
, 1ร ่r

d e so r p tio n )
(c r n /g )

(P /p'o=0.99)
(c m 3/g ) (cm '/g )

m - A l 2 0 3 ( 9 4 8 4 3 ) 2 7 8 0 . 0 0 0 0 .7 9 7 0 .7 5 2 0 .7 5 2

M - A I 2 O 3 ( 9 4 8 4 4 ) 1 9 4 0 . 0 0 0 0 .5 5 2 0 .5 2 3 0 .5 2 3
a KM is  a  m ic r o p o r o u s  v o lu m e .  
b vm is  a  m e s o p o r o u s  v o l u m e .

T a b le  4 .2  P r o p e r t ie s o f  a d s o r b e n t s  b y  u s in g  t h e  M e r c u r y  p o r o s im e t r y

P ro p er tie s
A d so r b e n ts  

(IF P  R e fe r en ce ) P a rtic le
D en sity
(g /c m 3)

S tru c tu ra l
D en sity
(g /cm 3) (cm 3/g ) (c m '/g )

v m + C m
(cm 3/g)

m - A l 2 0 3 ( 9 4 8 4 3 ) 0 .9 1 4 2 .8 0 6 0 .6 4 3 0 .0 0 9 0 .6 5 2

M - A I 2 O 3 ( 9 4 8 4 4 ) 1 .0 0 8 2 .9 9 4 0 .4 8 1 0 .1 5 1 0 .6 3 2
VM is  a  m e s o p o r o u s  v o l u m e .
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A c c o r d in g  t o  T a b le  4 .1 ,  m - A l 2 0 3  h a s  h ig h e r  in  B .E .T .  s u r f a c e  a r e a  th a n  M -  

A I 2 O 3 . It i s  o b s e r v e d  th a t  th e  B .E .T .  s u r f a c e  a r e a  o f  m -A E C E  is  2 7 8  m 2/ g  a n d  th e  

B .E .T .  s u r f a c e  a r e a  o f  M - A I 2 O 3 i s  1 9 4  m 2/ g .  F o r  th e  p o r o u s  v o lu m e ,  it w a s  

d e t e r m in e d  th a t  th e r e  a r e  n o  m ic r o p o r e s  f o r  a lu m in a  b a s e d  a d s o r b e n t s .  In  th e  s a m e  

b a s i s  o f  o n e  g r a m  o f  a d s o r b e n t ,  m -A B C E  h a s  h ig h e r  in  m e s o p o r o u s  v o lu m e  th a n  M -  

A I 2 O 3 . T h e  h ig h e r  in  m e s o p o r o u s  v o lu m e  c o n s t i t u t e s  t o  h ig h e r  in  B .E .T .  s u r f a c e  a rea .
S im i la r  r e s u lt s  w e r e  f o u n d  b y  A t ir e k la p w a r o d o m  ( 2 0 0 9 )  f o r  th e  a lu m in a .  

F u r th e r m o r e , s h e  s t u d ie d  o n  th e  in c ip ie n t  w e t n e s s  im p r e g n a t io n  m e t h o d  b y  v a r y in g  

th e  m e ta l  lo a d in g .  It w a s  f o u n d  th a t s in c e  th e  m e t a l ,  C u 2+, c o v e r s  th e  s u r f a c e  o f  th e  

a d s o r b e n t ,  th e  s u r f a c e  a r e a  is  d e c r e a s e d .  It w a s  c o n c lu d e d  th a t  t h e  g r e a te r  i s  th e  m e ta l  

lo a d in g ,  th e  lo w e r  i s  th e  m e s o p o r o u s  v o lu m e  w h i c h  c o r r e s p o n d s  t o  th e  d e c r e a s e  o f  

s u r f a c e  a r ea .
F r o m  T a b le  4 .2 .  M - A I 2O 3 h a s  a  h ig h e r  p a r t ic le  d e n s i t y  th a n  m -A B C E . F o r  

th e  m e s o p o r o u s  v o lu m e  d e te r m in e d  w it h  m e r c u r y  in t r u s io n ,  it  s h o w s  s im i la r  r e s u lt  

c o m p a r e  t o  n i t r o g e n  a d s o r p t io n /d e s o r p t io n  r e s u lt s :  m - A l 2 C>3 h a s  h ig h e r  m e s o p o r o u s  

v o lu m e  th a n  M - A E O 3 . F o r  m a c r o p o r o u s  v o lu m e ,  m - A l 2 0 3  h a s  a  s m a ll  a m o u n t  

c o m p a r e  t o  t h o s e  o f  M - A E O 3 .

4 . 2  T e m p e r a t u r e - P r o g r a m m e d  R e d u c t i o n  ( T P R )  C h a r a c t e r i z a t i o n

F r o m  th e  l i t e r a tu r e ,  C u + i s  k n o w n  fo r  i t s  T T -c o m p le x a tio n  a b i l i ty .  It c a n  

in c r e a s e  th e  c a p a c i t y  a n d  s e l e c t i v i t y  o f  th e  a d s o r p t io n  o f  o r g a n ic  s u l f u r  c o m p o u n d s .
In  t h i s  s t u d y ,  in c ip ie n t  w e t n e s s  im p r e g n a t io n  m e t h o d  w a s  u s e d  to  

m a n ip u la t e  th e  a d s o r b e n t .  It r e q u ir e s  m e ta l  s o lu t io n  a s  a  m e d ia  to  im p r e g n a t e  m e t a ls  

o n  th e  a d s o r b e n t .  T o  im p r e g n a te  C u + o n  th e  a d s o r b e n t ,  C u C l  w a s  c h o s e n .  
U n f o r t u n a t e ly ,  C u C l  i s  in a p p r o p r ia te  b e c a u s e  it  i s  w a t e r - i n s o l u b le  ( a s  w a t e r  w a s  

p r e fe r a b ly  t o  b e  u s e d  a s  a  s o lv e n t ) .  T h u s  C u C l 2 w a s  u s e d  in s t e a d  d u e  to  it i s  h ig h  

s o lu b i l i t y  in  w a te r .  F o r  t h i s  r e a s o n , it  i s  n e c e s s a r y  t o  r e d u c e  C u 2+ t o  C u + b y  m e a n s  o f  

h y d r o g e n .  T o  s tu d y  th e  r e d u c t io n  c o n d i t io n ,  T P R  e x p e r im e n t s  w e r e  c a r r ie d  o u t  to  

s tu d y  th e  r e d u c t io n  s t e p  a n d  r e d u c t io n  te m p e r a tu r e .
C u C l2 im p r e g n a t e d  o n  m - A l 20 3  (0 .1  g  a p p r o x im a t e ly )  w a s  h e ld  in  p la c e  b y  

g la s s  w o o l  p lu g s .  T h e  g a s  m ix t u r e  u s e d  w a s  4 .9 5 %  H 2 in  N 2 a t H o w  ra te  o f  2 0
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c m 3/m in , th e  h e a t in g  rate w a s  10 ๐c /m in .  It w a s  first h ea ted  up to  9 0 0  ๐c ,  h o ld  at th is  
tem p era tu re  fo r  2  h o u rs , and a fter that it w a s  c o o le d  d o w n  to  a m b ie n t tem p era tu re . 
T h e  in te n s ity  m e a su r e d  b y  th erm al c o n d u c tiv ity  d e te c to r  (T C D ) in d ic a te s  แ 2 

c o n su m p tio n .
T h e  resu lt  o f  T P R  e x p e r im e n t  c o r r e sp o n d in g  to  3 0 %  C u /m -A h C h  is  sh o w n  

in  F ig u re  4 .1 .

Figure 4.1 T em p era tu re -p ro g ra m m e d  r e d u ctio n  (T P R ) o f  30%  C u /m -A l20 3  in  
4 .9 5 %  น2 in  N 2 at 9 0 0  ° c .

F ig u re  4 .1  s h o w s  th e  resu lt from  T P R  e x p e r im e n t  o f  30 %  C u /m -A l20 3  in  
4 .9 5 %  H 2 in  N 2 at 9 0 0  ° c .  T w o  m a in  d is t in c t  p e a k s  c o r r e sp o n d in g  to  tw o  s te p s  o f  
r e d u ctio n  p lu s  a n o th er  sm a ll o n e  w e r e  d e te c te d  and  th e r e su lts  w e r e  su m m a r iz e d  in  
T a b le  4 .3 .
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Table 4.3 At peak TPR results o f 30% Cu/m-Al2 0 3

Peak
Number Temperature (°C)

Reduction
Start (°C) Stop (°C) Total time 

(min)
1 316 118 403 18.7
2 529 403 742 28.1
3 850 - - -

T h e  tem p era tu re  at th e  first p eak  ( 1 9 2 5 0 9 )  is  an  ap p ro p ria te  tem p era tu re  to  
r e d u ce  C u 2+ to  C u + w h ic h  is  3 1 6  ° c .  T h e  a b o v e  resu lts  in d ic a te  that a lm o s t  100%  o f  
C u 2+ h a s b e e n  red u c e d  in to  C u + at arou n d  4 0 0  ° c  for  2 0  m in u te s  in  p r e se n c e  o f  H2. 
A n d  th e  tem p era tu re  at th e  s e c o n d  p ea k  ( 2 7 8 6 2 1 )  is  an  ap p ro p ria te  tem p era tu re  to  
red u ce  C u + to  C u ° w h ic h  is  5 2 9  ° c .  C u + h a s  to ta lly  b e e n  red u ced  to  C u ° at around  
7 4 0  ° c  fo r  3 0  m in u te s  in  p r e se n c e  o f  H2. For th e  third  p ea k , it w a s  d e te c te d  around  
8 5 0  ° c .

A s  m e n tio n e d  a b o v e , th e  first p ea k  in d ic a te d  th e  re d u c tio n  from  C u 2+ to  
C u +, and  th e  s e c o n d  p ea k  in d ic a te d  th e r e d u ctio n  fro m  C u + to  C u °, but for  th ird  p eak , 
d e te c te d  arou n d  850 ๐c ,  it is  n o t an e f fe c t  o f  th e  r e d u c tio n . S o  it c o u ld  b e  in terestin g  
to  s tu d y  th e  m o r p h o lo g ic a l m o d if ic a t io n  o f  m -A l20 3  su b je c te d  to  h ig h  tem p era tu re .

T h is  TPR resu lts  are u se d  to  d e te r m in e  th e  c o n d it io n  o f  re d u c tio n  step  and  
its  e f f e c t  to  C u C l2 im p reg n a ted  o n  b o th  a lu m in a . T h o se  a d so r b e n ts  w e r e  n e e d e d  to  b e  
red u c e d  to  C u + o n ly  (n o t further red u ced  to  C u °). If h ig h e r  or  in a p p ro p r ia te  red u ction  
tem p era tu re  is  a p p lie d , it w i l l  red u ce  C u 2+ to  C u + and  fu rth er  r ed u ce  C u + to  C u°. As 
C u ° h a s n o  71 -co m p lex a tio n  a c t iv ity  h e n c e  it w i l l  lo s e  th e  s e le c t iv ity  an d  r e a c tiv ity  o f  
th e  a d so rb en t o n  a d so r p tiv e  d esu lfu r iz a tio n .
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4.3 Scanning Electron Microscopy (SEM)

T h e  p o r o s ity  w ith in  th e  a d so rb en ts  and  th e  m eta l d isp e r s io n  o v e r  the  
a d so rb en ts  w e r e  รณ d ied  b y  u s in g  S E M  c o u p le d  w ith  E n e r g y  D is p e r s iv e  X -ra y  
S p e c tr o s c o p y  (E D X ). It w a s  p erfo rm ed  o n  th e  cu t im p r e g n a te d  sa m p le s . T h e  sa m p le s  
w e r e  fractu red  at th e  c r o s s  s e c t io n  to  s tu d y  th e  in tern a l su rfa ce . T h e  cu t sa m p le s  w er e  
c o a te d  w ith  P t b e fo r e  e x a m in a tio n . S im u lta n e a o u s  d e te c t io n  o f  C u  or N i w a s  
p erfo rm ed  b y  E n e r g y -d isp e r s iv e  X -ra y  sp e c tr o sc o p y  (E D X )  w h ic h  w a s  c o u p le d  w ith  
S E M . T h e  a n a ly s is  w a s  d o n e  at b oth  P P C  and  IFP  E n e r g ie s  n o u v e lle s .  A t  P P C  it w a s  
d o n e  at a r e so lu tio n  o f  3 0  k , a w o r k in g  d is ta n c e  ( พ D )  o f  3 .8  m m  at 1 .5  k v  u n der  
h ig h  v a c u u m  an d  a m b ie n t tem p era tu re  an d  A t IF P  E n e r g ie s  n o u v e l le s  it w a s  d o n e  at 
a r e so lu tio n  o f  6 0  k , a w o r k in g  d is ta n c e  (W D )  o f  8 .3  m m  at 1 5 .0  k v  u n d er h ig h  
v a c u u m  an d  a m b ien t tem p era tu re . T h e se  sa m p le s  w e r e  o b se r v e d  b y  b a ck sca tte red  
e le c tr o n s  (c h e m ic a l co n tra st)  m o d e .

F ig u r e  4 .2  s h o w s  th e  S E M  im a g e s  o f  30%  C u /m -A E O s  b y  c h e m ic a l con trast  
m o d e . F o c u s in g  o n  th e  F ig u re  4 .2  (a ) , it s h o w s  th a t th ere  is  a d e p o s it io n  in s id e  the  
ad so rb en t an d  th ere  are a g g lo m e r a te s  o f  C u C h  in  s o m e  p o s it io n  o n  th e su r fa c e  o f  th e  
a d so rb en t. It im p lie s  that th e  in c ip ie n t w e tn e s s  im p r e g n a tio n  m e th o d  is  a p r o m is in g  
m eth o d  fo r  m e ta l im p r e g n a tio n , n e v e r th e le s s , th e  d isp e r s io n  o f  th e  C u C l2 s e e m s  to  b e  
h e te r o g e n e o u s . It is  o b se r v e d  that th ere  is  a b ig  d e p o s it io n  o f  C u C E  o n  th e  su r fa ce  as  
sh o w n  in  F ig u re  4 .2  (b ) . In F ig u re  4 .2  (c ) , it s h o w s  th e  u n d e fin e d  sh a p e  o f  th e  C u C h  
cru st w ith  an  a v e r a g e  th ic k n e ss  o f  10  p m  and  u p  to  8 0  p m  in  s o m e  p o s it io n s . T h e  
cru st is  c o m p o s e d  o f  c o m p a c ts  o f  fa c e te d  p a r tic le s , w ith  s iz e  r a n g in g  fro m  1 0 0  n m  to  
1 p m .

F ig u r e  4 .3  s h o w s  th e  S E M  im a g e s  o f  30 %  C u /m -A h C b  m o d if ie d  w ith  C A  
w ith  th e m o la r  ratio  C u /C A  o f  10 b y  c h e m ic a l c o n tra st m o d e . C o r r e sp o n d in g  to  
F ig u re  4 .3  (a )  and (b ) , it is  a lso  o b se r v e d  th e fo rm  o f  C u C b  c lu s te r s , o f  u n d e fin e d  
sh a p e  p a r t ic le s , w h ic h  d istr ib u te  th ro u g h o u t th e  a d so rb en t. F rom  th e  o b se r v a t io n , the  
s iz e  o f  th e s e  c lu s te r s  is  arou n d  2 p m . F ig u re  4 .3  ( c )  an d  (d )  s h o w s  a “b u g  c h e stn u t” 
ty p e  c lu s te r  at tr e fo ils  o f  m a cro p o re . T h e s e s  c lu s te r s  s iz e  is  4  p m  in  d ia m eter  
a p p r o x im a te ly .
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Figure 4.2 S E M  im a g e s  o f  30%  C u /m -A fC E : (a )  c r o ss  s e c t io n  o f  30 %  C u /m -A l2 0 3 , 
(b ) c lu ste r  o n  th e e d g e  o f  30%  C u /m -A fC E , (c )  form  o f  c lu s te r s  d e p o s ite d  o n  the  
su r fa ce  o f  30%  C u /m -A fC E .

C o m p a r in g  F ig u re  4 .2  w ith  F ig u re  4 .3  in  ord er to  s tu d y  th e  e f fe c t  o f  
d isp e r s in g  a g e n t s h o w s  that th e  m eta l (C u C h )  d isp e r s io n  o f  m o d if ie d  a d so rb en t b y  
C A  is  b etter  th an  th o se  o f  u n m o d if ie d  a d so rb en t. A s  C A  is  c la im e d  to  b e  u se d  to  
d isp e r se  th e  C u 2+ th ro u g h o u t th e  a d so rb en ts  fo r  m eta l d isp e r s io n  e n h a n c e m e n t, S E M  
c h a ra c ter iza tio n  resu lts  h a s c o n fir m e d  th is  h y p o th e s is . It is  c le a r ly  s h o w n  that th e  
d isp e r s io n  o f  C u C h  is  im p r o v e d  a fter  m o d if ic a t io n  w ith  d isp e r s in g  a g en t.



80

Figure 4.3 S E M  im a g e s  o f  30%  C u /m -A l20 3  m o d if ie d  w ith  C A  w ith  th e  m o la r  ratio  
C u /C A  o f  10: (a ) c r o s s  s e c t io n  o f  30%  C u /m -A fC b  m o d if ie d  w ith  C A  w ith  th e m o la r  
ratio  C u /C A  o f  10 , (b )  m eta l o n  th e su rfa ce , ( c )  and  (d ) a  “b u g  c h e s tn u t” ty p e  c lu ster .

In ord er  to  e s ta b lish  th e  ro le  o f  7 t-c o m p lex a tio n  a d so r b e n ts , it is  n e c e s sa r y  to  
r e d u ce  th e C u 2+ to  C u + b y  m e a n s  o f  red u ctio n . T h e  แ 2 r e d u c tio n  w a s  u s e d  to  red u ce  
c o p p e r  h a lid e s  im p reg n a ted  ad so rb en ts  w ith  and  w ith o u t  m o d if ic a t io n  w ith  C A  in  
ord er  to  s tu d y  th e  e f fe c t  o f  h ea t treatm en t (re d u c tio n ) o n  th e  m eta l d isp e r s io n .

T h e  red u c e d  30%  C u /m -A ^ C E  an d  red u ced  30 %  C u /m -A f C b  m o d if ie d  w ith  
C A  (C u /C A  =  1 0 ) w e r e  s tu d ied  b y  S E M . T h e  S E M  im a g e s  o f  r e d u c e d  3 0 %  C u /m -  
A I 2 O 3 and red u ced  30 %  C u /m -A fC E  m o d if ie d  w ith  C A  (C u /C A  =  1 0 ) are sh o w n  in  
F ig u re  4 .4  and F ig u r e  4 .5 , r e sp e c tiv e ly .
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Figure 4.4 S E M  im a g e s  o f  red u ced  30%  C u /m -A h O a : (a ) c r o ss  s e c t io n  o f  red u ced  
30%  C u /m -A l2 0 3 , (b )  c lu ste r s  form .

Figure 4 .5  S E M  im a g e s  o f  red u ced  3 0 %  C u /m -A fC f i  m o d if ie d  w ith  C A  w ith  th e  
m o la r  ra tio  C u /C A  o f  10: (a ) “b u g  c h e s tn u t” ty p ed  c lu s te r s , (b ) a “b u g  c h e s tn u t” ty p e  
c lu ster .

F ig u re  4 .4  (a ) s h o w s  th e  m eta l (C u C l)  is  d isp e r se d  th ro u g h o u t the  
a d so rb en ts . T h e  E D X  a n a ly s is  s h o w s  th e p r e se n c e  o f  C u  and  C l w h e r e a s  it is  
in v is ib le  in  th e  im a g e s . It is  a lso  o b se r v e d  that th ere  are rare c lu s te r s  w ith  p o o r ly  
d e fin e d  sh a p e  w ith in  th e sa m p le  a s  sh o w n  in  F ig u re  4 .5  (b ). T h e  s iz e  o f  th e se  c lu sters  
is  a p p r o x im a te ly  5 p m .
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In c a se  o f  red u c e d  30%  C u /m -A l20 3  m o d if ie d  w ith  C A , th e  E D X  a n a ly s is  
a lso  s h o w s  th e  p r e se n c e  o f  C u  and  C l (but it is  in v is ib le  in  th e  im a g e s )  and  it sh o w s  
that th e  m eta l (C u C l)  d isp e r s io n  is  a lso  en h a n c e d  th ro u g h o u t th e  a d so rb en ts . F igu re
4 .5  (a ) s h o w s  a “b u g  c h e s tn u t” ty p e  c lu ster  lo c a te d  at th e  tr e fo ils  o f  m a cro p o re . It is  
in  a g r e e m e n t w ith  30 %  C u /m -A fC E  m o d if ie d  w ith  C A  resu lts , s h o w in g  a lso  a “b u g  
c h e stn u t” ty p e  c lu ster . D u e  to  th is  ty p e  o f  c lu ste r s  are o n ly  fo u n d  in  th e  ad sorb en t  
m o d if ie d  w ith  C A , th u s, th is  form  o f  c lu sters  m a y  c o r r e sp o n d  to  th e  C A  
d e c o m p o s it io n  a fter h ea t treatm en t. F ig u re  4 .5  (b )  s h o w s  th e  a p p ea ra n ce  o f  th e se  
c lu ste r s  w ith  a s iz e  o f  1 p m  a p p ro x im a te ly .

A fte r  p e r fo r m in g  the red u ctio n , it is sh o w n  that th e  m eta l d isp e r s io n  is  better  
on  b o th  w ith  and  w ith o u t  d isp e r s in g  ag en t m o d if ic a t io n . It is  c le a r ly  sh o w n  that the  
c lu ste r s  are red u ced  in  term s o f  th eir  s iz e  and q u a n tity , th er e fo r e , th e  r e d u ctio n  step  
e n h a n c e s  th e  m eta l d isp e r s io n .

4.4 X-Ray Diffraction (XRD)

X -r a y  d if fr a c tio n  (X R D )  w a s  p erfo rm ed  to  a n a ly z e  th e  c h e m ic a l s p e c ie s  on  
th e  a d so rb en ts . T o  stu d y  the p h a se  ch a n g e  o f  C u C l2, 30%  C u /m -A f C b  and 30%  
C u /m -A l20 3  m o d if ie d  w ith  C A  w e r e  a n a ly z e d . T h e  d if fr a c to g r a m s  are sh o w n  in  
F ig u re  4 .6 . T h e  p u re C u C l2 (r e fe r e n c e )  w a s  a lso  a n a ly z e d . T h e ir  c h r o m a to g r a m s are 
sh o w n  in  F ig u re  4 .7 .

F ig u r e  4 .6  s h o w s  th e  d if fra c to g ra m s o f  30 %  C u /m -A l20 3  an d  30%  C u /m -  
A12C>3 m o d if ie d  w ith  C A . It is  o b se r v e d  that th e  d iffr a c to g r a m s o f  b o th  a d so rb en ts  
are p e r fe c t ly  su p e r im p o se d . C o m p a r in g  the d iffr a c to g r a m s o f  b o th  a d so rb en ts  w ith  
th e  d iffr a c to g r a m s o f  m -A l2Û 3 (r e fe r e n c e )  d e m o n str a te s  th e  u n iq u e  p e a k s  w h ic h  are 
o n ly  d e te c te d  for  im p reg n a ted  a d so rb en ts . T h e  c o p p e r  c h lo r id e  h y d r o x id e —  
C u C 1 2 . 3 C u ( O F I ) 2— is  d e te c te d  w h e r e a s  C u C l2 is  n o t d e te c te d  w h ic h  is  u n e x p e c te d  to  
o ccu r . It in d ic a te s  that th e  C u C l2 reacts after m a k in g  an im p r e g n a tio n , th er e fo r e , the  
s ta b ility  o f  C u C l2 w h e n  e x p o s e d  to th e  air and  w a ter  is  in te r e s tin g  to  s tu d y  in  ord er to  
c o n fir m  th e  b e h a v io r  o f  th is  c h e m ic a l.
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Figure 4.6 C h ro m a to g ra m s o f  30%  C u /m -A b C b  and 3 0 %  C u /m -A l20 3  m o d if ie d
w ith  C A  a d so rb en ts .

C u C I 2

9 10 20 30 40 50 60 70
2-Theta - Scale

CuCI2 - File: F10N7818.raw - Type: 2Th/Th locked - start: 2.025 ° - End- 71.975 ° - step: 0.050 ° - step time: 5. ร - Temp 25 °c (Room) - Time started: 0 ร - : X !o4-008-7838 (*) - tolbachite. syn - CuCI2 - Y: 2.02 % - d X by: 1. - WL: 1 5406 - Monoclinic - a 6.90380 - b 3.29950 - c 6.82400 - alpha 90.000 - beta 122.197 - (i 00-033-0451 (*) - Eriochalcite, syn - CU+2CI2 2H20 - Y: 0.97 °/o - d X by 1 - WL 1.5406 - Orthorhombic - a 7.41640 - b 8 09260 - c 3.74940 - alpha 90 000 - b

Figure 4 .7  D iffr a c to g r a m s  o f  C u C l2.
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F ig u r e  4 .7  s h o w s  th e  d if fra c to g ra m s o f  C u C l2 (r e fe r e n c e ) . T h e  p h a se s  o f  
C u C l2 an d  e r io c h a lc ite  (C u C12.2 H 20 )  are id e n tifie d . It is  o b se r v e d  th at th e  C u C l2 is  
u n sta b le . It h a s  b e c o m e  s w o lle n  and turn ed  from  o r ig in a l c o lo r , w h ic h  is  b ro w n , to  
g r e e n  w h ic h  is  u n sta b le  w h e n  it e x p o s e  to  th e  a tm o sp h ere .

In ord er  to  s tu d y  th e  p h a se  c h a n g e  o f  C u C l, red u c e d  30 %  C u /m -A l20 3  and  
red u ced  30 %  C u /m -A l2C>3 m o d if ie d  w ith  C A  w er e  c h a r a c te r iz e d . P h a se  c h a n g e  o f  
p u re C u C l (a s  a r e fe r e n c e )  is  a lso  s tu d ied . T h e ir  d if fr a c to g r a m s  are sh o w n  in F ig u re
4 .8  and  4 .9 , r e s p e c t iv e ly .

Figure 4.8 D iffr a c to g r a m s  o f  red u ced  30 %  C u /m -A l20 3  and r e d u c e d  30 %  C u /m -  
A12C>3 m o d if ie d  w ith  C A .

F ig u re  4 .8  s h o w s  th e  d iffr a c to g r a m s o f  r e d u c e d  3 0 %  C u /m -A l20 3  and  
red u ced  30%  C u /m -A l20 3  m o d if ie d  w ith  C A . It is  o b s e r v e d  th at th e  d if fra c to g ra m s  
o f  b o th  a d so r b e n ts  are su p e r im p o se d . C o m p a r in g  th e  d if fr a c to g r a m s  o f  b oth  
a d so rb en ts  w ith  th e  d iffr a c to g r a m s o f  m -A l20 3  (r e fe r e n c e )  d e m o n str a te s  th e  u n iq u e  
p e a k s  w h ic h  are  o n ly  d e te c te d  for red u ced  im p reg n a ted  a d so r b e n ts . A  litt le  co p p er
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c h lo r id e  h y d r o x id e — C u C l2 .3 C u (O H )2 — and c o p p e r  (C u ) are d e te c te d  w h e r e a s  C u C l 
is  n o t d e te c te d .

B e fo r e  m a k in g  a  r e d u ctio n  s tep , im p r e g n a tio n  o f  C u C B  w a s  a c h ie v e d , th en  
w a s  red u c e d  fro m  C u 2+ (C u C B ) to  C u + (C u C l)  at an  a p p ro p ria te  c o n d it io n . A s  sh o w n  
in  th e  p r e v io u s  part, th e  C u C B  is  u n sta b le  and  c h a n g e s  its  fo rm  after im p reg n a tio n  
(C u C B  w a s  n o t d e te c te d ). T h u s, C u C l ca n n o t b e  d e te c te d  d u e  to  th e  o r ig in a l C u C b  
b e fo r e  r e d u c tio n  h a s  c h a n g e d  its  form .

T h e  r e m a in in g  co p p e r  c h lo r id e  h y d r o x id e  and c o p p e r  im p lie s  that the  
r e d u ctio n  c o n d it io n  w a s  in ap p rop ria te . T n c a s e  o f  c o p p e r  c h lo r id e  h y d r o x id e , it 
in d ic a te s  th at th e  r e d u c tio n  o f  C u 2+ to  C u + is  in c o m p le te . F o r  th e  c a se  o f  c o p p er , it 
in d ic a te s  th at th e  a d so rb en ts  w e r e  to o  m u c h  r e d u ced . T h e r e fo r e , th e  m o d if ic a t io n  o f  
h eat trea tm en t is  r e c o m m e n d e d  to  s tu d y . •

C u C l

yV-> ''พ ''.'''

I i ' .น น -)L i
2-Theta - Scale

bfèCuCI - File: F10N7817.raw - Type: 2Th/Th locked - start: 2.025 ° - End: 71.975 0 - Step: 0.050 ° - step time: 5. ร - Temp.: 25 °c (Room) - Time started: Os-2- ®04-007-2951 (*) - Nantokite, syn - CuCl - Y: 2.85 % - d X by: 1. - WL: 1.5406 - Cubic - a 5.42020 - b 5*42020 - c 5.42020 - alpha 90 000 - beta 90.000 - gamma 000-023-1063 (I) - Belloite, syn - Cu(OH)CI - Y: 1.35 % - d X by: 1. - WL: 1 5406 - Monoclinic - a 6.12700 - b 6.67100 - c 5.55500- alpha 90.000 - beta 114.880-

Figure 4 .9  D iffr a c to g r a m s  o f  C u C l.

F ig u re  4 .9  s h o w s  th e d iffr a c to g r a m s o f  C u C l (r e fe r e n c e ) . C u C l and  b e llo ite  
(C u (O H )C l)  p h a se s  c a n  b e  d e te c te d . It m e a n s  that th e  C u C l p h a se  is  u n sta b le .



86

T h is  te c h n iq u e  w a s  u se d  to  stu d y  th e  c h e m ic a l c o m p o s it io n  o n  th e  so lid  
su rfa ce . X P S  is  carried  o u t to  a n a ly z e  th e  c h e m ic a l c o m p o s it io n  a b o u t 5 - 1 0  nm  
b e lo w  th e  su r fa c e  o f  th e  sa m p le s .

In th is  a n a ly s is , c o p p e r  c h lo r id e  a c tiv a te d  o n  a lu m in a  w ith  and  w ith o u t  
d isp e r s in g  a g e n t m o d if ic a t io n , an d , w ith  and  w ith o u t  แ 2 trea tm en t w e r e  stu d ied . 
C u C l and C u C l2 w e r e  u sed  a s  r e fe r e n c e  c h e m ic a ls .

In c a s e  o f  r e fe r e n c e  c h e m ic a ls , sa m p le s  w e r e  p rep ared  in  a g lo v e  b o x  in  
ord er to  p ro tec t th em  fro m  air for h u m id ity  an d  <ว2 c o n tr o l. In d eed , u n d er  am b ien t  
a tm o sp h ere , s a m p le s  c h a n g e d  th eir  c o lo r  an d  m o r p h o lo g y . O b v io u s ly , th e y  w er e  
o x id iz e d  or  h y d r o x y la te d .

T h e  r e fe r e n c e  c h e m ic a l re su lts  and  th e  a n a ly s is  r e su lts  (พ !0/อ) are s h o w n  in  
T a b le  4 .4  and T a b le  4 .5 , r e sp e c tiv e ly .

Table 4.4 X P S  a n a ly s is  re su lts  (r e fe r e n c e  c h e m ic a ls )  (พ !0/อ)

4.5 X-Ray P hotoelectron Spetroscopy (XPS)

Reference Chemicals
C u C l C u C l2

C u 5 7 .0 0 4 6 .1 0
C l 2 7 .7 0 4 5 .4 0
0 5 .3 0 2 .9 0

Cl/Cu (moI%) 0.87 1.77

F rom  th e  T a b le  4 .4 , it s h o w s  that th e  C l/C u  ratio  o f  C u C l and  C u C l2 are 
0 .8 7  and 1 .7 7 , r e s p e c t iv e ly , w h ic h  are n o t eq u a l to  1 and  2 , r e s p e c t iv e ly , a s  it sh o u ld  
b e. T h ere  is  a n o th er  e le m e n ts  d e te c te d  w h ic h  is  o x y g e n . It im p lie s  that th e  C u C l and  
C u C h  h a v e  b e e n  tran sfo rm ed  in to  a n o th er  m o r p h o lo g y  or  c h a n g e  th e ir  c h e m ic a l  
a c c o r d in g  to  o x y g e n  d e tec ted . It is  in  a g r e e m e n t w ith  th e  X R D  r e su lts  w h ic h  are 
m e n tio n e d  b e fo r e  that th e  C u C l and  C u C l2 are in s ta b le  w h e n  e x p o s in g  to  th e  air, th ey  
are o x id iz e d .
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Table 4 .5  X P S  a n a ly s is  re su lts  (พ t% )

Elements Samples
Detected m C u 3 0 2 4 a m C A 1 0 C u 3 0 2 4 b m C u 3 0 2 4 H 2 c m C  A 10 C u 3  0 2 4 H 2 d

C u 2 .4 5 2 .9 5 4 .0 0 4 .1 0
C l 1.75 2 .1 0 1 .9 0 1 .5 0
A1 5 0 .4 0 5 0 .0 5 4 9 .6 0 5 0 .6 5
0 3 9 .1 0 3 9 .1 0 3 9 .4 0 3 9 .0 5

Cl/Cu (niol%) 1 .27 1 .2 6 0 .8 5 0 .6 7
5 3 0 %  C u /m - A l20 3.
b 3 0 %  C u /m - A l20 3  m o d i f ie d  w it h  C A  ( C u /C A  r a t io  o f  1 0 ) . 
c r e d u c e d  3 0 %  C u /m - A l20 3 .
d r e d u c e d  3 0 %  C u /m - A l20 3  m o d i f i e d  w ith  C A  ( C u /C A  r a t io  o f  1 0 ) .

T a b le  4 .5  s h o w s  th e  X P S  a n a ly s is  r e su lts  o f  30 %  C u /m -A l20 3  w ith  and  
w ith o u t d isp e r s in g  agen t m o d if ic a tio n , and , w ith  and  w ith o u t  แ 2 trea tm en t, 
r e sp e c t iv e ly . C u , C l, A1 and  o  e le m e n ts  are d e te c te d  w h ic h  c o r r e sp o n d  to  C u C l, 
C u C l2 and  a lu m in a  (A I2O 3). A p p ly in g  th is  te c h n iq u e  to  th e  m e ta l d isp e r s io n  stu d y , 
th e  a m o u n t o f  C u  d e tec ted  is  c o n cern ed . I f  th ere  is  a g o o d  d isp e r s io n , th e  C u  m u st be  
e a s i ly  d e te c te d , th u s, a m o u n t o f  C u  d e te c te d  is  h ig h er . T h e  a m o u n t o f  C u  d e te c te d  
b a se d  o n  th e  sa m e  am o u n t o f  m eta l lo a d in g  (3 0 %  o f  th e o r e tic a l m o n o la y e r  c o v e r a g e )  
for  30%  C u /m -A fiC fi is  2 .4 5  w t% , for 30%  C u /m -A l20 3  m o d if ie d  w ith  C A  (C u /C A  
ratio  o f  10 ) is  2 .9 5  w t% , fo r  red u ced  30%  C u /m -A b C b  is  4 .0 0  w t%  an d  fo r  red u ced  
30%  C u /m -A h C fi m o d if ie d  w ith  C A  (C u /C A  ratio  o f  10 ) is  4 .1 0  w t% . T h e  n o n  
m o d if ie d  an d  m o d if ie d  a d so rb en ts  w ith  d isp e r s in g  a g e n t  are co m p a r e d . It s e e m s  that 
th e  a m o u n t o f  C u  d e tec ted  is  q u ite  s im ila r  w h ic h  are 2 .4 5  c o m p a re  to  2 .9 5  w t%  o f  C u  
d e te c te d  an d  4 .0 0  co m p a re  to  4 .1 0  w t%  o f  C u  d e te c te d . T h ere  is  a d is t in c t io n  o n  tw o  
sa m p le s  h a v in g  u n d er g o n e  in  แ 2 trea tm en t w h ic h  th ere  is  a b etter  q u a n tific a t io n  o f  
C u. T h er e fo r e  th e  e f fe c t  o f  d isp e r s in g  a g en t m o d if ic a t io n  o n  m e ta l d isp e r s io n  is  
lim ite d . T h e  m a in  e f fe c t  o n  m eta l d isp e r s io n  is  แ 2 trea tm en t. It is  n o te d  th a t th e  X P S  
a n a ly s is  is  an  a n a ly s is  o f  e x tr e m e  su r fa ce , th en  th is  c o u ld  b e  in terp reted  a s  a b etter  
d isp e r s io n  o f  C u C l on  th e su r fa ce  o f  a lu m in a  a fter h a v in g  u n d e r g o n e  in  แ 2 trea tm en t.
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T h is  te c h n iq u e  w a s  u sed  to  d e term in e  th e  a d so rp tio n  or  d e so r p tio n  o f  su lfu r  
c o m p o u n d s  o n  th e  ad so rb en ts . T h e e x p e r im e n ts  w e r e  p er fo rm ed  b y  
th erm o g r a v im e tr ic  a n a ly s is  c o u p le d  w ith  m a ss  sp ec tr o m e te r  (T G A -M S ). In th is  
stu d y , s im u la te d  h y d ro ca rb o n  f e e d s  (th e  so lu t io n  o f  d ib e n z o th io p h e n e  (D B T )  in  
to lu e n e  w ith  d iffe r e n t c o n c e n tr a tio n s  o f  1, 3 and  5 w t%  D B T ), p u re  to lu e n e  and  pure  
th io p h e n e  s o lu t io n s  w e r e  u sed . N o n -im p r e g n a te d  a lu m in a s  (b o th  m -A fC b  an d  M -  
A I2O 3) , im p reg n a ted  a lu m in a s  (c o p p er  im p reg n a ted  o n  b o th  a lu m in a s ) , im p reg n a ted  
a lu m in a s  m o d ife d  w ith  d isp e r s in g  a g en t (c itr ic  a c id , C A ) and  r e d u c e d  a lu m in a s  w ere  
u sed  as a d so rb en ts . T h e  resu lts  w e r e  o b ta in ed  to  s tu d y  th e  b e h a v io r  o f  D B T ,  
th io p h e n e  and  to lu e n e  a d so rp tio n  on  the a d so rb en ts; to  s tu d y  th e  e f fe c t  o f  a ro m a tics  
on  th e s e le c t iv e  d e su lfu r iz a t io n  by ad sorp tion ; to  stu d y  th e  e f fe c t  o f  d isp e r in g  ag en t  
o n  th e  m eta l d isp e r s io n ; to  stu d y  th e  s p e c if ic  a d so rp tio n  o n  71-com p lexa tion  
a d so rb en ts  and th e  e f fe c t  o f  s iz e  o f  su lfu r  c o m p o u n d s  w a s  a ls o  s tu d ie d .

4 .6 .1  D e so r p tio n  B e h a v io r
T h e  d e so r p tio n  p r o f ile s  o f  pure to lu e n e , so lu t io n  o f  D B T  in  to lu e n e , 

and p u re th io p h e n e  so lu t io n  a d so rb ed  o n  1T1-A I2O 3 and M -A I 2O 3 are illu stra ted  in  
F ig u re  4 .1 0  and F ig u re  4 .1 1 ,  r e sp e c t iv e ly , and th e  d e so r p tio n  p r o f ile s  o f  1, 3 an d  5 
w t%  D B T  in  to lu e n e  a d so rb ed  on  m -A fC b  and  M -A I 2O 3 are illu stra ted  in  F ig u re
4 .1 2  and  F ig u r e  4 .1 3 ,  r e sp e c t iv e ly .

F ig u re  4 .1 0  and F ig u re  4 .1 1  s h o w  th e  d e so r p tio n  p r o f ile s  o f  pure  
to lu e n e , 3 w t%  D B T  in  to lu e n e  and p u re th io p h e n e  so lu t io n s  a d so r b e d  o n  ÏÏI-AI2O 3 

and M -A I 2O 3, r e s p e c t iv e ly . T h e  p e a k s  o f  th is  c u r v e  c o rr esp o n d  to  th e  d eso r p tio n  
tem p era tu re . T h e  d if fe r e n t  nature o f  a d so rp tio n  w il l  lea d  to  d iffe r e n t d eso r p tio n  
b eh a v io r .

4.6 T em p eratu re -P ro gram m ed  D esorption (TPD) E xperim en ts by Using
T herm ograv im etric  Analysis Coupled w ith M ass S pectrom eter (TGA-M S)
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Figure 4.10 D e so r p tio n  p r o f ile s  o f  pure to lu e n e , 3 พ t%  D B T  in  to lu e n e  and  pure  
th io p h e n e  s o lu t io n s  a d so rb ed  o n  m -A fiC fi.

Figure 4.11 D e so r p tio n  p r o f ile s  o f  pure to lu e n e , 3 พ t%  D B T  in  to lu e n e  and pure  
th io p h e n e  s o lu t io n s  a d so rb ed  o n  M -A I2O 3.
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T h e  d e so r p tio n  tem p era tu re  o f  to lu e n e  is  a p p r o x im a te ly  15 0  ° c , th e  
d e so rp tio n  tem p era tu re  o f  th io p h e n e  is  a p p r o x im a te ly  1 6 0  ° c  and  th e  d e so rp tio n  
tem p era tu re  o f  D B T  is  a p p r o x im a te ly  2 4 0  ๐c  for  b oth  a lu m in a s , w h ic h  is  the h ig h e st  
d eso r p tio n  tem p era tu re  a m o n g  the s o lu t io n s  s tu d ied . D B T  is  th e  b ig g e s t  m o le c u le  
(m o le c u la r  w e ig h t  is  1 8 4 .2 6  g /m o l)  co m p a r e d  to  to lu e n e  and  th io p h e n e . It is  stron ger  
a d so rb ed  an d , th u s, it is  harder to  d e so rb  w h ic h  le a d s  to a h ig h e r  d eso rp tio n  
tem p era tu re. T h e  h ig h e r  d e so r p tio n  tem p erartu re c o r r e sp o n d s  to  th e  h ig h er  
a d so r b a te -a d so r b e n t  in tera c tio n s . T h e re fo re , the a d so r b a te -a d so r b e n t  in tera c tio n  o f  
D B T  is  stro n g er  than  th o se  o f  th io p h e n e  and to lu e n e , r e s p e c t iv e ly .

In F ig u re  4 .1 0 ,  there is  an o th er  p ea k  at h ig h  tem p era tu re  around  
450 °c . It m a y  co r r e sp o n d  to th e  m o d if ic a t io n  o f  th e  s o l id  su r fa c e  (d e h y d r o x y la t io n  
o f  a lu m in a ).

F ig u re  4 .1 2  s h o w s  th e d e so r p tio n  p r o f ile s  o f  0 , 1, 3 and  5 w t%  D B T  in  
to lu e n e  a d so r b e d  o n  m -A F C fi. T h e  d eso r p tio n  tem p era tu re  o f  to lu e n e  is 
a p p r o x im a te ly  1 5 0  ๐c .  T h e  d eso r p tio n  tem p era tu re  o f  1. 3 and  5 w t%  D B T  in to lu e n e  
are a p p r o x im a te ly  2 5 0 , 2 4 0  and 2 3 0  ° c ,  r e sp e c t iv e ly . F o r  th e so lu t io n  o f  D B T  in  
to lu e n e , th ere  is  o n ly  e x t in c t  p ea k  w h ic h  c o rr esp o n d  to  th e  d e so r p tio n  o f  D B T  a lo n e . 
T h e  h ig h e r  a m o u n t o f  D B T  le a d s  to lo w e r  d e so r p tio n  tem p era tu re . I f  th ere  is  o n ly  
m o n o la y e r  a d so r p tio n , th e  d e so r p tio n  tem p era tu re  sh o u ld  b e  th e  sa m e . It im p lie s  that 
there is  a m u lt ila y e r  a d so rp tio n  d u e to  th e  p eak  sh ifts  to  lo w e r  d e so r p tio n  tem p era tu re  
w h e n  th e a m o u n t o f  D B T  in c r e a se s .

A t lo w  c o v e r a g e , th e  a c t iv e  s ite s  are o c c u p ie d  b y  th e  ad so rb a te . A t  
h ig h  c o v e r a g e , th e s e  m e s o p o r e s  w o u ld  b e  e x p e c te d  to  f i l le d  w ith  a d so rb a te  and o n c e  
th e y  are f i l le d , furth er a d so rp tio n  can  o n ly  o c c u r  th ro u g h  m u lt ila y e r  fo r m a tio n  o n  the  
su r fa ce  o f  th e  s o l id . T h e  a d so rp tio n  e n e r g y  o f  m u lt ila y e r  a d so r p tio n  is  lo w e r  than  
th o se  o n  m o n o la y e r  a d so rp tio n  w h ic h  lea d s  to  lo w e r  d e so r p tio n  tem p era tu re . T h e  
area u n d er th e  c u r v e  c o rr esp o n d  to  th e  am o u n t o f  a d so rb a te  w h ic h  is  a d so rb ed  o n  the  
ad so rb en t. T h u s , th e  area u n d er  th e c u r v e  o f  5 w t%  D B T  in  to lu e n e  a d so rb ed  o n  ท')- 
A I2O 3 is  m o r e  than  th o se  o f  3 and 1 w t%  D B T  in to lu e n e  a d so rb ed  on  m -A fiC fi 
r e sp e c tiv e ly .
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Figure 4.12 D e so r p tio n  p r o f ile s  o f  0 , 1 . 3  and 5 w t%  D B T  in  to lu e n e  a d so rb ed  on  
m - A b O a -

4 .6 .2  T h e  E f fe c t  o f  T y p e  o f  th e  A d so r b e n ts
A s  sh o w n  in F ig u re  4 .1 0  and F ig u re  4 .1 1 ,  th ere  are n o  m an y  

d if fe r e n c e s  o f  th e  d e so r p tio n  tem p era tu re  o f  th o s e  s o lu t io n s  a d so rb ed  o n  b oth  
m e s o p o r o u s  and  m a c r o p o r o u s  a lu m in a . It is  c o n c lu d e d  that th e  e f fe c t  o f  ty p e  o f  the  
a d so rb en ts  is  in s ig n if ic a n t .

4 .6 .3  T h e  E f fe c t  o f  D is p e r s in g  A g e n t  o n  th e  M eta l D is p e r s io n
T o  stu d y  th e e f fe c t  o f  d isp e r s in g  a g e n t that u se d  to  e n h a n c e  th e m eta l 

d isp e r s io n , th e  d iffe r e n t d e so r p tio n  p r o f ile s  o f  th io p h e n e  a d so r b e d  o n  d ifferen t  
a d so rb en ts  w e r e  s tu d ied .

F ig u re  4 .1 3  and F ig u re  4 .1 4  s h o w  th e  d e so r p tio n  p r o f ile s  o f  th io p h e n e  
a d so rb ed  o n  m - A f C b ,  red u ced  30%  C u /m -A fC f i  and  red u c e d  30 %  C u /m -A fC b  
m o d if ie d  w ith  C A  (C u /C A = 1 0 ) ;  and , M -A I2O 3, r ed u c e d  3 0 %  C 11/M -A I 2O 3 and  
red u ced  3 0 %  C 11/M -A I 2O 3 m o d if ie d  w ith  C A  ( C u /C A - 1 0 ) ,  r e s p e c t iv e ly .



92

Figure 4.13 D e so r p tio n  p r o f ile s  o f  p ure th io p h e n e  s o lu t io n  a d so rb ed  o n  m -A l20 3 , 
red u ced  30%  C u /m -A h C b  and  red u ced  30 %  C u /m -A f C h  m o d if ie d  w ith  C A  
(C u /C A = 1 0 ) .

Figure 4.14 D e so r p tio n  p r o f ile s  o f  pure th io p h e n e  so lu t io n  a d so rb ed  o n  M - A I 2 O 3 ,  

red u ced  30%  C 1 1 /M -A I 2 O 3  and  red u ced  30%  C 1 1 /M -A I 2 O 3  m o d if ie d  w ith  C A  

(C u /C A = 1 0 ) .
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F ro m  F ig u r e  4 .1 3  and F ig u re  4 .1 4 ,  th e y  illu s tr a te  that th e  d e so rp tio n  
tem p era tu re  o f  th io p h e n e  a d so rb ed  o n  b o th  a lu m in a s  is  a p p r o x im a te ly  1 6 0  °c, th e  
d e so r p tio n  tem p era tu re  o f  th io p h e n e  a d so rb ed  o n  b o th  r e d u c e d  a lu m in a s  is  
a p p r o x im a te ly  17 5  °c w h ic h  is  id e n tic a l w ith  th e  d e so r p tio n  tem p era tu re  o f  
th io p h e n e  a d so rb ed  o n  b o th  red u ced  a lu m in a s  m o d if ie d  w ith  C A  (C u /C A = 1 0 ) . T h e  
d e so r p tio n  tem p era tu re  o f  th io p h e n e  o n  im p reg n a ted  a lu m in a s  is  h ig h e r  than th o se  o n  
n o n -im p r e g n a te d  a lu m in a s . It is  o b se r v e d  that th e  im p r e g n a te d  a d so r b e n ts  are b etter  
for  a d so rp tio n  d u e  to  th e  a d so r b a te -a d so r b e n t  in te r a c t io n s  are h ig h e r . T h u s, th e  
im p reg n a ted  a lu m in a s  is  b etter  to  b e  u se d  a s  a s e le c t iv e  r e o m o v a l o f  su lfu r  c o m p o u d s  
ad sorb en t.

It is  in  a g r e e m e n t w ith  th e  X P S  resu lts  w h ic h  sh o w n  th at th e  red u ctio n  
step  e n h a n c e  th e  m eta l d isp e r s io n  w h e th e r  th e y  w e r e  m o d if ie d  w ith  C A  or n ot. T h e  
m a in  e f fe c t  to  m e ta l d isp e r s io n  is  H 2 trea tm en t (r e d u c tio n  step ).

4 .6 .4  T h e  E ffe c t  o f  A r o m a tic s  o n  A d so r p t iv e  D e su lfu r iz a t io n
T h e  s e le c t iv e ly  r e m o v a l o f  su lfu r  c o m p o u n d s  is  an  im p ortan t  

p aram eter  w h ic h  is  d e te r m in e d  i f  th e  a d so r b e n ts  are g o o d  to  b e  u sed  in  
d e su lfu r iz a t io n . T h e  a d so rp tio n  o f  aro m a tic  c o m p o u n d s  w a s  s tu d ie d  in  ord er to  
co m p a re  th e m  w ith  th e  a d so rp tio n  o f  su lfu r  c o m p o u n d s . T h e  b etter  th e  a d so rp tio n , 
th e  h ig h e r  th e  d e so r p tio n  tem p era tu re  (hard er to  d e so r b ). T h e r e fo r e , th e  d eso r p tio n  
p r o f ile s  o f  to lu e n e  (a r o m a tic  c o m p o u n d s )  and  th io p h e n e  (su lfu r  c o m p o u n d s)  
a d so rb ed  o n  b o th  r e d u c e d  a lu m in a s  m o d if ie d  w ith  C A  ( C u /C A = 1 0 )  w e r e  stu d ied .

F ig u re  4 .1 5  and  F ig u re  4 .1 6  s h o w  th e  d e so r p tio n  p r o f ile s  o f  p ure  
to lu e n e  and  p u re th io p h e n e  so lu t io n s  a d so rb ed  o n  red u c e d  3 0 %  C u /m -A l203 

m o d if ie d  w ith  C A  (C u /C A = 1 0 )  and o n  red u ced  30 %  C U /M -A I2O 3 m o d if ie d  w ith  C A  
(C u /C A = 1 0 ) , r e s p e c t iv e ly .
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Figure 4.15 D e so r p tio n  p r o f ile s  o f  p ure to lu e n e  and  p u re  th io p h e n e  so lu t io n s  
ad so rb ed  o n  red u ced  30%  C u /m -A l20 3  m o d if ie d  w ith  C A  (C u /C A = 1 0 ) .

Figure 4.16 D e so r p tio n  p r o f ile s  o f  pure to lu e n e  and  p u re  th io p h e n e  so lu t io n s  
ad so rb ed  o n  red u ced  30%  C 11/M -A I 2O 3 m o d if ie d  w ith  C A  (C u /C A = 1 0 ) .
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F r o m  F ig u r e  4 .1 5  a n d  F ig u r e  4 .1 6  s h o w  th a t  th e  d e s o r p t io n  

t e m p e r a tu r e  o f  t o lu e n e  a d s o r b e d  o n  b o th  a d s o r b e n t s  i s  a p p r o x im a t e ly  1 5 0  ๐c  

w h e r e a s  th e  d e s o r p t io n  t e m p e r a tu r e  o f  t h io p h e n e  a d s o r b e d  o n  b o th  a d s o r b e n t s  is  

a p p r o x im a t e ly  1 6 0  ๐c .  T h e  d e s o r p t io n  te m p e r a tu r e  o f  t h io p h e n e  i s  h ig h e r  th a n  t h o s e  

o f  t o lu e n e  a b o u t  1 0  ° c  e v e n  th e  m o le c u la r  w e i g h t  o f  t h io p h e n e  ( 8 4 .1 4  g / m o l )  is  

l o w e r  th a n  t o lu e n e  ( 9 2 .1 4  g /m o l ) .  T h e  m o le c u la r  w e i g h t  o f  a d s o r b a te  i s  n o t  a  m a jo r  

p a r a m e te r . It i s  a  s p e c i f i c  in te r a c t io n  w h ic h  is  c l a im e d  a s  a  7T - c o m p le x t io n  a d s o r p t io n .  
T h u s ,  th e r e  i s  a  s p e c i f i c  in t e r a c t io n  b e t w e e n  t h io p h e n e  a n d  th e  a d s o r b e n t s .  It im p l ie s  

th a t  t h e s e  a d s o r b e n t s  s e l e c t i v e l y  r e m o v e  t h io p h e n e  ( s u l f u r  c o m p o u n d )  o v e r  t o lu e n e  

( a r o m a t ic  c o m p o u n d ) .
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4 .7  In v e r se  G a s C h r o m a to g r a p h y  (IG C ) E x p e r im e n ts

A f t e r  c o lu m n  w a s  s t a b i l iz e d  u n d e r  h e l iu m  o v e r n ig h t ,  th e  n o n - p o la r  ( ท- 
a lk a n e s )  a n d  p o la r  ( t o l u e n e  a n d  t h io p h e n e )  p r o b e  m o le c u l e s  w e r e  in tr o d u c e d  to  

c o n t a c t  w i t h  t h e  s ta t io n a r y  p h a s e  (7 T -c o m p le x a t io n  a d s o r b e n t s )  in  th e  c o lu m n  at 

w o r k in g  t e m p e r a tu r e  b y  in f in i t e  d i lu t io n  in j e c t io n .  F o r  e a c h  m e a s u r e m e n t ,  a t le a s t  

t w o  r e p e a te d  in j e c t io n s  w e r e  ta k e n , o b t a in in g  r e p r o d u c ib le  r e s u lt s .  T h e  r e te n t io n  

t i m e s  w e r e  d e t e r m in e d  a t th e  p e a k  m a x im a .  In  t h e  c a s e  o f  in f in i t e  d i lu t io n  a  

s y m m e t r ic a l  ( G a u s s ia n )  p e a k  i s  o b s e r v e d  r e p r e s e n t in g  a  l in e a r  ( H e n r y ’ s  r e g io n )  

i s o t h e r m  ( T h ie lm a n n  a n d  B a u m g a r t e n .  2 0 0 0 ) .  A  t y p ic a l  g a s  c h r o m a t o g r a m  o b ta in e d  

fo r  s u r f a c e  p r o p e r t ie s  s tu d y  a t 2 2 5  ๐c  o n  m - A h C h  i s  s h o w n  in  F ig u r e  4 .1 7 .  T h is  

f ig u r e  i l lu s t r a t e s  th e  d i f f e r e n c e  in  r e te n t io n  t im e ,  w h e n  « - a lk a n e  p r o b e s  ( n - C s ,  ท-Ce, 
ท-C j, ท-Cs, ท-c 9 a n d  n - C io )  a n d  p o la r  p r o b e s  ( t o lu e n e  a n d  t h io p h e n e )  a re  in j e c t e d  

c o n s e c u t i v e l y  w i t h in  th e  c o lu m n .  T h e  o b ta in e d  p e a k s  a re  s y m m e t r ic a l  a n d  r e te n t io n  

t i m e s  a re  r e p r o d u c ib le .  S im i la r  c h r o m a t o g r a m s  w e r e  o b t a in e d  fo r  th e  o th e r  m a te r ia ls .  
T h e  s u m m a r y  o f  IG C  d a ta  (a n  a v e r a g e  o f  r e te n t io n  t im e ,  m in )  a r e  s h o w n  in  A p p e n d ix
c.

T h e n ,  th e  s p e c i f i c  r e te n t io n  v o lu m e  w a s  c a l c u la t e d  b y  E q u a t io n  ( 1 )  a n d  th e  

a d s o r p t io n  p a r a m e t e r s  ( A H ads a n d  A G ads ) a n d  t h e r m o d y n a m ic  p a r a m e t e r s  (  y l  a n d  

Y* ) w e r e  c a lc u la t e d  b y  E q u a t io n  ( 4 )  th r o u g h  E q u a t io n  ( 1 2 )  a f o r e m e n t io n e d  in  

c h a p te r  3 .

4 .7 .1  I n f lu e n c e  o f  I n j e c t io n  V o lu m e  o n  th e  M e a s u r e m e n t s
T h e  IG C  e x p e r im e n t s  w e r e  p e r fo r m e d  a t 2 5 0  ๐c  w i t h  v a r y in g  d i f f e r e n t  

a m o u n t  o f  in j e c t io n  v o lu m e  fr o m  0 . 5 - 5 . 0  p L . O c t a n e  w a s  c h o s e n  t o  b e  s tu d ie d  in  t h is  

e x p e r im e n t s .  T h e  c a r r ie r  g a s  w a s  h e l iu m  at a n  a d ju s te d  f lo w r a t e  o f  2  n L /h . F ig u r e
4 .1 8  s h o w s  t h e  s p e c i f i c  r e te n t io n  v o lu m e  a s  a  f u n c t io n  o f  i n j e c t io n  v o lu m e  fo r  ท- 
o c t a n e  a t 2 5 0  ๐c  o n  n o n - im p r e g n a t e d  m e s o p o r o u s  a lu m in a  ( m - A ^ O a ) ,  r e d u c e d  3 0 %  

C u / m - A E O i  a n d  r e d u c e d  3 0 %  C u /m - A F O j  m o d i f i e d  w it h  d i s p e r s in g  a g e n t  ( C A ) ,  
C u /C A  m o la r  r a t io  o f  5 .
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F i g u r e  4 .1 7  T y p ic a l  g a s  c h r o m a t o g r a m  s h o w i n g  o u tp u t  s ig n a l  f o l l o w i n g  th e  c o n s e c u t i v e  i n j e c t io n  o f  n - a lk a n e  p r o b e s  (ท-C(,-n-C\o) a n d  

p o la r  p r o b e s  ( t o l u e n e  a n d  t h io p h e n e )  a t th e  s a m e  a c q u i s i t i o n  o n  m - A h C b  o b t a in e d  a t 2 2 5  °c.
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F ig u r e  4 .1 8  s p e c i f i c  r e te n t io n  v o lu m e  a s  a  f u n c t io n  o f  i n j e c t io n  v o lu m e  fo r  /7-o c t a n e  

at 2 5 0  °c o n  m - A f C b  ( • ) ,  r e d u c e d  3 0 %  C u / m - A f C f i  ( A ) ,  r e d u c e d  3 0 %  C u / m - A f C b  

m o d i f i e d  w i t h  C A  ( C u /C A  =  5 )  (■ ) a n d  M - A I 2 O 3 ( x ) .

It i s  o b s e r v e d  th a t  a ll  th e  a d s o r b e n t s  s h o w  th e  s a m e  tr e n d  w i t h  th r e e  

r e g io n s  w h e r e  in  t h e  f ir s t  r e g io n ,  Fg d e c r e a s e s  w i t h  i n c r e a s in g  in j e c t io n  v o lu m e s ,  in  

th e  s e c o n d  r e g io n ,  Fg r e m a in s  a lm o s t  c o n s t a n t  a n d  in  th e  th ir d  r e g io n ,  Fg in c r e a s e s  

w it h  th e  in j e c t e d  v o lu m e .  A s  a  g e n e r a l  tr e n d , th e r e  a r e  th r e e  r e g io n  w i t h  

a f o r e m e n t io n e d  Fg a n d  in j e c t io n  v o lu m e  r e la t io n s h ip ,  h a s  b e e n  r e p o r te d  f o r  p o ly m e r s  

a s  s ta t io n a r y  p h a s e s  ( D i a z ,  2 0 0 4 a ) .  T h is  i s  u n l ik e ly  to  o c c u r  in  t h is  c a s e ,  d u e  t o  th e  

h ig h  s p e c i f i c  s u r f a c e  a r e a  o f  a lu m in a  a s  c o m p a r e d  to  p o l y m e r s ,  a n d  h e n c e  m u lt i la y e r  

c o n d e n s a t io n  d o e s  n o t  ta k e  p la c e .  T h e  f ir s t  r e g io n  o f  th e  c u r v e  in  F ig u r e  4 .1 8  m a y  

c o r r e s p o n d  to  a  n o n e q u i l ib r iu m  s it u a t io n .  T h e  th ird  r e g io n  o f  th e  c u r v e  in  F ig u r e
4 .1 8  is  a t tr ib u te d  t o  th e  d e v ia t io n  o f  th e  H e n r y ’ s  r e g io n  w i t h  n o n - i n f i n i t e  d i lu t io n  

in j e c t io n ,  a n d  th e r e f o r e  th e  a d s o r p t io n  f o r  a l l  th e  h y d r o c a r b o n s  a n d  a ll  th e  p o la r  

p r o b e s  ( t o lu e n e  a n d  t h io p h e n e )  s tu d ie d  a r e  b a s e d  o n  d a ta  in  th e  in t e r m e d ia t e  r e g io n .
It w a s  fo u n d  th a t th e  d e p e n d e n c e  o f  th e  a d s o r p t io n  o n  th e  in j e c t io n  

v o lu m e  fo r  a ll  th e  a d s o r b e n t s  s tu d ie d  is  n e g le c t e d  fo r  th e  r a n g e  o f  i n j e c t io n  v o lu m e
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o f  2 . 0 - 3 . 0  p L . A c c o r d in g  t o  F ig u r e  4 .1 8 ,  a n  in j e c t io n  v o lu m e  o f  2 .0  p L  w a s  c h o s e n  

t o  c a r r y  o u t  t h e  s tu d y .

4 .7 .2  E n t h a lp y  o f  A d s o r p t io n

E n t h a lp ie s  o f  a d s o r p t io n  ( A / / ads )  c a n  b e  o b t a in e d  f r o m  t h e  s lo p e  o f  a  

p lo t  o f  InE g a g a in s t  1 / r ,  b a s e d  o n  E q u a t io n  ( 3 ) .  T h e  g r a p h  p lo t t e d  In Eg a g a in s t  1 /T  fo r  

f l - a lk a n e s  i s  s h o w n  in  F ig u r e  4 .1 9 ,  F ig u r e  4 .2 0  a n d  F ig u r e  4 .2 1  f o r  m - A l 2 0 3 , r e d u c e d  

3 0 %  C u /m TA l 2 0 3  a n d  M - A I 2 O 3 ,  r e s p e c t i v e ly ,  a n d  fo r  p o la r  p r o b e s  ( t o lu e n e  a n d  

t h io p h e n e )  i s  s h o w n  in  F ig u r e  4 .2 2 ,  F ig u r e  4 .2 3  a n d  F ig u r e  4 . 2 4  fo r  IT 1-A I2O 3, 

r e d u c e d  3 0 %  C u /m - A h C b  a n d  M - A I 2 O 3 ,  r e s p e c t iv e ly .

F ig u re  4 .1 9  D e t e r m in a t io n  o f  a d s o r p t io n  e n t h a lp ie s  o f  n o n - p o la r  p r o b e s  ( « - a lk a n e s )  

o n  m - A l 2 Ü 3 a t t h e  te m p e r a tu r e  r a n g e  b e t w e e n  2 0 0 - 2 5 0  ๐C : h e x a n e  ( • ) ,  h e p ta n e  ( A ) ,  

o c t a n e  (■ ), n o n a n e  ( x )  a n d  d e c a n e  ( + ) .
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F ig u re  4 .2 0  D e t e r m in a t io n  o f  a d s o r p t io n  e n t h a lp ie s  o f  n o n - p o la r  p r o b e s  (ท -a lk a n e s )  

o n  r e d u c e d  3 0 %  C u / m - A l 2 0 3  a t th e  te m p e r a tu r e  r a n g e  b e t w e e n  2 0 0 - 2 5 0  ° C :  h e x a n e  

( • ) ,  h e p t a n e  ( A ) ,  o c t a n e  (■ ), n o n a n e  ( x )  a n d  d e c a n e  ( + ) .

F ig u re  4 .21  D e t e r m in a t io n  o f  a d s o r p t io n  e n t h a lp ie s  o f  n o n - p o la r  p r o b e s  (ท -a lk a n e s )  

o n  M - A I 2 O 3 a t th e  te m p e r a tu r e  r a n g e  b e t w e e n  2 0 0 - 2 5 0  ๐C : h e x a n e  ( • ) ,  h e p t a n e  ( A ) ,  

o c t a n e  (■ ), n o n a n e  ( x )  a n d  d e c a n e  ( + ) .
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F ig u re  4 .22  D e t e r m in a t io n  o f  a d s o r p t io n  e n t h a lp ie s  o f  p o la r  p r o b e s  ( t o lu e n e  a n d  

t h io p h e n e )  o n  m - A l 2 0 3  a t th e  te m p e r a tu r e  r a n g e  b e t w e e n  2 0 0 - 2 5 0  ๐C : t o lu e n e  (♦ ) 
a n d  t h io p h e n e  ( A ) .

5 . 0 0  

•4 5 0

- t o o
3 5 0  

น ' , ' 3 . 0 0  

5  ะ ; »  
2 0 0  

1 5 0  

1 0 0  

0  5 0  

0  0 0

y  =  5 .9 5 5  1 2 2 Ü X - 8  6 8 6 "  
R  =  0 .9 9 9 - 4

♦ T o lu e n e  A T h i o p h e n e

0  0 0 1 9 0  0  0 0 1 9 5  0  0 0 2 0 0  0  0 0 2 0 5  0  0 0 2 1 0  0 . 0 0 2 1 5MT

F ig u re  4 .23  D e t e r m in a t io n  o f  a d s o r p t io n  e n t h a lp ie s  o f  p o la r  p r o b e s  ( t o lu e n e  a n d  

t h io p h e n e )  o n  r e d u c e d  3 0 %  C u / m - A l 2 0 3  a t th e  t e m p e r a tu r e  r a n g e  b e t w e e n  2 0 0 -  

2 5 0  °C : t o lu e n e  (♦ ) a n d  t h io p h e n e  ( A ) .
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2 0 0  ________________
1.50 • *"
1.00

♦ Toluene A Thiophene
0 00 t.... .......................Ï............................ ............................ ......................... “ T......—................

000100 000195 000200 000205 000210 000215
MT

y = 6.492.5183k - 9.9709 
R-— 1.0000

y = 6.216 0407x-10.2355 
R-= 0 9989

F ig u re  4 .2 4  D e t e r m in a t io n  o f  a d s o r p t io n  e n t h a lp ie s  o f  p o la r  p r o b e s  ( t o lu e n e  a n d  

t h io p h e n e )  o n  M - A I 2O 3 a t th e  te m p e r a tu r e  r a n g e  b e t w e e n  2 0 0 - 2 5 0  ๐C : t o lu e n e  (♦ ) . 
a n d  t h io p h e n e  ( A ) .

F r o m  F ig u r e  4 .1 9  th r o u g h  F ig u r e  4 . 2 4 ,  i t  i s  o b s e r v e d  th a t  a l l  th e  

a d s o r b e n ts  s t u d ie d  in  t h i s  e x p e r im e n t s  s h o w  th e ir  l in e a r  r e la t io n  b e t w e e n  th e  InF g  

a n d  MT  o f  a l l  th e  n o n - p o la r  a n d  p o la r  p r o b e  m o l e c u l e s ,  w h e r e  th e ir  l in e a r  r e g r e s s io n  

c o e f f i c i e n t ,  R 2, a re  a p p r o x im a t e  to  o n e .  T h u s ,  it i s  p r o v e d  th a t  t h i s  m e t h o d  is  w e l l  f it  

w it h  th e  t h e o r y  w h i c h  it  e x h ib i t s  s u c h  a  g o o d  l in e a r  r e la t io n .

A d s o r p t io n  e n t h a lp ie s  ( A H ads ) ,  w e r e  o b t a in e d  f r o m  t h e  s lo p e  o f  p lo t s

o f  InF g v e r s u s  MT  ( f r o m  F ig u r e  4 .1 9  th r o u g h  F ig u r e  4 . 2 4 )  t h e n  t h e  E q u a t io n  ( 3 )  w a s  

p e r fo r m e d , s h o w n  in  F ig u r e  4 .2 5 ,  a n d  r e s u lt s  a re  s u m m a r iz e d  in  T a b le  4 .6 .
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F ig u re  4 .2 5  A d s o r p t i o n  e n t h a l p i e s  o f  n - a l k a n e s  o n  m - A h C b  ( o ) ,  r e d u c e d  3 0 %  

C u / m - A l 2 C>3 ( A )  a n d  M - A I 2 O 3 (□ ).

T a b le  4 .6  A d s o r p t io n  e n t h a lp ie s  ( - A B 3115) ( k J /m o l )  fo r  t h e  c o m p o u n d s  s t u d ie d  o v e r  

th e  d i f f e r e n t  a d s o r b e n t s

P ro b e  M o le c u le s A d so r b e n ts
C h e m ic a l Xt m -A l20 3 C u /m -A h O j3 M -A I2O 3

H e x a n e 6 3 9 .9 3 7 .4 3 8 .8

H e p ta n e 7 4 3 .7 3 9 .7 4 2 .5
O c ta n e 8 4 7 .8 4 6 .0 4 8 .7
N o n a n e 9 5 3 .6 4 8 .7 5 2 .9
D e c a n e 1 0 5 7 .7 5 5 .1 5 6 .6
T o lu e n e 6 . 2 6 b 5 2 .6 4 9 .5 5 4 .0
T h io p h e n e 3 . 8 4 c 4 9 .0 4 4 .1 5 1 .7

a Reduced 30% Cu/m-Al20 3. 
b Brendlé and Papirer, 1997b. 
c See in Appendix B.
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T h e  a d s o r p t io n  e n t h a lp ie s  a s  a  f u n c t io n  o f  th e  a d s o r b a t e  s i z e ,  o n  m -  

A I 2 O 3 , r e d u c e d  3 0 %  C u /m - A L C b  a n d  M - A I 2 O 3 g i v e  a  s tr a ig h t  l in e ,  a s  s h o w n  in  

F ig u r e  4 .2 5 .  F o r  a ll  a d s o r b e n t s  th e  a d s o r p t io n  e n t h a lp y  o f  « - a lk a n e s  in c r e a s e s  w ith  

t h e  c a r b o n  n u m b e r , d u e  t o  th e  in c r e a s in g  b o i l in g  p o in t  o f  th e  « - a lk a n e s  a n d  th e  

s t r o n g e r  in t e r a c t io n  b e t w e e n  th e  s o lu t e  a n d  th e  a d s o r b e n t  s u r f a c e .  It i s  in  g o o d  

a g r e e m e n t  w i t h  th e  c la s s i c a l  a s s u m p t io n s  fo r  a d s o r p t io n  p r o c e s s e s :  fo r  th e  s a m e  

f a m i ly  o f  c o m p o u n d s ,  t h e  a d s o r p t io n  c a p a c i t y  i n c r e a s e s  w i t h  m o le c u la r  w e ig h t  a s  

w e l l  a s  w i t h  i t s  b o i l in g  te m p e r a tu r e . H ig h  v a lu e s  o f  A / / ad5 , in d ic a t e  a  s tr o n g  

a d s o r b a t e - a d s o r b e n t  in te r a c t io n .
S im i la r  r e s u lt s  w e r e  fo u n d  b y  B a u m g a r t e n  et al. ( 1 9 7 7 )  a n d  D i a z  et al. 

( 2 0 0 4 a  a n d  2 0 0 4 b )  fo r  th e  a lu m in a  w h e n  c y c l o h e x a n e ,  b e n z e n e  a n d  « - a lk a n e s  

a d s o r p t io n  w e r e  s t u d ie d .  F u r th e r m o r e , D i a z  et al. ( 2 0 0 4 b )  f o u n d  th a t  t h e  v a lu e s  o f  

A H ads w e r e  l o w e r  ( s u p e r io r  in  a b s o lu t e  v a lu e )  to  t h o s e  o f  h e a t s  o f  l iq u e f a c t io n  o f

t h e s e  c o m p o u n d s  ( « - C s - n - C s ) .  It im p l ie d  th a t  th e  e n t h a lp ie s  o f  a d s o r p t io n  m e a s u r e d  

w e r e  n o t  o n l y  d u e  to  th e  h e a t  o f  c o n d e n s a t io n  o f  th e  c o m p o u n d s  o n t o  t h e  s u r f a c e ,  b u t  

a ls o  to  p h y s i c o - c h e m i c a l  in te r a c t io n s  b e t w e e n  s o lu t e s  a n d  a d s o r b e n t s ,  i .e .  th e  

a d s o r b a t e - a d s o r b e n t  in t e r a c t io n s  w e r e  p r e p o n d e r a n t  f o r  th e  in i t ia l  e x p e r im e n t a l  

c o n d i t io n s  a n d  th a t  th e  a d s o r b a t e - a d s o r b a t e  in t e r a c t io n s  w e r e  n e g l i g ib le .
It i s  a l s o  o b s e r v e d  th a t th e  a d s o r p t io n  e n t h a lp ie s  o f  « - a lk a n e s  o n  m -  

A I 2 O 3 a re  q u i t e  id e n t ic a l  c o m p a r e d  w i t h  t h o s e  o n  M - A I 2 O 3 . B e s i d e s ,  th e  a d s o r p t io n  

e n t h a lp ie s  o f  « - a lk a n e s  o n  r e d u c e d  3 0 %  C u /m - A b C b  a re  lo w e r  th a n  t h o s e  o n  m -  

A I 2 O 3 w h i c h  i s  u n e x p e c t e d  a t f ir s t  s ig h t .  It m a y  c o r r e s p o n d  t o  th e  b a d  d i s p e r s io n  o f  

t h e  c o p p e r  o v e r  th e  s u r f a c e  o f  a lu m in a  w h ic h  i s  c o n s i s t e n t  w i t h  th e  S E M  

c h a r a c t e r iz a t io n  r e s u lt s .  F u r th e r m o r e , th is  b e h a v io r  i s  in  a  g o o d  a g r e e m e n t  w i t h  th e  

w o r k  p u b l i s h e d  in  th e  l ite r a tu r e  ( D i a z  et al., 2 0 0 4 a ;  S k o t a k  et a i ,  2 0 0 2 )  fo r  th e  

i s o m e r iz a t io n  o f  a lk a n e s  ( « - h e x a n e ,  2 , 2 - d im e t h y lb u t a n e ) ,  in  p r e s e n c e  o f  h y d r o g e n  

o v e r  a P d /y - A L C b  c a t a ly s t .  T h e s e  a u th o r s  a l s o  c la im  th a t  L e w is  a c id  s i t e s  a re  a c t iv e  

fo r  th e  a d s o r p t io n  o f  a lk a n e s ,  th e  r o le  o f  t h e s e  a c id  s i t e s  b e in g  m o r e  im p o r ta n t  th a n  

th e  r o le  o f  P d  in  i s o m e r iz a t io n  r e a c t io n s .  A s  d e s c r ib e d  b y  th e  X R D  c h a r a c te r iz a t io n ,  
a f te r  im p r e g n a t io n  t h e y  fo r m  a n o th e r  c h e m ic a l s  w h i c h  i s  in  h y d r o x id e  fo r m . It 
a ttr ib u te s  to  t h e  s u r f a c e  m o d i f i c a t i o n  w h ic h  a f f e c t  L e w i s  a c id  s i t e s  o f  th e  a lu m in a s .
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T h e r e f o r e ,  a t h i g h  c o p p e r  l o a d in g  im p r e g n a t io n  w i l l  le a d  to  l o s e  t h e  L e w i s  a c id  s i t e s  

o f  a lu m in a s ,  th u s ,  th e  a d s o r p t io n  c a p a c i t y  o f  /7- a lk a n e s  i s  r e d u c e d .

4 .7 .3  F r e e  E n e r g y  o f  A d s o r p t io n
T h e  f r e e  e n e r g ie s  o f  a d s o r p t io n  fo r  t h e  f i v e  /7- a lk a n e s  o n  m -A L C L ,  

r e d u c e d  3 0 %  C u /m -A L C L  a n d  M - A I 2O 3 a re  s h o w n  in  F ig u r e  4 .2 6  a n d  th e  fr e e  

e n e r g ie s  o f  a d s o r p t io n  o f  d i f f e r e n t  p r o b e s  o n  m -A L C L  a t d i f f e r e n t  t e m p e r a tu r e s  a re  

s h o w n  in  F ig u r e  4 .2 7 .  T h e ir  r e s u lt s  a r e  g i v e n  in  T a b le  4 .7 ,  a s  c a lc u la t e d  b y  

p e r f o r m in g  E q u a t io n  ( 4 ) .

F ig u re  4 .2 6  A d s o r p t io n  f r e e  e n e r g ie s  o f  /7- a lk a n e s  o n  m -A L C L  ( o ) ,  r e d u c e d  3 0 %  

C u /m -A L C L  (a) a n d  M - A I 2 O 3 (□ ) a t 2 0 0  ๐c .
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F ig u r e  4 .2 7  F r e e  e n e r g y  o f  d i f f e r e n t  p r o b e  a d s o r p t io n s  o n  m - A f C b  a t d i f f e r e n t  

t e m p e r a tu r e s :  2 0 0  °c ( • ) ,  2 2 5  ๐c  ( A )  a n d  2 5 0  ๐c  (■ ).

F o r  a  g i v e n  a d s o r b a te ,  th e  f r e e  e n e r g y  o f  a d s o r p t io n  i s  t h e  s u m  o f  

e n e r g ie s  o f  a d s o r p t io n  a t tr ib u te d  t o  d i s p e r s iv e  a n d  s p e c i f i c  in t e r a c t io n s .  T h e  s ta n d a r d  

f r e e  e n e r g y  o f  a d s o r p t io n .  A G ads, t a k e s  in t o  a c c o u n t  th e  s ta n d a r d  f r e e  e n e r g y  o f  

a d s o r p t io n  o f  p o la r  s o lu t e s  o n  s o l i d  s u r f a c e s ,  n a m e ly ,  t h e  d i s p e r s iv e  c o n t r ib u t io n ,  

A G ad5 , a n d  t h e  s p e c i f i c  c o n t r ib u t io n ,  A G asd5 w h i c h  i s  c o r r e s p o n d in g  to  E q u a t io n  ( 6 )

( M o n t e s - M o r â n  et a l ,  2 0 0 2 ) .  F o r  /7- a lk a n e s ,  A G ads is  e q u a l  t o  A G ad5 a n d  c h a n g e s  

w it h  th e  n u m b e r  o f  c a r b o n  a t o m s  in  th e ir  m o l e c u l e s ,  t h e  in c r e m e n t  o f  a d s o r p t io n  

e n e r g y  c o r r e s p o n d in g  t o  m e t h y le n e  g r o u p , A G CHj , a n d  m a y  b e  c a lc u la t e d  fr o m

E q u a t io n  ( 1 0 ) .  A G CH5 i s  in d e p e n d e n t  o f  th e  c h o s e n  r e f e r e n c e  s ta te  o f  a d s o r b e d  

m o le c u l e .  T h e  s l o p e s  o f  l in e a r  f u n c t io n s  g i v e n  in  F ig u r e  4 . 2 6  a n d  F ig u r e  4 .2 7  

r e p r e s e n t  th e  in c r e m e n t  in  A G CH2 . T h e  v a l u e s  o f  A G CH2 ( k J /m o l )  a t d i f f e r e n t

temperature are summarized in Table 4.8 and the procedures to get these values are
described in Appendix c.
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D a t a  o f  A G adsfo r  th e  s o lu t e - a d s o r b e n t  s y s t e m s  c a lc u la t e d  fr o m

E q u a t io n  ( 4 ) ,  a t  d i f f e r e n t  t e m p e r a tu r e , a re  g iv e n  in  T a b le  4 .7 .  T h e  f r e e  e n e r g y  o f  

a d s o r p t io n  f o r  « - a lk a n e s  in c r e a s e s  w i t h  th e  c a r b o n  n u m b e r  a s  s h o w n  in  F ig u r e  4 .2 6 .  
T h e s e  r e s u l t s  a r e  in  g o o d  a g r e e m e n t  w i t h  th e  a d s o r p t io n  e n t h a lp ie s  th a t  s h o w n  in  

F ig u r e  4 . 2 5 ,  t h e  f r e e  e n e r g ie s  o f  a d s o r p t io n  fo r  a l l  p h a s e s  b e in g  v e r y  s im i la r ,  a n d  

b e in g  a  l i t t le  h ig h e r  fo r  1T1-A I 2O 3 th a n  fo r  r e d u c e d  3 0 %  C u /m - A h C b  a n d  M - A I 2O 3 , 
r e s p e c t i v e ly .  T h e  d e c r e a s e  in  th e  a d s o r p t io n  f r e e  e n e r g y  w i t h  in c r e a s in g  te m p e r a tu r e ,  
a s  s h o w n  in  F ig u r e  4 : 2 7 ,  f o l l o w s  th e  v a n ’t H o f f  e q u a t io n .

T a b le  4 .7  S t a n d a r d  f r e e  e n e r g y ,  - A G ads ( k j / m o l ) ,  f o r  l i s t e d  « - a l k a n e s  w i t h  m - A l 2 0 3 , 

r e d u c e d  3 0 %  C u / m - A h O s  a n d  M - A I 2 O 3

P ro b e  m o lecu les - A G ads (k J /m o l) , at
A d so r b e n ts C h em ica l Xt 2 0 0  ° c 2 2 5  ° c 2 5 0  ๐c

H e x a n e 6 7 .7 5 6 . 1 1 4 .3 5

H e p ta n e 7 1 0 . 6 6 8 .9 8 7 .1 7

m - A l 2 0 3 O c t a n e 8 1 3 .5 5 1 1 .7 4 9 .9 3

N o n a n e 9 1 6 .3 9 1 4 .5 2 1 2 .4 5

D e c a n e 1 0 1 9 .2 2 1 7 .2 4 1 5 .1 4

H e x a n e 6 8 .2 4 6 .5 7 5 .1 5

R e d u c e d H e p ta n e 7 1 0 .4 3 8 .9 5 7 .3 4

3 0 % O c ta n e 8 1 3 .0 3 1 1 .4 2 9 .5 4

C u / m - A l 2 0 3 N o n a n e 9 1 5 .8 0 1 4 .1 4 1 2 .3 1

D e c a n e 1 0 1 8 .4 3 1 6 .4 0 1 4 .5 5
H e x a n e 6 6 .8 7 5 .0 0 3 .5 0

H e p ta n e 7 9 .6 3 7 .7 3 6 .1 6

M - A I 2 O 3 O c ta n e 8 1 2 .5 6 1 0 .7 0 8 .7 4
N o n a n e 9 1 5 .4 7 1 3 .4 3 1 1 .5 2

D e c a n e 1 0 1 8 .2 4 1 6 .0 0 1 4 .2 1
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4 . 7 .4  E f f e c t  o f  A d s o r p t io n  T e m p e r a tu r e
F r o m  th e  s tu d y  o f  f r e e  e n e r g y  o f  a d s o r p t io n  a s  s h o w n  in  F ig u r e  4 .2 6 ,  

F ig u r e  4 .2 7  a n d  T a b le  4 . 7 ,  th e  f r e e  e n e r g y  o f  a d s o r p t io n  in c r e a s e s  w i t h  d e c r e a s in g  o f  

th e  a d s o r p t io n  te m p e r a tu r e .  It c o r r e s p o n d s  t o  h ig h e r  in  a d s o r b a t e - a d s o r b e n t  

in te r a c t io n  a t l o w e r  a d s o r p t io n  t e m p e r a tu r e . It m a y  im p ly  th a t  th e r e  i s  a  g o o d  

a d s o r p t io n  a t l o w e r  t e m p e r a tu r e  w h i c h  is  c o n s i s t e n t  w i t h  th e  th e r m o d y n a m ic  

p h e n o m e n a ,  t h e r e f o r e  th e  a d s o r p t io n  fo r  a l l  th e  h y d r o c a r b o n s  a n d  a ll  th e  p o la r  p r o b e s  

( t o lu e n e  a n d  t h io p h e n e )  s t u d ie d  b y  I G C  e x p e r im e n t s  a r e  c a r r ie d  o u t  a t th e  l o w e s t  

a d s o r p t io n  te m p e r a tu r e  s t u d ie d .  T h e  a d s o r p t io n  t e m p e r a tu r e  o f  2 0 0  ๐c  w a s  c h o s e n  to  

c a r r y  o u t  t h e  e x p e r im e n t s .

4 .7 .5  S u r f a c e  F r e e  E n e r g y
4 .7 .5.1 D ispersive C om ponent

T h e  in t e r a c t io n  b e t w e e n  « - a lk a n e s  a n d  th e  s ta t io n a r y  p h a s e  

i n v o lv e s  o n l y  d i s p e r s iv e  f o r c e s .  T h e  d i s p e r s iv e  c o m p o n e n t s  o f  th e  s u r f a c e  fr e e  

e n e r g y ,  Ys a t  d i f f e r e n t  t e m p e r a tu r e s  a re  s u m m a r iz e d  in  T a b le  4 .9 .  F ig u r e  4 .2 8  s h o w s

th e  d i s p e r s iv e  c o m p o n e n t  o f  th e  s u r f a c e  e n e r g y ,  Y s , fo r  m -A E C E  a n d  r e d u c e d  3 0 %

C u /m -A E C E , a s  a  f u n c t io n  o f  t e m p e r a tu r e . It i s  a l s o  n o t e d  th a t , a s  f o r  th e  in te r a c t io n  

p a r a m e te r s  b e t w e e n  « - a lk a n e s  a d s o r b e n t  s u r f a c e ,  th e  s u r f a c e  f r e e  e n e r g y  o f  r e d u c e d  

3 0 %  C u /m -A E C E  i s  l o w e r  th a n  t h o s e  o f  m -A E C E  o v e r  th e  t e m p e r a tu r e  r a n g e  

e x a m in e d .  T h i s  c a n  b e  e x p la in e d  u s i n g  th e  s a m e  a r g u m e n t s  a s  in  t h e  c a s e  o f  th e  

a d s o r p t io n  c a p a c i t y  a n d  t h e  e n t h a lp y  o f  a d s o r p t io n . T h e  d i s p e r s iv e  c o m p o n e n t  o f  th e  

s u r f a c e  f r e e  e n e r g y ,  Y s , a l s o  d e p e n d s  o n  th e  te m p e r a tu r e .  T h e  d i s p e r s iv e  in te r a c t io n  

d e c r e a s e s  a s  t h e  te m p e r a tu r e  in c r e a s e s .  T h is  d e c r e a s e  i s  a t tr ib u te d  t o  th e  e n tr o p ie  

c o n t r ib u t io n  to  th e  s u r f a c e  f r e e  e n e r g y .
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F i g u r e  4 .2 8  D i s p e r s i v e  c o m p o n e n t  o f  th e  s u r f a c e  e n e r g y ,  y ds , o f  m - A f j C b  ( • )  a n d  

r e d u c e d  3 0 %  C u / m - A l 2 0 3  ( A )  a s  a  f u n c t io n  o f  te m p e r a tu r e .

4 .7 .5.2 Specific  C om ponent
T o  c o m p l e t e  th e  d e s c r ip t io n  o f  t h e  s u r f a c e  p r o p e r t ie s ,  th e  

s p e c i f i c  f o r c e s  h a v e  to  b e  ta k e n  in to  a c c o u n t .  T h e  s p e c i f i c  c o m p o n e n t  ( y * )  o f  th e  

s u r f a c e  f r e e  e n e r g y  i s  c l o s e l y  r e la te d  w i t h  th e  p a r a m e t e r  o f  s p e c i f i c  in t e r a c t io n  o f  

p o la r  s o lu t e s  ( 7 sp). T h e y  a re  g e n e r a l ly  c a u s e d  b y  d i f f e r e n t  in t e r a c t io n s  ( e i th e r  

p h y s ic a l  o r  e l e c t r i c a l )  b e t w e e n  m o le c u l e s .  T h e  s p e c i f i c  in t e r a c t io n s  a re  th e  

in t e r a c t io n s  o th e r  th a n  L o n d o n  o r  d i s p e r s iv e  in t e r a c t io n s .  T h i s  p a r a m e t e r  i n v o l v e s  th e  

s u r f a c e  p r o p e r t ie s  in  t e r m s  o f  p o la r ,  io n ic  e l e c t r i c a l ,  m a g n e t i c ,  m e t a l l i c ,  a n d  a c i d -  

b a s e  in t e r a c t io n s  a n d  m a y  b e  d e t e r m in e d  f r o m  th e  d i f f e r e n c e  o f  f r e e  e n e r g y  o f  

a d s o r p t io n ,  A(AG) , b e t w e e n  a  p o la r  s o lu t e  ( t o l u e n e  a n d  t h io p h e n e )  a n d  t h e  r e a l  o r

h y p o t h e t ic a l  c o r r e s p o n d in g  n - a lk a n e s  (n-Cs~n-C\o).
T h e  s p e c i f i c  in te r a c t io n ,  7 sp, d e t e r m in e d  fo r  t o l u e n e  a n d  

t h io p h e n e  p o la r  p r o b e  a t d i f f e r e n t  a d s o r p t io n  te m p e r a tu r e s  a r e  ta b u la t e d  in  T a b le
4 .1 0  a n d  T a b le  4 . 1 1 ,  r e s p e c t i v e ly .



Table 4.8 AGCH1 (kJ/mol) at different temperatures

T e m p e r a tu r e  (°C )

- A C CHj , (k J /m o l)

in A A M A A m C u lO
2 4 H 2

m C u 2 0
2 4 H 2

m C u 3 0
2 4 H 2

m C A 0 5
C u 3 0 2 4

H 2
m N ilO
24H 2

m N i2 0
2 4 H 2

m N i3 0
2 4 H 2

M C u lO
2 4 H 2

M C u 2 0
2 4 H 2

M C u 3 0
24H 2

2 0 0 2 .8 7 2 . 8 6 2 . 8 6 2 .8 3 2 .5 7 2 . 8 6 2 .8 9 2 . 8 8 2 . 8 8 2 . 8 6 2 .8 1 2 . 8 8

2 2 5 2 .7 8 2 .7 7 - - 2 .4 8 2 .7 7 - - - - - -

2 5 0 2 .6 9 2 . 6 8 — — 2 .3 8 2 .6 5 — — — — — —

T a b le  4 .9  D is p e r s i v e  c o m p o n e n t  o f  th e  s u r f a c e  f r e e  e n e r g y ,  Ys ( m J /m 2) a t d i f f e r e n t  t e m p e r a tu r e s

D isp e r s iv e  c o m p o n e n t, Ysd (m J /m 2)

T e m p e r a tu r e  (°C ) in A A M A A m C u lO
2 4 H 2

m C u 2 0
2 4 H 2

m C u 3 0
2 4 H 2

m C A 0 5
C u 3 0 2 4

H 2
m N ilO
2 4 H 2

m N i2 0  m N i3 0  
2 4 H 2  2 4 H 2

M C u lO
2 4 H 2

M C u 2 0
2 4 H 2

M C u 3 0
2 4 H 2

2 0 0 6 2 .5 6 2 .1 6 2 .3 6 1 .1 5 0 .4 6 2 .0 6 3 .5 6 3 .1  6 3 .0 6 2 .4 5 9 .9 6 3 .0

2 2 5 6 2 .4 6 1 .9 — — 4 9 .8 6 1 .8 — —  — — — —

2 5 0 6 2 .1  6 1 .7 4 8 .6 6 0 .5



Table 4.10 Specific interaction, 7sp (mJ/m2) at different temperatures (determined by toluene polar probe)

T e m p e r a tu r e  (๐C )
S p e c ific  in tera c tio n , 7 sp, (m J /ra 2) fo r  to lu e n e

m A A M A A m C u lO
2 4 H 2

m C u 2 0  m C u 3 0  
2 4 H 2  2 4 H 2

m C A 0 5
C u 3 0 2 4

H 2
m N ilO
2 4 H 2

m N i2 0
2 4 H 2

m N i3 0
2 4 H 2

M C u lO
2 4 H 2

M C u 2 0
2 4 H 2

M C u 3 0
2 4 H 2

2 0 0 3 4 .3 3 9 .3 3 6 .4 3 6 .9  2 9 .2 3 7 .1 3 4 .5 3 7 .2 4 0 .5 3 5 .2 3 9 .5 4 0 .2

2 2 5 3 2 .9 3 8 .2 - 2 7 .1 3 5 .3 - - - - - -
2 5 0 3 1 .8 3 5 .7 - 2 6 .8 3 4 .3 - - - - - -

T a b l e  4 . 1 1  S p e c i f i c  in te r a c t io n , / sp ( m J /m 2) a t d i f f e r e n t  t e m p e r a tu r e s  ( d e t e r m in e d  b y  t h io p h e n e  p o la r  p r o b e )

S p e c ific  in te r a c tio n , 7 sp, (m J /m 2) fo r  th io p h e n e
T e m p e r a tu r e  (°C ) m A A M A A m C u lO

2 4 H 2
m C u 2 0
2 4 H 2

m C u 3 0
2 4 H 2

m C A 0 5
C u 3 0 2 4

H 2
m N ilO
2 4 H 2

m N i2 0
2 4 H 2

m N i3 0
2 4 H 2

M C u lO
2 4 H 2

M C u 2 0
2 4 H 2

M C u 3 0
2 4 H 2

2 0 0 6 1 .8 6 7 .9 6 2 .8 7 7 .4 5 7 .1 7 7 .3 6 1 .0 6 4 .4 6 8 . 0 6 6 .5 7 0 .9 8 0 .5

2 2 5 5 8 .8 6 5 .6 - - 5 6 .1 7 6 .1 - - - - - -

2 5 0 5 6 .3 5 9 .6 — _____ 5 6 .0 7 1 .8 — — — — — —
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F ig u r e  4 .2 9  s h o w s  th e  s p e c i f i c  in t e r a c t io n ,  7 sp, f o r  m - A f O s  

a n d  r e d u c e d  3 0 %  C U /1T1-A I 2O 3 a n d  r e d u c e d  3 0 %  C u / m - A f O a  m o d i f i e d  w i t h  C A  

( C u /C A = 5 ) ,  a s  a  f u n c t io n  o f  t e m p e r a tu r e . T h e  s p e c i f i c  in t e r a c t io n  a l s o  d e p e n d s  o n  

th e  te m p e r a tu r e .  It d e c r e a s e s  a s  th e  te m p e r a tu r e  in c r e a s e s .  T h i s  d e c r e a s e  i s  a ttr ib u te d  

to  th e  e n t r o p ie  c o n t r ib u t io n  to  th e  s u r f a c e  fr e e  e n e r g y .

F i g u r e  4 .2 9  S p e c i f i c  in t e r a c t io n ,  7 sp, o f  IT1- A I 2 O 3 ( • ) ,  r e d u c e d  30% C u / m - A l 2 0 3  

( A )  a n d  r e d u c e d  30% C u / m - A l 2 0 3  m o d i f i e d  w i t h  C A  ( C u / C A = 5 )  (■ ) d e t e r m in e d  b y  

t h io p h e n e  p o la r  p r o b e  a s  a  f u n c t io n  o f  te m p e r a tu r e .

T a b le  4 .1 2  s h o w s  th e  r a t io  o f  s p e c i f i c  in t e r a c t io n  o f  

t h io p h e n e  o v e r  t o l u e n e  o b t a in e d  f r o m  th e  IGC e x p e r im e n t s  a t 200 °c w h e n  t o lu e n e  

a n d  t h io p h e n e  w e r e  u s e d  a s  p o la r  p r o b e  s o lu t e s .



113

T a b le  4 .1 2  T h e  s p e c i f i c  in t e r a c t io n  r a t io  o f  t h io p h e n e  o v e r  t o l u e n e  o n  v a r io u s  

a d s o r b e n ts  e x a m in e d  b y  IGC e x p e r im e n t s  o b t a in e d  a t 2 0 0  °c w h e n  t o lu e n e  a n d  

t h io p h e n e  w e r e  u s e d  a s  p o la r  p r o b e  s o lu t e s

A d so rb en ts
S p ec ific

In tera c tio n
R a tio

S u p p o rt: M e s o p o r o u s  A lu m in a
m - A l 2 0 3 1 .8 0

R e d u c e d  1 0 %  C u / m - A l 2 0 3 1 .7 3

R e d u c e d  2 0 %  C u / m - A l 2 0 3 2 . 1 0

R e d u c e d  3 0 %  C u / m - A l 2 0 3 1 .9 6

R e d u c e d  3 0 %  C u / m - A l 2 0 3 m o d i f i e d  w i t h  C A  ( C u /C A —5 ) 2 .0 9

1 0 % N i / m - A l 2 O 3 1 .7 7

2 0 %  N i /m - A E O a 1 .7 3

3 0 %  N i / m - A l 2 0 3 1 . 6 8

S u p p o rt: M a c r o p o r o u s  A lu m in a
M -A 1 2 0 3 1 .7 3

R e d u c e d  1 0 %  C u /M - A 1 20 3 1 .8 9

R e d u c e d  2 0 %  C u / M - A l 2 0 3 1 .7 9

R e d u c e d  3 0 %  C u /M - A 1 2 0 3 2 . 0 0

It i s  o b s e r v e d  th a t  th e  s p e c i f i c  in t e r a c t io n  o f  t h io p h e n e  is  

h ig h e r  th a n  t h o s e  o f  t o lu e n e  w i t h  a r o u n d  1 .7 - 2 .1  f o l d  p o s i t i v e  e f f e c t .  It i s  in d ic a te d  

th a t  t h e s e  a d s o r b e n t s  a re  s e l e c t i v e l y  a d s o r b in g  o r g a n o s u l f u r  m o l e c u l e s  ( t h io p h e n e )  

o v e r  a r o m a t ic  o n e s  ( t o lu e n e ) .  T h e  b e s t  r a t io  th a t  i n d ic a t e s  th e  b e s t  s e l e c t i v e  

a d s o r p t io n  c a p a c i t y  i s  a r o u n d  2 .9  w h i c h  c o r r e s p o n d s  to  r e d u c e d  3 0 %  C u / m - A l 20 3  

m o d i f i e d  w i t h  C A  ( C u /C A = 5 )  a d s o r b e n ts .  It i s  in  a  g o o d  a g r e e m e n t  w i t h  th e  S E M ,  
X P S  a n d  T P D  c h a r a c t e r iz a t io n  r e s u lt s  w h i c h  t h e  H 2 t r e a tm e n t  a n d  d is p e r s in g  a g e n t  

m o d i f i c a t i o n  g i v e  m o r e  p o s i t i v e  e f f e c t  o n  m e ta l  d i s p e r s io n .  T h e r e f o r e ,  th e  m o d i f i e d  

a d s o r b e n ts  b y  H 2  t r e a tm e n t  a n d  d is p e r s in g  a g e n t  h a v e  a  g o o d  s u l fu r  a d s o r p t io n  r e s u lt  

b y  m e a n s  o f  I G C  e x p e r im e n t s .
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4 . 7 .6  E f f e c t  o f  T y p e  o f  A d s o r b e n t
M e s o p o r o u s  a n d  m a c r o p o r o u s  a lu m in a s  w e r e  s t u d ie d  in  t h is  w o r k  in  

o r d e r  t o  e x a m in e  t h e  e f f e c t  o f  ty p e  o f  t h e s e  a d s o r b e n t s  o n  a d s o r p t iv e  d e s u l f u r iz a t io n .  
It i s  s t u d ie d  b y  th e  I G C  e x p e r im e n t s  w i t h  th e  d e t e r m in a t io n  o f  t h e  s p e c i f i c  in te r a c t io n  

o f  b o th  p o la r  p r o b e  m o l e c u l e s  ( t o lu e n e  a n d  t h io p h e n e ) .  T h e  r e s u l t s  a re  g r a p h ic a l ly  

s h o w n  in  F ig u r e  4 .3 0  s h o w i n g  th e  s p e c i f i c  in t e r a c t io n  o f  t h io p h e n e  ( b o ld )  a n d  

t o lu e n e  ( l ig h t )  o b t a in e d  f r o m  IG C  c h a r a c te r iz a t io n  o n  d i f f e r e n t  t y p e  o f  a d s o r b e n t .
A f t e r  p e r f o r m in g  i n c ip ie n t  w e t n e s s  im p r e g n a t io n  o n  t h e s e  a d s o r b e n ts ,  

th e  e f f e c t  o f  t y p e  o f  a d s o r b e n t  is  s t u d ie d  a g a in  b y  c o m p a r in g  t h e  r e s u l t s  o f  s p e c i f i c  

in t e r a c t io n  o f  p o la r  p r o b e  m o le c u l e s  o n  r e d u c e d  3 0 %  C u / m - A f C b  a n d  r e d u c e d  3 0 %  

C 11/ M - A I 2 O 3 s h o w n  in  F ig u r e  4 .3 1 .

Figure 4.30 Specific interaction o f toluene and thiophene on both aluminas as a
function o f temperature: 7sp o f toluene on 1U-AI2O3 (๐), 7spo f toluene on M-AI2O3

(A), 7spof thiophene on m -A fC f ( • )  and 7spofthiophene on M-AI2O3 (A).
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F ig u r e  4 . 3 0  s h o w s  th a t  th e  s p e c i f i c  in t e r a c t io n  o f  p o la r  p r o b e  

m o l e c u l e s  o n  b o t h  u n m o d i f i e d  a lu m in a s  i s  id e n t i c a l  a s  th e r e  i s  a  s l i g h t  d i f f e r e n c e  in  

th e  v a lu e  o b t a in e d .  It i s  h a r d ly  t o  in d ic a t e  th a t  th e  d i f f e r e n t  t y p e  o f  a d s o r b e n t  ( in  

t e r m s  o f  p o r e  s i z e  o f  a lu m in a )  i s  n o t  a f f e c t e d  to  a d s o r p t iv e  d e s u l f u r iz a t io n .  
T h e r e f o r e ,  t h e  s t u d y  o f  im p r e g n a t e d  a lu m in a s  i s  o b s e r v e d .

F ig u r e  4 .31 S p e c i f i c  in t e r a c t io n  o f  t o lu e n e  a n d  t h io p h e n e  o n  r e d u c e d  C u / m - A l 2 0 3  

a n d  r e d u c e d  C 11/ M - A I 2 O 3 a s  a  f u n c t io n  o f  m e t a l  lo a d in g :  7 spo f  t o l u e n e  r e d u c e d  

C u / m - A l 2 C>3 ( o ) ,  7 spo f  t o lu e n e  o n  r e d u c e d  C 11/ M - A I 2 O 3 ( A ) ,  7 ^  o f  t h io p h e n e  o n  

r e d u c e d  C u / m - A l 2 0 3  ( • )  a n d  7 spo f  t h io p h e n e  o n  r e d u c e d  C 11/ M - A I 2 O 3 ( A )  o b ta in e d  

a t 2 0 0  ๐c .

F ig u r e  4 .3 1  s h o w s  th a t  th e  s p e c i f i c  in t e r a c t io n  o f  t o l u e n e  a n d  

t h io p h e n e  o n  r e d u c e d  3 0 %  C u / m - A l 2 0 3  d e c r e a s e s  a s  th e  a m o u n t  o f  m e t a l  lo a d in g  

in c r e a s e s ,  w h e r e a s  t h e  s p e c i f i c  in te r a c t io n  o f  t o lu e n e  a n d  t h io p h e n e  o n  r e d u c e d  3 0 %  

C 11/ M - A I 2 O 3 i n c r e a s e s  w i t h  a m o u n t  o f  m e ta l  lo a d in g .  T h i s  b e h a v io r  m a y  b e  

e x p l a i n e d  c o n s id e r in g  th e  r e l e v a n c e  o f  th e  p o r e  s i z e  o f  a lu m in a . H e n c e ,  th e  

im p r e g n a t io n  is  c o n t r o l l e d  b y  t h e  d i f f u s io n  o f  m e ta l  p r e c u r s o r  in to  th e  p o r e s ,
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t h e r e fo r e ,  t o  e n t e r  t h o s e  m a c r o p o r e s  m a y  e a s ie r ,  a n d  t h e  a g g l o m e r a t io n  o f  t h o s e  

m e t a l  in  m e s o p o r o u s  a lu m in a  i s  e a s ie r  th a n  th a t  in  m a c r o p o r o u s  a lu m in a .  In  c a s e  o f  

1T1-A I 2O 3 , h ig h  m e t a l  l o a d in g  im p r e g n a t io n  le a d s  to  w o r s e  o f  m e t a l  d i s p e r s io n  d u e  to  

th e  m e ta l  c a n n o t  e n te r  w e l l  in  th e  p o r e s .  It i s  in  g o o d  a g r e e m e n t  w i t h  S E M  

c h a r a c te r iz a t io n .  F u r th e r m o r e , th e  m o d i f i c a t i o n  o f  t h e s e  a d s o r b e n t s  b y  im p r e g n a t io n  

m a y  a f f e c t  th e  L e w i s  a c id  s i t e s  o f  a lu m in a  a s  d e s c r ib e d  b e f o r e .  T h e r e f o r e ,  th e  w o r s e  

m e t a l  d i s p e r s io n  w h i c h  lo w e r s  th e  7 t - c o m p le x a t io n  c a p a c i t y  c o n s t i t u t e s  to  lo w e r  

s p e c i f i c  in t e r a c t io n  b e t w e e n  th e  p o la r  p r o b e  m o l e c u l e s  a n d  a d s o r b e n t s .  F o r  M - A I 2O 3 , 
th e r e  is  n o  l im i t a t io n  o f  d i f f u s io n  d u e  to  t h e  s i z e  o f  p o r e s .  T h e r e f o r e ,  th e  c a p a c i t y  o f  

7 1 -c o m p le x a t io n  a d s o r p t io n  in c r e a s e s  w i t h  th e  a m o u n t  o f  m e t a l  lo a d in g .  It i s  o b s e r v e d  

th a t  m a c r o p o r o u s  a lu m in a  is  b e t te r  t o  b e  u s e d  a s  s u p p o r t  f o r  th e  a d s o r p t iv e  

d e s u l f u r iz a t io n  a d s o r b e n t s  th a n  m e s o p o r o u s  a lu m in a .

4 .7 .7  E f f e c t  o f  T y p e  o f  M e ta l  I m p r e g n a t io n
In  t h is  w o r k ,  C u  a n d  N i  w e r e  u s e d  to  im p r e g n a t e  o n  a lu m in a  to  g iv e  

th e ir  T T -c o m p le x a tio n  a d s o r p t io n  a b i l i t y  in  o r d e r  t o  u s e  t h e s e  a d s o r b e n t s  t o  s e l e c t i v e l y  

r e m o v e  o r g a n o s u l f u r  c o m p o u n d s .
T h e  s p e c i f i c  in t e r a c t io n  o f  t o lu e n e  a n d  t h io p h e n e  o n  d i f f e r e n t  

a d s o r b e n ts  m o d i f i e d  b y  C u  a n d  N i  im p r e g n a t io n  a t d i f f e r e n t  m e t a l  lo a d in g s  a re  

s h o w n  in  F ig u r e  4 .3 2  a n d  F ig u r e  4 .3 3 ,  r e s p e c t i v e ly .
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F ig u re  4 .3 2  S p e c i f i c  in te r a c t io n  o f  t o lu e n e  o n  r e d u c e d  C u / m - A h O s  a n d  N i /m - A h C b  

a s  a  f u n c t io n  o f  m e ta l  lo a d in g  o b ta in e d  a t 2 0 0  ๐c .

F ig u re  4 .3 3  S p e c i f i c  in te r a c t io n  o f  t h io p h e n e  o n  r e d u c e d  C u /m - A h C f t  a n d  N i /m -  

A I 2 O 3 a s  a  f u n c t io n  o f  m e ta l  l o a d in g  o b ta in e d  a t 2 0 0  ๐c .
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F ig u r e  4 .3 2  a n d  F ig u r e  4 .3 3  s h o w s  th a t  t h e  s p e c i f i c  in t e r a c t io n  o f  

p o la r  p r o b e  m o l e c u l e s  o n  t h o s e  a d s o r b e n ts  i s  q u it e  th e  s a m e .  T h e r e  a r e  in s ig n i f ic a n t  

d i f f e r e n c e s  a s  th e  v a lu e s  o b t a in e d  a re  s l ig h t ly  d i f f e r e n t .  It c a n n o t  b e  c l e a r ly  in d ic a te  

th a t th e r e  i s  th e  e f f e c t  o f  t y p e  o f  m e ta l  im p r e g n a t io n .  T h e r e f o r e ,  th e  e f f e c t  o f  t y p e  o f  

m e t a l  im p r e g n a t io n  i s  in s ig n i f ic a n t  in  th is  e x p e r im e n t .

4 .7 .8  E f f e c t  o f  A m o u n t  o f  M e ta l  L o a d in g
T h e  v a r ia t io n  o f  a m o u n t  o f  m e ta l  l o a d in g  w a s  d o n e  a t 1 0 ,  2 0  a n d  3 0 %  

o f  t h e o r e t ic a l  m o n o la y e r  c o v e r a g e .  T h e  s p e c i f i c  in t e r a c t io n s  o f  p o la r  p r o b e  m o le c u l e s  

o b s e r v e d  o n  t h o s e  a d s o r b e n ts  a re  i l lu s tr a te d  in  F ig u r e  4 . 3 1 ,  F ig u r e  4 . 3 2  a n d  F ig u r e  

4 .3 3 .  In  c a s e  o f  n i c k e l  im p r e g n a t io n ,  it i s  s h o w n  th a t  7 sp in c r e a s e s  w i t h  th e  a m o u n t  o f  

m e ta l  l o a d in g  w h i c h  c o r r e s p o n d s  t o  th e  fa c t  th a t  th e r e  a re  m o r e  a c t i v e  s i t e s  to  b e  

b o n d e d  w i t h  th e  s o lu t e s .  T h u s , th e  7 sp is  e n h a n c e d  b y  t h is  m e t a l  im p r e g n a t io n .  B u t  

fo r  th e  c a s e  o f  c o p p e r ,  th e  tr e n d  is  in v e r s e d . T h is  b e h a v io r  c a n  b e  e x p l a i n e d  b y  th e  

s a m e  a r g u m e n ts  th a t  d e s c r ib e d  in  th e  e f f e c t  o f  t y p e  o f  a d s o r b e n t  p a rt.

4 .7 .9  E f f e c t  o f  D i s p e r s in g  A g e n t
T h e r e  i s  a  l im i t a t io n  o f  r e d u c e d  3 0 %  C u /m - A h O a  a d s o r b e n t  in  te r m s  

o f  a d s o r p t iv e  d e s u l f u r iz a t io n  ( d e te r m in e d  b y  s p e c i f i c  in t e r a c t io n )  a s  th e  a d s o r p t io n  

c a p a c i t y  i s  th e  l o w e s t  a m o n g  a d s o r b e n ts  s t u d ie d .  T o  s tu d y  t h e  e f f e c t  o f  d i s p e r s in g  

a g e n t ,  r e d u c e d  3 0 %  C u /m - A b C E  m o d i f i e d  w i t h  C A  ( C u /C A = 5 )  w a s  o b s e r v e d .  T h e  

r e s u lt s  a re  s h o w n  in  F ig u r e  4 .3 4 .
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F ig u re  4 .3 4  S p e c i f i c  in t e r a c t io n  o f  t o lu e n e  a n d  t h io p h e n e  o n  r e d u c e d  3 0 %  C u /m -  

A I 2 O 3 a n d  r e d u c e d  3 0 %  C u /m -A F C f i  m o d i f i e d  w i t h  C A  ( C u /C A ^ S )  o b ta in e d  at
2 0 0  ๐c .

F ig u r e  4 . 3 4  s h o w s  th e  7 spo f  t o lu e n e  a n d  t h io p h e n e  o n  r e d u c e d  3 0 %  

C u / m - A f C f i  a n d  r e d u c e d  3 0 %  C u /m - A f C E  m o d i f i e d  w i t h  C A  ( C u /C A = 5 ) .  It i s  

s h o w n  th a t  th e r e  i s  a n  e x t in c t  r e s u lt s  o b t a in e d  fr o m  th e  I G C  e x p e r im e n t s .  C o m p a r in g  

th e  7 sp o f  t o l u e n e  t o g e t h e r  a n d  a l s o  o f  th e  t h io p h e n e  s h o w s  th a t  t h e  a d s o r p t io n  

c a p a c i t y  i s  i m p r o v e d  s ig n i f ic a n t ly .  T h e r e f o r e ,  d i s p e r s in g  a g e n t  g i v e s  a  p o s i t i v e  e f f e c t  

o n  t h e  a d s o r p t iv e  d e s u l f u r iz a t io n  w h ic h  e x h a n c e d  a r o u n d  1 . 2  t i m e s  c o m p a r e d  to  

t h o s e  o f  u n m o d i f i e d  a d s o r b e n ts .  It w a s  in  a  g o o d  a g r e e m e n t  w i t h  S E M  

c h a r a c t e r iz a t io n ,  X P S  r e s u l t s  a n d  T P D  b y  T G A - M S  e x p e r im e n t s .
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