
RESULTS AND DISCUSSION
CHAPTER IV

4.1 Tin

T h e c a ta ly t ic  d eh y d ra tio n  o f  e th a n o l p r o c e s s  c o n s is t s  tw o  m a in  c o m p e t it iv e  
p a th w a y s as sh o w n  in  F ig u re  2 .1 .  T h e  first r ea c tio n  is  th e  in term o lec u fa r  d eh y d ra tio n  
o f  e th a n o l to  d ie th y l ether. T h e  fo rm a tio n  o f  d ie th y l e th er  is  e x o th e r m ic  an d  fa v o red  
b e tw e e n  1 5 0  c °  an d  3 0 0  c ° .  T h e  se c o n d  re a c tio n  is  th e  in tra m o lecu la r  d eh y d r a tio n  o f  
e th a n o l to  e th y le n e  w h ic h  its  fo rm a tio n  is  fa v o red  a b o v e  3 0 0  c °  u p  to  5 0 0  c ° .  

M o r e o v e r , d ie th y l eth er and e th y le n e  c o u ld  u n d erg o  furth er reac tio n  to  C 4  o le f in s ,  
p a ra ffin s  and  a ro m a tics  (B T X )  b y  o l ig o m e r iz a t io n , cra ck in g , c y c l iz a t io n ,  
d e h y d r o g e n a tio n  and  H -tran sfer  (In a b a  et a l. , 2 0 0 6 ) .  S A P O -3 4  h as b e e n  e m p lo y e d  as  
s o lid  ac id  c a ta ly s t  for  e th a n o l c o n v e r s io n  to  lig h t  o le f in s . In corp ora tion  o f  an  o x id e  
in to  S A P O -3 4  c o u ld  stro n g ly  in f lu e n c e  o n  c a ta ly s t  b e h a v io r  in  e th a n o l d eh y d ra tio n .

In th is  w o rk , the e f fe c t s  o f  m eta l o x id e s ,  n a m e ly  tin  and a n tim o n y  o x id e s  
w ith  d ifferen t o x id a t io n  sta tes  w ith  and w ith o u t  su p p o rts o n  th e p rod u ct d istr ib u tio n s  
o f  th e  ca ta ly tic  d eh y d ra tio n  o f  b io -e th a n o l w e r e  s tu d ied . T h erefo re , th is  ch ap ter  is  
d iv id e d  into tw o  m a in  parts, w h ic h  are tin  and  a n tim o n y . F irst part, th e  p u re  d iffe r e n t  
o x id a tio n  sta tes  o f  tin  and S n O x-lo a d e d  c a ta ly s ts  are d isc u sse d . S e c o n d  part, th e  p ure  
a n tim o n y  w ith  d iffe r e n t o x id a t io n  sta tes , a s  w e ll  a s , S b 2 0 x-lo a d ed  c a ta ly s ts  are 
d isc u sse d . T h e  c h a n g e s  o f  o x id a t io n  sta tes  o f  m eta l o x id e  w ere  o b se r v e d  as a  
fu n c tio n  o f  t im e -o n -s tr e a m . T a b le  4.1 su m m a r iz e s  th e  ca ta ly s t  n a m e s  and  th eir  
n o m en c la tu res .
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Table 4.1 C a ta ly sts  and their  n o m e n c la tu r e s

N o . C a ta ly st
C a lc in a tio n

T em p era tu re
(°C )

A b b r e v ia tio n

1 S A P O -3 4 - S A 3 4
2 5%  m e ta llic  t in /S A P O r 3 4 4 0 0 S n 0 S A P O 3 4
3 5%  m e ta ll ic  a n t im o n y /S A P O -3 4 4 0 0 S b 0 S A P O 3 4
4 5% tin  o x id e /S A P O -3 4 4 0 0 5 S n S A 3 4 -4 0 0
5 . 7% tin  o x id e /S A P O -3 4 4 0 0 7 S n S A 3 4 - 4 0 0
6 5 % a n tim o n y  o x id e /S A P O -3 4  - 4 0 0 5 S n S A 3 4 - 4 0 0
7 7% tin  o x id e /S A P O -3 4 4 0 0 7 S n S A 3 4 - 4 0 0
8 5% tin  o x id e /S A P O -3 4 7 0 0 5 S n S A 3 4 - 7 0 0
9 7% tin  o x id e /S A P O -3 4 7 0 0 7 S n S A 3 4 - 7 0 0
10 5 % a n tim o n y  o x id e /S A P O -3 4 70 0 5 S n S A 3 4 - 7 0 0
11 7% tin  o x id e /S A P O -3 4 7 0 0 7 S n S A 3 4 - 7 0 0

4 .1 .1  P u re O x id a tio n  S ta te s  o f  T in
4.1.1.1 Characterization o f  Tins

T a b le  4 .2  s h o w s  the s p e c if ic  su r fa ce  area , p ore v o lu m e  and  
p ore  d ia m eter  o f  m e ta llic  tin , tin  (II) o x id e  and  tin  (IV ) o x id e  d e term in ed  b y  u s in g  
B a rrett-J o y n er-H a len d a  (B JH ) m eth o d . A s  o b se r v e d  in  T a b le  4 .2 , รท(ว2 h a s  h ig h er  
su r fa ce  area, p ore  v o lu m e , and  p o r e  d ia m eter  than S n O  and  m e ta llic  tin . T h e  X R D  
p attern s o f  c o m m e r c ia l m e ta llic  t in  and tin  o x id e s  are d isp la y e d  in  F ig u r e  4 .1 .  T h e  
p e a k s  o f  m e ta llic  t in  can  b e d e te c te d  at 2 0  =  3 0 .6 ° , 3 2 .0 ° , 4 3 .9 °  and 4 4 .9  ๐. T h e  p eak s  
o f  S n O  can  b e  o b se r v e d  at 2 0  =  2 9 .8 ° , 3 3 .2 ° , 4 7 .7 ° , 5 0 .6  an d  5 7 .3 6  ° w h ile  th e  ru tile  
structure o f  ร ๗ ว 2 ca n  b e m a in ly  d e te c te d  at 2 0  =  2 6 .5 ° , 3 4 °  and 5 1 .7 ° . T h e  X R D  
p attern s co n firm  th e  e x is ta n c e  o f  p u re  o x id e  p h a se  o n  ea ch  c a ta ly s t  sa m p le .
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Table 4.2 S p e c if ic  su rfa ce  area  an d  p ore  ch a ra c ter is tic s  o f  tin  o x id e s  w ith  d ifferen t  
o x id a tio n  sta tes

M eta l O x id e
B E T  sp e c if ic  

area

(m 2/g )

P ore  D ia m eter  

(n m )

P ore  
V o lu m e  
(m 3/g )  .

M eta l รท 3 .7 3 .6 0 .0 0 3
S n O 7 .5 5 .3 0.01-

S n 0 2 10.8 15 .4 0 .0 4

Figure
sta tes .

Figure 4.2 X -r a y  d iffra c tio n  p attern s o f  sp en t t in  o x id e s  w ith  d ifferen t o x id a t io n  
sta tes.
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รท+4 รท0 รท*2
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Figure 4 .3  รท 3๘5/2 X P S  sp ectra  o f  (A )  fresh  an d  sp en t m e ta ll ic  t in s , an d  ( B )  S n O  
'  and (C ) รท(ว2 .

T h e  c o m p o s it io n  o f  tin  s p e c ie s  is  s h o w n  in  T a b le  B1 A p p e n d ix  
B . T h e  X P S  a n a ly s is  o f  fresh  and sp e n t c a ta ly s ts  w a s  p er fo rm ed  in  ord er to  o b se r v e  
th e  ch a n g e  o f  b in d in g  en erg y  (B E )  or o x id a t io n  sta te. A fte r  th e  b in d in g  e n e r g y  
ca lib ra tio n , th e  c o n v o lu t io n  o f  th e  รท 3ds/2 w a s  a c c o m p lish e d  b a se d  o n  th e  B E  o f  
m e ta llic  รท (4 8 5  e V ) ,  S n O  (4 8 6 .4  e V ) , S n Û 2 ( 4 8 6 .7  e V )  (H w a n g  et a l ,  2 0 1 2 )  and  
S n -O H  (4 8 8 )  (K rish n a k u m a r et a l ,  2 0 0 9 ) . F ig u r e  4 .3  s h o w s  th e  fitted  c u r v e  o f  
m e ta llic  tin  (A ) , S n O  (B )  and S n Û 2 (C ) b e fo r e  and  a fter  th e  d eh y d ra tio n  o f  b io -
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e th a n o l. T h e  p eak  o f  fresh  m e ta ll ic  tin  lo c a te d  at 4 8 5 .0  e V  is  a s s ig n e d  to  the  
o x id a t io n  sta te  o f  0 . T h e  p ea k  o f  S n O  (ร ท +2) in  F ig u re  4 .3 (B )  i s  lo c a te d  at 4 8 6 .4  e V , 
w h ile  th e  p ea k s  at B E  o f  4 8 5  and  4 8 8  e V  are a s s ig n e d  to m e ta ll ic  tin  and  S n -O H ,  
a cc o u n te d  for  3 .5%  an d  7 .7%  on  th e  fresh  su r fa c e , r e sp e c t iv e ly . T h e  p ea k  o f  SnC>2 

(รท +4) is  at th e  B E  o f  4 8 6 .6 8  e V , w h ic h  is  a c c o u n t for  8 8 .6 % . It is  a lso  fo u n d  from  
th e  X P S  resu lt that th e  o x id a t io n  sta te  o f  tin  o x id e s  d o e s  n o t  s ig n if ic a n tly  c h a n g e  
after 1 h  o f  t im e -o n -s tr e a m , in d ic a tin g  that th e  a c tiv ity  te s t in g  resu lt are truly  
con tr ib u ted  from  p u re  S n O  and S n 0 2 . A fte r  th e  rea c tio n  te s t in g , fo r  the sp e n t S n O , 
the p ercen t c o m p o s it io n  o f  m e ta llic  รท  in c r e a se s  from  3 .5%  to  5 .1% , an d  S n -O H  
grou p  in c r e a se s  from  7 .7 %  to  8 .9% . L ik e w is e , fo r  S n Û 2 in  F ig u re  4 .3 (C ) , th e  p ercen t  
c o m p o s it io n  o f  S n -O H  gro u p  in c r e a se s  from  3 .2%  to  9 .4% . A  tin  o x id e  c o n ta in in g  -  
O H  gro u p  w a s  rep orted  to  b e  n a tu ra lly  h y g r o s c o p ic  (K rish n a k u m a r et a l ,  2 0 0 9 ) ,  
w h ic h  m a y  b e  ab le  to  a c t as b ro n sted  ac id , h e lp in g  to  form  b ig g e r  h y d ro ca rb o n s. 
H o w e v e r , th e  a m o u n t o f  S n -O H  o n  sp en t c a ta ly s ts  s lig h tly  in c r e a se s . T h is  m a y  be  
b e c a u se  e th a n o l c o u ld  ad so rb  o n  o x y g e n  v a c a n c y  fo r m in g  e th o x y  gro u p , and  le a v in g  
o x y g e n -h y d r o g e n  a to m  o n  the su r fa c e  (F arfan -A rrib as and M a d ix , 2 0 0 2 ) .  O n  th e  
oth er h an d , the o x id a t io n  sta te  o f  m e ta ll ic  tin  c h a n g e d  to  w h ic h  c o u ld  b e  a s s ig n e d  to  
th e  o x id a t io n  sta tes  o f  0  and  + 4  w ith  th e r e la tiv e  p eak  area  o f  12 .5  an d  8 7 .5 % , 
r e sp e c t iv e ly . It is  w e l l  k n o w n  that t in  ten d s to  b e  o x id iz e d  w h e n  e x p o s e d  to  an  
o x id iz in g  a tm o sp h ere . T h is  in d ic a te s  that m e ta llic  tin  c o u ld  b e  o x id iz e d  d u rin g  
d eh y d ra tio n  reactio n .

4.1.1.2 Catalytic A ctiv ity  o f  Tin Oxides
T h e d eh y d ra tio n  o f  b io -e th a n o F o v e r  tin  o x id e s  w a s  s tu d ied  at th e  tem p era tu re o f  4 0 0  
° c .  It w a s  fo u n d  that th e  c o n v e r s io n  o f  b io -e th a n o l d id  n ot c h a n g e  s ig n if ic a n tly  w ith  
or w ith o u t  tin  o x id e s , in d ic a tin g  that b io -e th a n o l is  ab le  to  c o n v e r t  to  e th y le n e  e a s i ly  
at 4 0 0  ° c .  T h e y ie ld  o f  ex tra cted  o i ls  u s in g  a ll m eta l o x id e  w ith  a ll d iffe r e n t  
o x id a t io n  sta te  rem a in s  ab o u t 0 .7 1 %  as sh o w n  in  A p p e n d ix  A . F ig u re  4 .4  d isp la y s  
th e  g a s  d istr ib u tio n  o b ta in ed  fro m  u s in g  m e ta ll ic  tin , an d  tin  o x id e s  in  the  
d eh y d ra tio n  o f  b io -e th a n o l. A ll c a ta ly s ts  s h o w  th e  d ec r e a se  in  e th y le n e  s e le c t iv ity  
and th e  in crea se  o f  p r o p y le n e , c o o k in g  g a s  an d  b u ty le n e s , c o m p a red  to  th e  n o n 
c a ta ly s t  c a se . T h e s e le c t iv ity  o f  p r o p y le n e  w h e n  S n O  w a s  e m p lo y e d  is  s l ig h t ly  h ig h e r  
than  in  th e  m e ta llic  รท  an d  ร ท อ 2 c a s e s . O n  the o th er  h an d , th e  s e le c t iv ity  o f  c o o k in g
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g a s  is  h ig h e s t  w ith  u s in g  m e ta ll ic  รท. T h is  in d ic a te s  that m e ta llic  t in  h as  
h y d r o g e n a tio n  p rop erty . S in c e  th e  p o r e  d ia m e te r s  o f  b o th  S n O  an d  รท(ว2 are v e r y  
large , co m p a red  to  th e  k in e t ic  d ia m eters  o f  p r o p y le n e , c o o k in g  g a s , and b u ty le n e s , 
th e  s e le c t iv ity  o f  sm a ll o le f in s  and p a r a ff in s  is  g o v e r n e d  b y  b o th  a c id  p rop erty  and  
p ore con stra in t.

1 -

g 0-8 "
0.64

0.0.6 - 0.53

0.42
O 0.4 - ' / / /
ร?

0.:i l .i  n _0.2 - 'ร /A>♦♦♦ '///>>♦♦♦

0 -1 ' / / /

แ non-cat 

OSn 

□ SnO 

0SnO2
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CD รท 
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□ Sn02

Figure 4.4 W e ig h t  p e r c e n ta g e  o f  e th y le n e , p r o p y le n e , c o o k in g  g a s  an d  b u ty le n e s  in  
g a s  p h a se  fro m  u s in g  m e ta ll ic  tin , S n O , an d  ร ท อ 2 .

T h e  m a in  p ro d u cts  in  o i ls  u s in g  e ith er  m e ta ll ic  t in  or t in  o x id e  
are o x y g e n a te s , n o n -a r o m a tic s , and b e n z e n e . E v e n  th o u g h  th e  o i l  y ie ld  is  q u ite  lo w  
b e c a u se  o f  th e  sh ort t im e  o n  stream , th e  o il c o m p o s it io n s  o b ta in ed  fro m  m e ta llic  รท, 
S n O  and  S n 0 2  sh o w n  in  F ig u re  4 .5  are rem ark a b ly  d ifferen t. T h e  s e le c t iv ity  o f  
o x y g e n a te s  u s in g  S n O  is  p ro m o te d  s ig n if ic a n tly , w h ile  th e  s e le c t iv ity  o f  
h yd ro carb on s se e m  to  b e  en h a n ced  w ith  u s in g  m e ta ll ic  รท an d  S n 0 2 . W ith o u t a 
ca ta ly st, o n ly  p en ta n o n e  an d  1 ,1 -d ie th o x y e th a n e  c o n s is t  in  th e  o i l  p h a se , w h e r e a s  th e
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m ajority  o f  o x y g e n a te  c o m p o u n d s  o b ta in e d  fro m  a ll c a ta ly s ts  are p rop an a l, 2 -  
p eta n o n e  w ith  b ra n ch es , and eth y l a ce ta te . M e th y l-c y c lo p e n ta n e  and m e th y l-  
c y c lo p e n ta n e  are th e  m a jo r ity  o f  n o n -a r o m a tic s  o b ta in e d  from  u s in g  S n O . In th e  n o n 
aro m a tics  o b ta in ed  fro m  m e ta llic  tin , h e x a n e , an d  c y c lo h e x a n e  are th e  m a in  
c o m p o n e n ts . T h e  n o n -a r o m a tic s  from  SnC >2 are m a in ly  c o n s is te d  o f  h e x a n e  and  
c y c lo h e x a n e  w ith  and w ith o u t  b ran ch es. B e c a u se  o f  n o  p ore  c o n stra in t, e th y le n e  
m ig h t u n d erg o  o l ig o m e r iz a t io n  and h y d r o g e n a tio n  to  fo rm  h e x a n e , and  c y c liz a t io n  
and  a ro m atiza tio n  to fo rm  c y c lo h e x a n e  an d  b e n z e n e , r e sp e c tiv e ly . It is  n o t ic e d  that 
m e ta llic  tin  g iv e s  m o re  h e x a n e  than SnC>2 , in d ic a tin g  that m e ta ll ic  tin  fa v o rs  
h y d ro g en a tio n  rather th a n  c y c liz a tio n . A c c o r d in g  to  t in  o x id e s  w ith  d ifferen t  
o x id a tio n  s ta te s , It w a s  rep orted  that a t in  o x id e  c o u ld  p ro d u ce  b o th  o x id a t io n  and  
d eh yd ra tio n  p ro d u cts  (M c C a b e  and M itc h e ll ,  1 9 8 4 ). A c c o r d in g  to  th e  ac id  p rop erty  
o f  a  m eta l o x id e , a c id  s tren g th  in crea ses  w ith  th e  n u m b er  o f  o x y g e n  su b stitu tio n  o n  
th e  centra l a tom . T h ere fo re , SnC>2 , w h ic h  h as h ig h er  a c id  stren g th , c a n  p r o m o te  th e  
fo rm a tio n  o f  aro m atics . T h is  in fers that รท(ว2 ca n  e n h a n c e  th e  o l ig o m e r iz a t io n ,  
c y c liz a tio n , an d  d eh y d ro g e n a tio n  rea c tio n s  m o re  th an  S n O  can  d o .

m Non-cat 

BSn 

DSnO 

□ Sn02

Figure 4 .5  C o m p o s it io n  o f  o i ls  u s in g  m e ta ll ic  t in , S n O , and S n Û 2 , co m p a r e d  to  th e  
n o n -c a ta ly tic  c a se .
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F ro m  th e resu lt, it can  b e  c o n c lu d e d  that m e ta ll ic  is  
r e sp o n s ib le  fo r  c o o k in g  g a s , w h erea s  S n O  g o v e r n e d  th e  p r o p y le n e  and  o x y g e n a te s  
p ro d u ctio n . W h en  th e  o x id a t io n  state o f  tin  in crea se , SnC>2 (ร ท +4)  is  in ch a rg e  o f  
b u ty le n e s  and  b en z e n e  fo rm a tio n .

4 .1 .2  In teraction  b e tw e e n  รท0 an d  S A P O -3 4
In th is se c t io n , th e  m e ta ll ic  t in -d o p ed  o n  S A P O -3 4  w a s  te ste d  in  ord er  

to  e x a m in e  th e  e ffe c t  o f  an  in teraction  b e tw e e n  the m eta l and su p p o rt. A fte r  m e ta ll ic  
t in  and  S A P O -3 4  w ere  m ix e d , fo llo w e d  b y  แ 2 trea tm en t at 4 0 0  “c  fo r  2  hr, th e  X P S  
stu d y  w a s  u se d  to  d e term in e  its  in teraction . T h e  X P S  sp ectra  sh o w n  in  F ig u re  4 .6  
d isp la y  th e  ch a n g e  o f  o x id a t io n  sta te  o f  m e ta llic  tin  d o p e d  o n  S A P O -3 4  b e fo r e  and  
after treatm en t under h y d r o g e n  a tm osp h ere .

รท+4 รท0

Binding Energy (eV)

Figure 4.6 รท 3 d 5/2 X P S  sp ectra  o f  5 S n ° /S A P O -3 4  b e fo r e  and  a fter  treatm en t.

Figure 4.7 T in  sp e c ie s  o f  5 S n ° /S A P O -3 4  b e fo r e  and  a fter  rea c tio n .
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A fte r  แ 2 trea tm en t, the p ea k  a ss ig n e d  fo r  m e ta llic  t in  (4 8 5  e V )  sh if ts  
to  ab ou t 0 .2  e V  h ig h er  b in d in g  en erg y , in d ic a tin g  that th ere  is  an in tera c tio n  b e tw e e n  
m e ta llic  tin  an d  S A P O -3 4  support. S o m e  รท 0 is  fo u n d  o x id iz e d  b y  th e  S A P O -3 4  
su p p ort to  fo rm  รท','4, and  th en  th e su r fa ce  c o m p o s it io n  c h a n g e s  to  8 8 .3 %  o f  รท0 and  
11 .7%  o f  รท',’4. A fte r  th e  r ea c tio n  te st in g , th e  p ercen t c o m p o s it io n  o f  รท(ว2 w h o s e  th e  
p ea k  is  lo c a te d  at 4 8 7 .4  e V  in crea ses  to  9 2 .3 %  as s h o w n  in  F ig u re  4 .7 .  T h is  m a y  b e  
b e c a u se  e th a n o l c o u ld  ad so rb  o n  o x y g e n  v a c a n c y  fo r m in g  e th o x y  g r o u p , and  le a v in g  
o x y g e n -h y d r o g e n  a tom  o n  th e  su rfa ce  (F a rfa n -A rrib as and  M a d ix , 2 0 0 2 ) .

A n o th er  rea so n  is  that รท 0 m a y  -be o x id iz e d  du rin g r e a c tio n  s in c e  t in  
te n d s  to  b e  o x id iz e d  w h e n  e x p o s e d  to  an  o x id iz in g  a tm o sp h ere , an d  w a ter  as a  b y 
p ro d u ct o f  d eh y d ra tio n  o f  b io -e th a n o l is  o n e  o f  th e  o x y g e n  so u rces .

F or  th e c a ta ly t ic  te st in g , 5 S n ° /S A P O -3 4  g iv e s  m o s t ly  g a s e o u s  
p rod u cts . T h e  g a s  s e le c t iv ity  ob ta in ed  fro m  5 รท0/ร A P O -3 4  in  F ig u re  4 .8  sh o w s  th e  
d e c r e a se  in  e th y le n e  s e le c t iv ity  and th e  in c r e a se  o f  p r o p y le n e , c o o k in g  g a s  an d  
b u ty le n e s . It is  fou n d  that th e  s e le c t iv ity  o f  p r o p y le n e  and c o o k in g  g a s  in c r e a se s  
s ig n if ic a n tly , w h ic h  is  s im ila r  to the s e le c t iv ity  o f  c o o k in g  g a s  o b ta in in g  from  a  s o le  
m e ta llic  t in  sh o w n  in  F ig u re  4 .4 . T h is  in d ic a te s  that m e ta llic  tin  is  r e sp o n s ib le  for  th e  
h ig h  s e le c t iv ity  o f  c o o k in g  g a s , and h a s  h y d r o g e n a tio n  p rop erty . M o r e o v e r , th e  
in tera ctio n  b e tw e e n  รท0 an d  th e  S A P O -3 4  su p p ort w ith  ap p ropriate p o r e  co n stra in t  
an d  a c id ity  o b v io u s ly  e n h a n c e s  sm a ll p a ra ffin  form atio n .

I  60

□  Non-cat 

ร  metallic tin 

ร  SAPO-34

□ 5Sn-0-SAPO

Methane Ethylene Propylene Cooking gas Butylene

Figure 4.8 W e ig h t  p e r c e n ta g e  o f  e th y le n e , p r o p y le n e , c o o k in g  g a s  an d  b u ty le n e s  in  
g a s  p h a se  u s in g  5 S n ° /S A P O -3 4 .
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T h e m a in  p rod u cts  in  o i ls  u s in g  5 S n ° /S A P O -3 4  d isp la y e d  in  F ig u r e
4 .9  c o n s is t  o f  o n ly  n o n -a ro m a tic s  and b e n z e n e . In  th e  n o n -a r o m a tic s  o b ta in ed  fro m  
5 S n ° /S A P O -3 4 , h e x a n e , c y c lo h e x a n e  and e th y l-c y c lo b u ta n e  are th e  m a in  
c o m p o n e n ts , w h ic h  are a ll saturated  c o m p o u n d s . H o w e v e r , th e  s e le c t iv ity  o f  b e n z e n e  
u s in g  5 S n ° /S A P O -3 4  is  h ig h e r  than in  th e  m e ta llic  t in  c a se . S A P O -3 4  is  c o n s id e r e d  
b e in g  o n e  o f  th e  a c id  ca ta ly s ts . It h as b o th  L e w is  an d  B r o n sted  a c id  s ite s  w h e r e  
carb én iu m  io n  fo rm a tio n  fro m  o le f in  c o m p o u n d s  ca n  b e  p ro m o ted . O n c e  c y c l iz a t io n  
o f  the fo rm ed  c a r b o c a tio n s  h as o ccu rred , a p ro to n  ca n  b e lo s t  or  g iv e n , an d  a  
c y c lo h e x e n e  is  o b ta in ed . T h e  proton  e lim in a tio n  or d e h y d r o g e n a tio n  rea c tio n  c o u ld  
u n d er g o  u n til th e  b e n z e n e  is  form ed . T h e  h y d r o g e n  ab stracted  m a y  b e  tran sferred  to  
sm a ll o le f in s , r e su ltin g  in  p rop an e and  b u tan e  fo r m a tio n  as s h o w n  in  F ig u re  4 .9 .  
T h ere fo re , th e  d e h y d r o g e n a t io n 'a n d  h y d r o g e n a tio n  rea c tio n s  d o m in a te , and  th e n  
c o o k in g  g a s  an d  b e n z e n e  are ob ta in ed  th e  m o st .

F rom  th e  resu lt , it can  b e  c o n c lu d e d  that su p port h e lp s  th e  m eta l o x id e  
to  b e  h ig h ly  d isp e r se d , and th e trea tm en t u n d er  th e  h y d r o g e n  a tm o sp h ere  
c o n se q u e n tly  crea tes  th e  stro n ger  in tera ctio n  b e tw e e n  m eta l and  su p p o rt, r e su lt in g  in  
h ig h er  s e le c t iv ity  o f  g a s  that m eta l is  r e sp o n s ib le  fo r  as th e  sa m e  a s  that o f  s o le  
m eta l.

10 0

I  80 

^  60

■ริ 40

20

{ร & &  &
,\F ■ <? c?

O'ร 0

□  Non-cat

0  metallic tin 

H SAPO-34

□ 5Sn-0-SAPO

Figure 4.9 C o m p o s it io n  o f  o i ls  u sin g  5 S n ° /S A P O -3 4 .
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F i g u r e  4 .1 0  R e a c t io n  p a t h w a y  o f  e th a n o l  t o  h y d r o c a r b o n s  ( V i s w a n a d h a m  e t a l ,  
2 0 1 2 ) .

4.1.3 SnOv/SAPO-34
T h e  p h y s ic a l  p r o p e r t ie s  o f  m o d i f i e d  c a t a ly s t s  w e r e  d e t e r m in e d  b a s e d  

o n  N 2 p h y s ic a l  a d s o r p t io n  u s i n g  a  T h e r m o  F in n ig a n /S o r p t o m a t ic  1 9 9 0  s u r f a c e  a r e a  

a n a ly z e r .  T a b le  4 .4  d i s p la y s  s u r f a c e  a r e a s ,  p o r e  v o lu m e  a n d  H o r v a th  K a w a z o e  ( H K )  

p o r e  d ia m e t e r  o f  S A P O - 3 4  s u p p o r te d  c a t a ly s t s .  T h e  in tr o d u c t io n  o f  m e t a l  o x i d e s  b y  

u s i n g  s o l i d - s o l id  in t e r a c t io n  m e t h o d  le a d s  t o  th e  r e d u c t io n  o f  s p e c i f i c  s u r f a c e  a r e a .  
T h is  i s  b e c a u s e  th e  m e t a l  o x i d e  i t s e l f  h a s  a  m u c h  lo w e r  s u r f a c e  a r e a  th a n  th a t  o f  th e  

z e o l i t e .  T h e r e f o r e ,  a f te r  d o p in g  m e ta l  o x i d e s  o n  z e o l i t e s  v ia  s o l i d - s o l i d  in te r a c t io n  

m e t h o d ,  th e  a v e r a g e  s u r f a c e  a r e a  o f  th e  c a t a ly s t s  d e c r e a s e s  s ig n i f ic a n t ly .  H o w e v e r ,  
t h e  p o r e  v o lu m e  I n c r e a s e  f r o m  0 .2 2  to  0 .2 6  a n d  0 .2 9  m 3/ g  a f te r  th e  a d d it io n  o f  7  w t%  

o f  t in  a n d  a n t im o n y  o x i d e s ,  r e s p e c t iv e ly .
T h e  X P S  a n a l y s i s  o f  f r e s h  a n d  s p e n t  c a t a ly s t s  w a s  d o n e  in  o r d e r  t o  

o b s e r v e  th e  c h a n g e s  o f  o x i d e  p h a s e s  o n  S A P O - 3 4  v e r s u s  t i m e - o n - s t r e a m  th r o u g h  t h e  

c h a n g e s  o f  b in d in g  e n e r g y  ( B E ) .  T h e  b in d in g  e n e r g y  w a s  c a l ib r a te d  b y  u s in g  c  I s  

s p e c tr a  a s  t h e  r e f e r e n c e  l o c a t e d  a t B E = 2 8 5  e V  fo r  a l l  c a t a ly s t  s a m p le s .
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Table 4.3 Specific surface areas and pore characteristics o f SAPO-34 supported 
catalysts

Catalyst
Calcination

Temperature
(๐๑

BET area 
(m2/g)

Pore Diameter
(A)

Pore
Volume
(m2/g)

SAPO-34 .  400 364.4 7.6 0.22
5SnSAPO-34 400 315.2 7.1 0.18
7SnSAPO-34 400 296.0 7.0 o .n
5SbSAPO-34 400 268.4 7.2 0.19
7SbSAPO-34 400 258.2 7.1 0.18
5SnSAPO-34 700 247.9 8.3 0.17
7SnSAPO-34 700 249.8 8.8 0.26
5SbSAPO-34 700 267.3 - 7.9 0.16
7SbSAPO-34 700 236.3 7.2 0.29

After the binding energy calibration, t le convolution o f the รท 3d was
performed by considering the BEs of metallic รท (485 eV), SnO (486 eV), SnC>2 

(486.7-487 eV) and Sn-OH (488.1-488.5).
For 5wt% o f tin oxide on SAPO-34, the changes o f species and 

composition o f tin oxide on SAPO-34 are shown in Figure 4.11. All XPS spectra 
indicate mixed oxide phases at every time-on-stream. At initial, the peaks at 488.3 
eV and 487 eV are assigned to Sn-OH and Sn02, respectively. After the catalytic 
dehydration o f ethanol was carried out, the phase composition o f tin oxides on the 
surface changes as shown in Figure 4.13. รท0 starts to form at 180 time-on-streams, 
decreases after 300 time-on-streams, and then disappears at 480 min time-on-stream. 
This indicates that the gain and loss o f tin oxide phases occurred from the oxidation 
and reduction reactions. For 7 wt% tin oxide-doped SAPO-34 catalyst, Figure 4.12 
represents the fitted curves o f รท 3๘3/2 o f fresh and spent catalysts versus time-on- 
stream. From the fitting results, all curves from XPS are well fitted with Gaussian 
type distribution, although the XPS spectra o f catalysts show a slightly asymmetric 
peak, indicating mixed valence oxidation states. Figure 4.14 displays the changes o f  
composition o f รท species on the surface o f 7wt% SnOx/SAPO-34. The two different
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peaks o f fresh catalyst could be assigned to รท(ว2 and Sn-OH, which account for 78% 
and 22%, respectively. At the initial 60 min o f reaction time, the XPS peaks show the 
disappearance o f -O H  group and the reduction o f SnÛ2 . On the other hand, รท0 starts 
to appear on the surface with 60% atomic composition. However, at 180 and 300 min 
time-on-streams, the amounts o f Sn02 and metallic tin are regained back and forth. 
At the end o f 480 min, the binding energies o f peaks did not fit into any type o f tin 
oxide, suggesting that the support and tin oxide mighf partially form a mixture. It is 
noticed that, from the XRD spectra shown in Appendix c  Figure C 2 ,  there is a new 
peak located at 20=65°.

Sn-OH รท*4 รท0

Binding Energy (eV)

Figure 4.11 XPS spectra o f 5SnSAPO-34 calcined at 400 ° c  before and after 
catalyst performance testing.
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Sn-OH รท114 รท0

Binding Energy (eV)
Figure 4.12 XPS spectra o f 7SnSAPO-34 calcined at 400 °c before and after 
catalyst testing.

Time-on-stream (h)

- Sn-OH
B .. S n 0 2

รท0

Figure 4.13 Changes o f species and compositions o f tin oxides on 5 wt% tin oxide- 
doped SAPO-34 with time-on-stream.
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Figure 4.14 Changes o f species and compositions o f tin oxides on 7 wt% tin oxide- 
doped SAPO-34 with time-on-stream.

The effects o f catalysts on product distribution for the catalytic 
dehydration o f bio-ethanol were studied as a function o f time-on-stream. For the 
catalytic performance o f 5 and 7wt% SnxOy/SAPO-34, the bio-ethanol conversion 
stayed approximately 97.5% throughout the period o f 60, 180, 300 and 480 min. 
However, the catalysts show a significant difference in gas selectivity and liquid 
composition through the period of reaction time. The gas yield decreases with 
increasing time-on-stream, whereas the liquid yield increases. It is also observed that, 
at any time-on stream, the' extracted oil yield from 5SnSAPO-34 is slightly lower 
than that o f 7SnSAPO-34, meaning that the increase o f metal oxide loading can 
enhance oil yield. Figure 4.15 shows gaseous product distributions o f 60, 180, 300 
and 480 min time-on-stream. 5SnSAPO-34 gives 78.2% o f ethylene yield, which is. 
much higher than that o f 7SnSAPO-34 at the initial 60 min. On the contrary, the 
yields o f propylene and propane increase with increasing the loading percentage o f  
tin oxide. After 60 min o f reaction time, ethylene is the main product. The gas 
selectivity o f ethylene, propylene, propane and butane in Figure 4.15 is fluctuated as 
the amount o f SnÛ2 species on 5wt% and 7wt% tin oxide-doped SAPO-34 in Figures
4.11 and 4.12 respectively, changes. This indicates that Sn02 (รท+4) governs the 
production o f propylene, cooking gas and butylenes.
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In addition, the TBP curves o f extracted oils obtained from 5 and 
7wt% tin oxide-doped SAPO-34 catalysts are cut into petroleum fractions as shown 
in Figures 4.16 and 4.17. The extracted oils from both o f 5SnSAPO-34 and 
7SnSAPO-34 fall into the gasoline range o f more than 70%. It can be seen that 
kerosene and gas oil increase simultaneously with increasing time-on-stream, 
especially at 480 min time-on-stream. This may due to the accumulation of C10+ 
aromatics.

Initially, the XPS spectra o f 7SnSAPO-34 consist o f two different 
peaks, which could be assigned to Sn-OH and SnC>2 . The sample containing -OH  
group is reveals that tin oxide is hygroscopic in nature (Krishnakumar et al., 2009) 
which may contribute to the ethylene formation as well as tin oxide. According to the 
dehydration of ethanol reported by Shinohara et al. (1998), ethanol could adsorb 
either on hydroxyl group or metal cation o f metal oxide surface, which could 
undergo further reaction to form ethylene or oxygenate compound. This indicates the 
formations o f propylene and propane are improved when tin oxides with oxidation 
state +4 or higher was added, resulting from the increase o f acidity. At the initial 60 
min, the result o f XPS analysis shows that the amount o f metallic tin increases, 
indicating the reduction of tin oxide. Jung et al. (2000) found that zinc oxide could 
be reduced by primary alcohol, forming carbon dioxide and water as by-product. 
However, the obtained gaseous product did not contain carbon dioxide. This implies 
that tin oxide is not reduced by ethanol. Based on the n-semicônductor property o f tin 
oxide, propylene could adsorb on tin oxide surface, and forming allylic intermediates 
as reported by Seiyama et al. (1972). From the result o f extracted oil composition 
analyzed by GC-TOF, the majority o f liquid compounds is benzene. This indicates 
that propylene is adsorbed on the metal cation via phi-bond. SnC>2 , which has 
moderate strength and optimum nucleophilic oxygen, could abstract proton from the 
propylene, forming hydroxyl group and carbanion. Subsequently, the electron from 
carbanion is transferred to the catalyst, resulting in the dimerization o f olefins, 
followed by aromatization, to benzene. Water is produced from the combination of 
proton and hydroxyl group, which leads to the reduction o f tin oxide and the increase 
of metallic tin and oxygen vacancy on the surface. Therefore, the reduction of tin 
oxide may occur through aromatization o f benzene. From the peaks at 60, 180 and
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300 min o f reaction time, the amounts o f tin oxide and metallic tin are fluctuated, 
indicating that the oxygen atoms leave and refill the vacancies sites.

Time-On-Stream (min)

Figure 4.15 Weight percentage o f ethylene, propylene, cooking gas and butylene in 
gas phase from using 5wt% (♦ ) and 7wt% (■ ) o f  tin oxide on SAPO-34.

C H 3 C H , 0 (a) -  C H , = C H 2 (b ) +  H (a) +  0 , 1 )

Scheme 4.1 Formation o f ethylene from adsorbed ethoxide species (Farfan-Arribas 
and Madix, 2002).
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Farfan-Arribas and Madix (2002) had reported that ethanol could 
adsorb on oxygen vacancy, forming ethoxy group. The ethylene is formed by leaving 
the oxygen atom on the surface as shown in Scheme 4.1. In addition, the oxygenate 
compounds from 5wt% SnOx/SAPO-34 are mainly 2-pentaone, Cyclopentanone, 
hexanone, 2-methyl and 13-Tetradecynoic acid, methyl ester while the majority o f  
oxygenate product from 7wt % o f tin oxide are 2-pentanone and large molecule o f 
ester.

Therefore, รท(ว2  (รทf4) on SAPO-34 governs the formation of 
propylene, cooking gas butylenes and benzene, which the unsupported SnC>2 behaves 
similarly, which gives the same composition o f  gas and oil. However, due to the 
interaction between the metal oxide and support, the heavy hydrocarbons, like C10+ 
aromatics and large molecule o f oxygenates, can be formed. The product distribution 
o f 5 wt% SnOx/SAPO-34 is similar to that o f 7wt% SnOx/SAPO-34.

ร?

10 0

90
80
70
60
50
40
30
2 0

10

0

□  60 min 
n 180 min 
B300 min 
C480 min

Gasoline Kerosene Gas oil LVGO HVGO

Figure 4.16 Petroleum fractions in oils from 5wt% Sn0x/SAP034.
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[ร 60 min 
a 180 min 
B300 min 
E480 min

Figure 4.17 Petroleum fractions in oils from using 7wt% SnOx/SAP034.

ร  60 mm 
H 180 min 
B300 min 
B480 min

Figure 4.18 Composition o f extracted oils from using 5wt. % SnOx/SAPO-34.
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ร  60 mm 
ta 180 mm 
B 300 mm 
H480 min

Figure 4.19 Composition o f extracted oils from 7 wt. % SnOx/SAPO-34.

In this section, the effect o f calcinations temperature was observed in 
order to see the change of product distribution in the catalytic dehydration o f bio
ethanol. The tin oxide species present on SAPO-34 catalysts when calcined at 400 c° 
and 700C° were evaluated by using XPS displayed in Figures 4.21 and 4.22. After, 
curve fitting procedure, the XPS spectrum o f fresh catalyst indicates a shift o f the รท 
3d5/2 binding energy toward lower values as the calcination temperature increases to 
700C°. The peak positions are assigned to Sn-OH and SnO, instead o f Sn-OH and 
SnC>2 . This suggests a weak interaction between tin oxide and catalyst. After the 
reaction testing, the peak positions are ascribed to รท0 and รท+4 species, indicating tin 
oxide might convert itself from metastable form (รท+2) to more stable form (รท0 and 
ร ท +4).

As can be seen from Figure 4:23, using 5wt. %  tin oxide-dope SAPO- 
34 catalysts and calcined at 400 c°, the yield o f propylene and cooking gas was 
higher than those obtained modified SAPO-34 calcined at 700 c° shown in Figure 
4.23. This may be caused from the initial different oxidation state o f tin oxide. From 
reaction pathway purposed by Viswanadham et al. (2012), the formation of 
butylenes required less acid strength than the formation o f propylene and small 
molecule o f paraffins. Therefore, the yield o f propylene and cooking gas can be 
enhanced when รท+4 species is presented. On the other hand, the รท+2 species which
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have less acid strength than รท’,"4 species could help to form butylenes. After 60 min 
time-on-stream, the yield o f propylene decreases significantly, indicating that 
propylene might be converted to other bigger hydrocarbons.

From the TBPs curves o f the extracted oil using 5 wt. % o f tin oxide- 
doped SAPO-34 catalyst, the oil from the one with calcinations temperature o f 400 
c° highly consists o f gasoline and almost 20% o f kerosene, while the obtained oil 
from the modified SAPO-34 calcined at the temperature o f 700 c° fall into gasoline 
solely, shown in Figure 4.24. This may due to the higher amount o f remaining รท',’4, 
which have higher acid strength than รท+2 and รท0, before and after reaction o f 5 
wt. % tin oxide-doped SAPO-34 with calcinations temperature o f 400 c°, can help 
the formation of big hydrocarbons. From Figures 4.25 and 4.26, the obtained oils 
from both catalysts highly consist o f oxygenate compounds, benzene, and C+10 
aromatics with different percent yield versus time.

492 490 488 486 484 482 480
Binding Energy (eV)

Figure 4.20 XPS spectra o f fresh and spent 5SnSAP034 calcined at 700 °c.
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Time-on-Stream (min)

Figure 4.21 Changes o f species and compositions o f tin oxides on 
doped SAPO-34 calcined at 400 °c with time-on-stream.

Figure 4.22 Changes o f species and compositions o f tin oxides on 
doped SAPO-34 calcined at 700 °c with time-on-stream.

—♦ - Sn-OH 
- »"• Sn02 

SnO 
รท

5 wt.% tin oxidè-

— Sn-OH 
SnOz 
SnO

■ ■ 'K รท

5 wt.% tin oxide-
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F i g u r e  4 .2 3  W e ig h t  p e r c e n t  o f  e t h y le n e ,  p r o p y le n e ,  c o o k i n g  g a s  a n d  b u t y l e n e s  f f o m  

u s in g  5  w t .  %  o f  t in  o x id e  o n  S A P O - 3 4  c a lc in e d  a t  4 0 0  c ° ( 4 )  a n d  7 0 0 C ° ( s ) ,  

r e s p e c t iv e ly .
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1 " I—« ’

*  ๙ ’ ๙๙

n60 min 
H 180 min 
ธ 300 min 
□  480 min

F ig u r e  4 .2 4  Petroleum fractions in oils from using 5 wt. % o f tin oxide doped 
SAPO-34 catalyst calcined at 400 c° (left) and 700 c°(right).

5?
%

ร ?.๙
๙

&  ft* ft*sp,<?
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H 60 min 
H 180 min 
H 300 min 
□  480 min

Figure 4.25 Composition of extracted oils from 5 wt.% of tin oxide-doped SAP034
catalyst calcined at 400 ° c .
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H  60 mm 
H  180 min 
ธ 300 min 
Q480 min

F ig u r e  4 .2 6  Composition o f extracted oils from 5 wt.% o f tin oxide-doped SAP034  
catalyst calcined at 700 °c.

The oxygenate compounds from using 5wt% SnOx/SAPO-34 calcined 
at 400 °c are mainly 2-pentaone, cyclopentanone, hexanone, 2-methyl and 13- 
Tetradecynoic acid, methyl ester while the majority o f oxygenate products from 
5wt % o f tin oxide calcined at 700 °c is 2-pentanone.

Furthermore, The รท 3d5/2 spectra for the fresh and spent 7 wt. % o f  
tin oxide SAPO-34 catalysts with difference o f calcinations temperature are 
compared in Figures 4.28 and 4.29. The XPS spectra indicate a shift o f the รท 3d5/2 
binding energy o f 7 wt. % o f tin oxide doped SAPO-34 toward lower values as the 
calcinations temperature increased to 700C°, which are also ascribed to รท+2 and รท- 
OH. This indicates that the calcinations temperature has influence on the oxidation 
state o f tin oxide. After the reaction was carried out versus time-on-stream, the 
percent concentration of oxidized tin species changed during the period o f reaction 
time. At 60 min time-on-stream, the oxidation state o f tin oxide on SAPO-34 
catalysts calcined 400 c° was reoxidized and reduced through the reaction time while 
that o f modified SAPO-34 calcined at 700 c° stayed constant. The gaseous product 
distribution from using 7 wt. % of tin oxide-doped SAPO-34 catalysts with
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calcinations temperature o f 400 c° and 700 c° are compared in Figure 4.30. The gas 
yield o f propylene, cooking gas and butylenes from using 7 wt. % of tin oxide doped 
SAPO-34 at calcination temperature o f 400 c° is much higher than that o f the 
modified SAPO-34 catalyst with calcinations temperature o f 700 c°, especially the 
yield o f propylene. This may be caused by the different oxidation state o f tin oxide 
on both catalysts. Moreover, at any time-on-stream, the catalyst with the calcinations 
temperature o f 400 c° shows a higher percent yield o f ethylene, propylene, cooking 
gas and butylenes. It can be noticed that the catalyst with the higher existing percent 
concentration o f รท+4 before and after any time-on-stream gave higher gas yield due 
to higher acid strength. Additionally, as can be seen in Figure 4.31, the derived oils 
from both catalysts highly consist o f gasoline. However, the obtained oil from using 
7 wt. % of tin oxide doped on SAPO-34 catalyst with calcinations temperature o f 400 
c° also consists o f kerosene and gas oil up to 23 wt.% and 21 wt.%, respectively with 
increasing time-on-stream.

494 492 490 488 486 484 482 480
B in d in g  E n e rg y  (e V )

F ig u r e  4 .2 7  XPS spectra o f fresh and spent 7SnSAP034 calcined at 700 °c.
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F ig u r e  4 .2 8  Changes o f Species and compositions o f tin oxides on 7 wt.% tin oxide- 
doped SAPO-34 calcined at 400 °c.

Sn-OH 
" ■ ' " Sn02 

-* r~ SnO 
รท

F ig u r e  4 .2 9  Changes o f Species and compositions o f tin oxides on 7 wt.% tin oxide- 
doped SAPO-34 calcined at 700 °c.
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60 180 300 480
Time-On-Stream (min) Time-On-Stream (min)

F ig u r e  4 .3 0  Percent weight o f ethylene; propylene, cooking gas and butylenes from 
using 7 wt. % of tin oxide on SAPO-34 calcined at 400 c°0) and 700C°(m), 
respectively.
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cP ( P  cP
6 * v" ^

a  60 min 
H 180 min 
B300 mm 
□  480 min

F ig u r e  4 .3 1  P e tro leu m  fra ctio n s  in  o i l s  from  u s in g  7  w t. % tin  o x id e  d o p ed  S A P O -  
3 4  c a ta ly s ts  c a lc in e d  at 4 0 0  c° ( le ft )  an d  7 0 0  c ° (r ig h t ) .

6)60 min 
[ร 180 min
□  300 min
□  480 min

F ig u r e  4 .3 2  C o m p o s it io n  o f  ex tra cted  o i ls  from  7  w t.%  tin  o x id e  d o p e d  S A P 0 3 4  
ca ta ly st c a lc in e d  at 4 0 0  °c.

C o n sid e r in g  th e ex tra c ted  o i l  c o m p o s it io n  sh o w n  in  F ig u r e s  4 .3 2  and  
4 .3 3 , th e  o i l  from  u s in g  7  w t. % o f  tin  o x id e -d o p e d  S A P O -3 4  c a ta ly s t  w ith  
c a lc in a tio n s  tem p era tu re o f  4 0 0  c° h ig h ly  c o n s is t s  o f  b e n z e n e , fo l lo w e d  b y  
o x y g e n a te  c o m p o u n d s  an d  C 1 0 +  a ro m a tics . T h e  o x y g e n a te  c o m p o u n d s  are m o s t ly
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pentanone and large molecules of ester while c  1 0 + aromatics is mainly naphthanlene 
with branches. On the other hand, the obtained oils from using the modified SAPO- 
34 with calcinations temperature of 700 c °  consist of oxygenate compound, and 
C10+ aromatics. Pentanone, Cyclopentanone, 2-methyl-ethane and 1,1-diethoxy are 
the main compounds in oxygenate compositions.

From the result, the calcination temperature has an influence on the 
oxidation state of tin oxide, changing from SnC>2 (รท+4) to SnO (รท+2), stable to 
metastable form due to high activation energy from high calcination temperature. 
From the result, both SnO (รท+2) and ร๗ว2 are responsible for butylenes formation. 
In addition, the result of oils shows that SnO (รท+2) on SAPO-34 is responsible for 
production of oxygenates, which the result is similar to when unsupported SnO was 
used displayed in Figure 4.5.

ร  60 min 
H 180 min 
ธ 300 min 
D480 min

F ig u r e  4 .3 3  Composition of extracted oils from 7 wt.% tin oxide doped SAP034 
catalyst calcined at 700 °c.
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4 .2  A n t im o n y
4 .2 .1  P u r e  O x id a t io n  S t a t e s  o f  A n t im o n y

4 .2 .1 .1  C h a ra c te r iza tio n  o f  so le  a n tim o n y  ca ta ly s ts
T h e  X R D  p a t t e r n s  o f  f r e s h  a n d  s p e n t  m e t a l l i c  a n t im o n y  a n d  

a n t im o n y  o x i d e s  a re  d i s p la y e d  in  F ig u r e s  4 .3 4  a n d  4 .3 5 .  T h e  p e a k s  o f  m e t a l l i c  

a n t im o n y  c a n  b e  d e t e c t e d  a t 2 0  =  2 6 .6 ° ,  4 0 .0 ° ,  4 1 .9 ° ,  4 8 .3 ° ,  a n d  5 1 .5 ° .  T h e  p e a k s  o f  

S b 2Û 3 c a n  b e  O b s e r v e d - a t 2 0  =  2 7 .7 ° ,  3 2 .1 ° ,  4 5 .9 ° ,  5 4 .5 °  a n d  5 7 .1 °  w h i l e  S b 2O s  c a n  

b e  m a in ly  d e t e c t e d  a t 2 0  =  3 3 .5 1 ° ,  4 5 .9 ° ,  a n d  4 8 .7 3 ° .  T h e  X P S  a n a ly s i s  o f  t h e  f r e s h  

a n d  s p e n t  c a t a ly s t s  w a s  p e r fo r m e d  in  o r d e r  to  o b s e r v e  th e  c h a n g e  o f  b in d in g  e n e r g y  

( B E )  o r  o x id a t io n  s ta te . A f t e r  th e  b in d in g  e n e r g y  c a l ib r a t io n ,  t h e  d e c o n v o lu t i o n  o f  

th e  ร ท  3 d  w a s  a c c o m p l i s h e d  b a s e d  o n  th e  B E s  o f  m e t a l l i c  S b  ( 5 3 8  e V ) ,  S b 2 0 3  ( 5 3 9 .6  

e V ) ,  S b 2 0 5  ( 5 4 0 .6  e V )  (G a r b a s s i ,  1 9 8 0 ) .  F ig u r e  4 .3 6  s h o w s  th e  f i t t e d  c u r v e s  o f  

m e t a l l i c  a n t im o n y  ( A ) ,  S b 2Û 3 ( B )  a n d  S b 2O s ( C )  c a t a ly s t s  b e f o r e  a n d  a f te r  th e  

d e h y d r a t io n  o f  b io - e t h a n o l .  T h e  c o m p o s i t io n  o f  a n t im o n y  s p e c i e s  o n  t h e  s o le  

u n s u p p o r te d  c a t a ly s t s  i s  s h o w n  in  A p p e n d ix  B . In  F ig u r e  4 .3 6 ( A ) ,  th e  X P S  s p e c t r a  o f  

fr e s h  m e t a l l i c  a n t im o n y ,  w h ic h  c o n t a in  a  p e a k  l o c a t e d  a t 5 3 8  e V  i s  a s s ig n e d  t o  S b ° ,  
a c c o u n t e d  f o r  5 1 .5 % , a n d  a  p e a k  l o c a t e d  a t 5 3 9 .6  e V ,  a n d  a c c o u n t e d  fo r  4 9 .5 %  is  

a s s ig n e d  t o  S b 2C>3 ( S b +3) . T h e r e f o r e ,  th e  c o m m e r c ia l  a n t im o n y  i s  n o t  p u r e  a t in i t ia l ,  
c o n t a in in g  5 1 .5 %  S b °  a n d  4 8 .5 %  S b 2 0 3 - F ig u r e  4 . 3 6  ( B )  a n d  ( C )  a ls o  in d ic a t e s  th a t  

th e  c o m m e r c ia l  u n s u p p o r te d  S b 2 0 3  a n d  S b 2C>5 c a t a ly s t s  d o  n o t  o n l y  c o n t a in  i t s  p u r e  
p h a s e .

T a b le  4 .4  S p e c i f i c  s u r f a c e  a r e a  a n d  p o r e  c h a r a c t e r is t ic s  o f  a n t im o n y  w i t h  d i f f e r e n t  

o x id a t io n  s ta te s

M e ta l  O x id e
B E T  s p e c i f i c  

a r e a
P o r e  D ia m e t e r

P o r e
V o lu m e

( m 2/ g ) ( n m ) ( m J/ g )
M e ta l  S b 7 .3 2 .5 0 .0 0 5

S b 20 3 5 .3 1 0 .5 0.02
S b 20 5 1 0 .9 9 .4 0 .0 3
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F ig u r e  4 .3 4  X - r a y  d i f f r a c t io n  p a tte r n s  o f  f r e s h  a n t im o n y  o x id e  c a t a ly s t s  w it h  
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F ig u r e  4 .3 5  X - r a y  d i f f r a c t io n  p a tte r n s  o f  s p e n d  a n t im o n y  o x id e  c a t a ly s t s  w i t h  
d if fe r e n t  o x id a t io n  s ta te s .



5 4

Sb'5 Sb° Sb'5 Sb±3

Sb-OH Sb15

F ig u r e  4.36 Sb 3 ช3 /2  XPS spectra of (A) fresh and spent unsupported metallic 
antimony, (B) Sb2 Û3 , and (C) Sb2 C>5 .

The supported commercial Sb2 Û3 contains both Sb2 C>3 (Sb+3) 
and Sb2 0 5 (Sb+5) phases, accounted for 62% and 38%, respectively, whereas the 
unsupported Sb2Os catalyst contains 78.4% of Sb2 Û5 (Sb+5) and 21.6% of 
Sb2 0 5 ’H2 0 . The result was also confirmed by the XRD peak at 20=56.1°. It is also 
found from the XPS results that the phases do not significantly change after 1 h of 
time-on-stream, except the commercial Sb° catalyst. After the reaction testing, the 
amount of Sb2 Û3 (Sb+3) increases to 86.5%. It is known that antimony tends to be
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oxidized when exposed to an oxidizing atmosphere. This indicates that, among all 
commercial antimony catalysts, metallic antimony is the most susceptible to oxidized 
during dehydration reaction.

4 .2 .1 .2  C a ta ly tic  A  c tiv ity  o f  a n tim o n y  o x id e s
The yield of extracted oils using all antimony catalysts is about 

0.67% shown in Appendix A. Figure 4.37 displays the gas distribution. All catalysts 
decrease ethylene production, indicating that ethylene could undergo further 
reactions to form propylene, cooking gas, and butylenes. Surprisingly, the selectivity 
of butylenes is the highest with using metallic antimony, whereas Sb2 Û5 (Sb+5) gives 
the highest propylene andcooking gas.

ID non-cat 
□  Sb 
ESb203 
0Sb2O5

DD non-cat 
BSb
□  Sb203 
a  Sb205

F ig u r e  4 .3 7  Weight percentage of ethylene, propylene, cooking gas and butylenes in 
the gas products from using metallic antimony, Sb2 Û3 and Sb2 0 s catalysts.
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DD Noncat 
□  Sb 
n Sb203 
0  Sb205

F ig u r e  4 .3 8  Composition of oils using metallic antimony, Sb2 Ü3 and ร๖2 0 ร catalysts.

This may be due to the contamination of Sb+ 5  in metallic 
antimony. Since Sb+5 is formed in metallic antimony, Sb+ 5  may help to convert 
ethanol to form ethylene and then butylenes, but it is not strong enough to form 
benzene through reaction pathway. Therfore, the selectivity of butylenes is lower and 
the selectivity of benzene is higher with using Sb2 C>5 , compared to metallic 
antimony.

The oil compositions obtained from unsupported commercial 
metallic Sb, Sb2 C>3 and Sb2 Û5 shown in Figure 4.38 are remarkably different. The 
main products in oils using either metallic antimony -or Sb2 C>3 catalysts are 
oxygenates, non aromatics and benzene, whereas only non-aromatics and benzene 
was the main components with using Sb2 0 5 . According to the acid property of metal 
oxides, antimony oxide is non-metal, which shows acidic characters. Since acid 
strength also increases with the number of oxygen substitution on the central atom; 
therefore, Sb2 0 5  (Sb+5) that has the highest oxidation state favors hydrocarbon 
formation rather than oxygenates. However, it is noticed that metallic antimony gives 
both oxygenates and hydrocarbons. It is because the commercial metallic antimony is 
contaminated with Sb2 Û5 (Sb+5) phase.

The result of oil composition shows that Sb2 Û5 (Sb+5) is 
responsible for propylene and benzene formation, whereas Sb° and Sb2 0 3 (Sb+3) 
might selective to oxygenate production due to the lowest oxygen substitution.
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4.2.2 Interaction between Sb° and SAPO-34
In this part, metallic antimony was mixed with SAPO-34, followed by 

hydrogen treatment in order to create the interaction between metal and support. The 
XPS analysis o f fresh and spent catalysts was performed in order to observe the 
interaction between the metal and the SAPO-34 support from the change o f binding 
energy (BE) or oxidation state. After the binding energy calibration, the convolution 
o f the รท 3d was accomplished based on the BE o f metallic Sb (538 eV), Sb2 0 3  

(539.6 eV), Sb20s (540.6 eV) (Garbassi, 1980). Figure 4.39 shows the fitted curve o f  
5Sb° SAPO-34 before and metallic antimony. The Sb 3d3/2 XPS spectra o f metallic 
antimony doped on SAPO-34 are located at 538.2 eV, which shifts to a slightly 
higher BE than that o f pure Sb°. This infers that there is an interaction between metal 
and support. After catalytic testing, the surface compostion on SAPO-34 changes to 
86.5% Sb20 5 (Sb+5) and 15.9% Sb°.

544 542 540 538 536 534
Binding Energy (eV)

Figure 4.39 Sb 3d3/2 XPS spectra o f fresh and spent 5Sb°/SAPO-34.
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100%-Sb0
Figure 4.40 Antimony species o f 5Sb° SAPO-34 before and after reaction.

Methane Ethylene Propylene Cooking gas Butylene

□  non-cat 
ฒ Metallic Sb 
ธ ร  APO-34 
m5Sb-0-SAPO

Figure 4.41 Weight percentage o f ethylene, propylene, cooking gas and butylenes in 
the gas product using 5Sb°/SAPO-34.

□  Non-cat
ฒ metallic Sb
□  SAPO-34
□  5Sb-0-SAPO

Figure 4.42 Composition o f oils using 5Sb°/SAPO-34.
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The reason for the change o f oxidation state o f 5Sb°/SAPO-34 is the 
same as that o f pure metallic antiomony. Figure 4.41 shows the gas selectivity o f  
ethylene, propylene, cooking gas and butylenes. The selectivity o f cooking gas from 
using Sb°/SAPO-34 is significantly higher than that o f Sb°. This indicates that 
metallic antimony not only has dehydrogenation-hydrogenation property, but also is 
highly dispersed on SAPO-34. Otherwise, metallic antimony would not have given 
the cooking gas as high as reported. Therefore, the interaction between Sb° and 
SAPO-34 with appropriate pore constraint and acidity obviously enhances cooking 
gas formation.

The main products in oils using 5Sb°/SAPO-34 displayed in Figure 
4.42 consist o f only non-aromatics and benzene. It is also noticed that oil yield 
slightly increases. Among the non-aromatics obtained from 5Sb°/SAPO-34, hexane, 
cyclohexane, pentene, cyclopentane and cyclopentene with branches are the main 
components. Both saturated and unsaturated compounds were observed in non
aromatics. Flowever, the selectivity o f benzene using 5Sb°/SAPO-34 remains 
constant, comparing to using SAPO-34. This infers that metallic antimony may 
slightly enhance the aromatization reaction.

From the result, it is found that there is an interaction between 
metallic antimony and SAPO-34, which is supported by XPS result. SAPO-34 also 
help metallic antimony to be highly dispersed, resulting in significantly higher 
selectivity o f cooking gas, compared to sole metallic antimony.

4.2.3 Sb90v/SAPQ-34
Figures 4.45 and 4.46 show the changes o f surface composition o f  

between 5 and 7 wt% Sb20x on SAPO-34 before and after the catalytic test as time- 
on-stream. Since Sb 3d5/2 is superimposed with O 1 ร; therefore, the peak position o f  
Sb 3d3/2 is used to determine the oxidation of antimony oxide instead. The fitting 
procedure was performed by considering the binding energy o f Sb2 Û 3 (539.6-539.9) 
and Sb205 (540.7-540.9) as follows. From XPS analysis, the peaks o f Sb 3d3/2 0 f  both 
catalysts in Figures 4.43 and 4.44 show fitting curve results. It is found that both o f  
the catalysts contain mixed oxides with two oxidation states; namely, Sb2 C>3 and
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ร๖20ร. However, the amount o f Sb+3 increases when the percent loading o f antimony 
oxide increases, indicating that the antimony oxide on SAPO-34 prefers to stay in the 
form of Sb20 3 with increasing antimony loading.

The higher formation o f Sb20 3 can be explained from the antimony 
specie result o f sole antimony oxide. From Figure 4.36, it is notice that both metallic 
antimony and Sb20 3 contain Sb+5 species, indicating Sb+5 is the more stable 
oxidation state number than Sb+3. At 5wt% รb2Ox loading, antimony oxide might be 
more highly dispersed than that o f 7wt% antimony, which can be observed from the 
compositions in Figure 4.45. The percentages o f Sb+3 and Sb+5 stay closely. On the 
other hand, the percentages o f Sb+3 and Sb+5 o f 7wt% Sb2Ox-doped SAPO-34 stay 
more separately. This means that due to higher loading percentage and larger cluster, 
Sb+3 species, which is less stable, can be able to maintain its structure.

Figure 4.47 displays the gas selectivity o f  ethylene, propylene, 
cooking gas and butylenes from the dehydration of bio-ethanol. The result shows 
that, initially, 5 wt.% loading gives a higher selectivity o f propylene, cooking and 
butylenes than those o f 7wt.% loading, except for the selectivity o f ethylene. This 
may be due to the different acid strength. From the XPS result, this can be inferred 
that the surface composition o f antimony oxides effects the product distribution. 
5wt.% of antimony oxide supported catalyst contains a higher amount o f Sb+5 species 
more than that o f  7wt.% one, resulting in higher acid strength and the higher 
selectivity o f propylene, cooking gas and butylenes. After, 60 min o f reaction time, it 
is observed that the selectivity o f ethylene produced from 7wt.% o f antimony 
increases significantly while the amount o f the other gases decreases almost half, 
compared with 5 wt.% loading at the same time-on-stream. As the time-on-stream 
increases, the selectivity o f gas, except ethylene and butylenes decreases. This can be 
explained that the increase o f Sb+3 species results in lower acid strength. Butylenes 
might not be able to be converted to bigger hydrocarbons.
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544 543 542 541 540 539 538 537
Binding Energy (eV)

Figure 4.43 XPS spectra o f 5wt% of antimony oxide-doped SAPO-34 before and 
after catalyst performance testing.

Sb+5 Sb+3

Binding Energy (eV)

Figure 4.44 XPS spectra o f 7 wt% o f antimony oxide-dopeds APO-34 before and 
after catalyst performance testing.
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Time-on-stream (min)

Sb20 3 . 
Sb20 5

Figure 4.45 Changes o f Species and compositions o f antimony oxides on 5 wt.% tin 
oxide-doped SAPO-34 calcined at 400 °c.

" ♦  Sb20 3 
Sb20 5

Time-on-stream (min)
Figure 4.46 Changes o f Species and compositions o f antimony oxides on 7 wt.% tin 
oxide-doped SAPO-34 calcined at 400 °c.
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Figure 4.47 Weight percentage o f ethylene, propylene, cooking gas and butylenes in ' 
gas phase from 5wt% (♦ ) and 7wt% (a) o f antimony oxide on SAPO-34.

In addition, the petroleum fractions o f 5 and 7 wt. % antimony oxide 
doped on SAPO-34 are displayed in Figures 4.48 and 4.49, respectively. The TBPs 
o f extracted oil mainly fall in to gasoline range. For 5 wt. % loading, kerosene and 
gas oil in the extracted oil increase to 10 wt. % and 30 wt. %, respectively, with 
increasing time-on-stream. The same trend o f petroleum fraction is also shown in 7 
wt. % o f Sb20x-doped SAPO-34. The composition o f kerosene range in the extracted 
oil increase up to 40 wt% when compared with that o f the unmodified catalyst. This 
indicates that the heavy petroleum fractions such as kerosene and gas oil increase 
when the Sl>20x was added.
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Figures 4.50 and 4.51 show the liquid composition from the catalytic 
dehydration of bio-ethanol. The derived oils from both catalysts consist o f oxygenate 
compounds, benzene and, especially, C10+ aromatics. It is observed that 5wt. % of 
Sb20x-doped SAPO-34, which consists o f a higher amount o f Sb+5 component, 
shows 40 wt.% lower selectivity o f benzene than that o f 7wt. %  Sb20x loading at 60 
min o f  time-on-stream. However, the 5 wt.% o f antimony loading on SAPO-34 is 
highly selective to the formation o f C10+ aromatics, even though the oil yield stays 
constant. As the time-on-stream increases, the changes o f C10+ aromatic selectivity 
from using 5wt% Sb20x-doped SAPO-34 is similar to those o f Sb+5, while the 
changes o f  Sb+5 in 7wt% Sb20x-doped SAPO-34 follow the trend o f  benzene 
formation. In addition, it was found that the oil yield from using 5wt% Sb20x-doped 
SAPO-34 was higher than that o f 7wt%. This means that the increase o f  antimony 
loading from 5 wt.% to 7 wt.% influences significantly on the liquid product 
distribution, rather than an increase o f oil-yield.

From the results o f both gas and oil, it is found that the changes o f  
Sb20 5 (Sb+5) govern the gas selectivity o f propylene, butylenes and benzene 
formation, whereas Sb2 0 3  (Sb+3) is selective to oxygenates formation. The result o f  
gas selectivies o f modified catalysts and sole metal oxides are similar. However, 
highly dispersed Sb2 Û 5 (Sb+5) on SAPO-34 could enhance the conversion from 
benzene to C10+ aromtics through dehydration reaction pathway, which can also be 
observed from the higher shift o f binding energy.

□  60 min 
a  180 rain 
0  300 min 
3480 min

Figure 4.48 Petroleum fractions in oils from 5wt% antimony oxide SAPO-34.
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Gasoline Kerosene Gas oil LVGO HVGO

ร] 60 min 
H 180 min 
□  300 min 
C3480 min

Figure 4.49 Petroleum fractions in oils from 7wt% antimony oxide SAPO-34.

□  60 rain 
Q 180 min 
ธ 300 rain
□  480 min

Figure 4.50 Composition o f oils from 5 wt.% o f antimony oxide SAPO-34.

ร] 60 min 
□  180 min 
B300 min 
H480 rain

Figure 4.51 Composition of oils from 7 wt.% of antimony oxide SAPO-34.
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The effect o f calcinations temperature was observed in order to see the 
change o f product distribution on catalytic dehydration of bio-ethanol along with the 
change o f antimony species. The antimony oxide species present on SAPO-34 
catalysts when calcined at 400 c° and 700C°, were examined using XPS. After the 
curve fitting procedure, the XPS spectrum o f fresh catalysts indicates a shift o f the 
Sb 3d3/2 binding energy toward lower values as the calcination temperature increases 
to 700C°. The fitting procedure was performed by considering the binding energy of 
Sb+3(Sb20 3) (539.6-539.9) and Sb+5 (Sb20 5) (540.7-540.9) as follows. The species o f  
antimony oxide and binding energy are shown in Figures 4.53, 4.54, and Appendix 
c. Both o f catalysts contain a mixture o f antimony oxides. With 5SbSAPO-34 
calcined 400 °c contains antimony with oxidations o f +3 and +5, accounted for 
45.7% and 54.3%, respectively. On the other hand, 5SbSAPO-34 calcined at 700 °c 
also contains antimony with oxidations o f +3 and +5, but accounted for 35.1% and 
64.5%, respectively. From Figure 4.52, the surface composition o f antimony oxides 
with the oxidation +3 increases continuously to 180 min time-on-stream, and then 
decreases. It is noticed that the change o f oxidation state o f antimony versus time-on- 
stream o f 5 wt% antimony oxide calcined at 700 cc  is similar to that o f 5 wt.% 
antimony oxide-doped SAPO-34 calcined at 400 °c. It was also mentioned that 
Sb20 3 can be oxidized back and forth (Mestl et a l ,  1994). This infers that antimony 
oxides doped on SAPO-34 calcined at 400 °c are more active than that o f calcined at 
700 °c.
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Sb+5 Sb+3

Binding Energy (eV)
Figure 4.52 XPS spectra o f fresh and spent 5SbSAP034 calcined at 700 °c.

- ♦ -  Sb20 3
Sb20 5

Figure 4.53 Changes o f Species and composition o f antimony oxides'on 5 wt.% tin 
oxide-doped SAPO-34 calcined at 400 °c.
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- Sb20 3 
Sb20 5

Figure 4.54 Changes o f Species and compositions o f  antimony oxides on 5 wf.% tin 
oxide-doped SAPO-34 calcined at 700 °c.

The gas and oil yields are shown in Appendix A. In Figure 4.55, for 
5SbSAPO-34 calcined at 700 °c, it seems that the gas selectivity o f propylene, 
cooking gas and butylenes follows, the change o f ร๖20ร. This confirms that the 
selectivity o f  gas may be governed by Sb2 0 5  (Sb+5). Because o f less activeness, the 
formations o f gases other than ethylene need higher acid strength, which is an 
antimony oxide at a high oxidation state. In addition, It was found that the oil yield 
and petroleum tractions shown in Figure 4.56 (left) obtained from 5SbSAPO-34 
calcined at 400 °c increase more rapidly and those o f 5SbSAPO-34 calcined at 700 
°c shown on Figure 4.56 (right). This indicates that antimony oxide with calcination 
temperature 400 °c is more active than 5SbSAPO-34 calcine 700 °c.
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T im e - o n - s t r e a m  (m in )

Figure 4.55 Weight percentage o f ethylene, propylene, cooking gas and butylenes 
from 5 wt. % antimony oxide on SAPO-34 calcined at 400 c°(a) and 700C°(i), 
respectively.
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ร 60 min 
B180 min 
5300 min 
H 480 min

Figure 4.56 Petroleum fractions in oils from using 5 wt. % antimony oxide-doped 
SAPO-34 catalysts calcined at 400 c° (left) and 700 c°(right).

The compositions o f extracted oil o f 5SbSAPO-34 calcined at 400 °c 
and 700 °c displayed in Figures 4.57 and 4.58, respectively. It was found that oils 
from both catalysts contain mainly oxygenates and benzene, except 5SbSAPO-34 
calcined at 400 °c that contains C+10 aromatics. This may be because, at the 
calcination temperature o f 700 °c, the loaded antimony oxides may accumulate 
themselves, and act as individual antimony oxides. It was observed from the XRD 
study shown in Appendix c  that the peaks o f 5SbSAPO-34 calcined at 400 °c are 
sharper and broader, located at the similar binding energies o f sole Sb2 C>3 and Sb2 Û 5 . 
This infers that antimony oxides from the catalyst calcined at 400 °c are more highly 
dispersed that the one calcined at 700 °c. Therefore, the selectivity o f oxygenates 
increases with the increase o f Sb2 Û3 , which corresponds to the oxygenate result 
obtained from using pure Sb2 Û 3 .
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Figure 4.57 Composition o f oils from 5 wt.% o f antimony oxide on SAPO-34 
calcined at 400 c°.
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. Figure 4.58 Composition o f oils from 5 wt.% o f antimony oxide on SAPO-34 
calcined at 700 c°.

The changes o f antimony species on 7wt% Sb20x-doped SAP034  
with calcination temperatures o f 400 °c and 700 °c were observed. After the curve 
fitting procedure, the XPS spectra o f fresh catalysts indicate a shift o f the Sb 3d3/2 
binding energy toward lower values as the calcination temperature increases to 
700C°. The fitting procedure was performed by considering the binding energy o f  
Sb20 3 (539.6-539.9) and Sb2Os (540.7-540.9) as follows. The species o f antimony
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oxide and binding energy are shown in Figures 4.60, 4.61 and Appendix c. Both 
catalysts contained mixed oxidation state o f antimony oxides. 7SbSAPO-34 calcined 
at 400 °c contains Sb2 Û3 and Sb2 Û 5 , accounted for 59.4% and 40.6%, respectively. 
On the other hand, 7SbSAPO-34 calcined at 700 °c contains also Sb2 Û3 and Sb2 C>5 , 
but accounted for 70.5% and 29.5%, respectively. It was noticed that Sb2 Û 3 

increases, and the binding energy is lower to the value o f pure Sb2 Û3 (Garbassi, 
.1980).

Sb+5 Sb+3

B in d in g  E n e r g y  ( e V )

Figure 4.59 XPS spectra o f fresh and spent 7SbSAP034 calcined at 700 °c.

It is suggested that antimony oxides deposited on SAPO-34 may 
accumulated themselves and can stay in an unstable form (Sb2 Û3 ) with increasing 
calcination temperature due to higher activation energy. According to Irmawati et al.
(2004), it was reported that the increase o f calcination temperature can promote the 
crystallinity o f antimony oxide. The gas and oil yields are shown in Appendix A. For 
7SbSAPO-34 calcined at 700 °c, it seems that the gas selectivity o f butylenes 
follows the change o f Sb2 Û 5 as similarly as that in 5SbSAPO-34 calcined at 700 °c.
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This confirms that the selectivity o f gas may be governed by SbzOs when calcined at 
700 °c.

“ ♦ - Sb20 3 
Sb20 5

Figure 4.60 Changes of Species and compositions o f antimony oxides on 7 wt.% 
antimony oxide-doped SAPO-34 calcined at 400 °c.

Sb20 3 
-■ - Sb20 5

Figure 4.61 Changes of Species and compositions of antimony oxides on 7 wt.% 
antimony oxide-doped SAPO-34 calcined at 700 °c.
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Figure 4.62 Weight percentage o f ethylene, propylene, cooking gas and butylenes 
from using 7 wt. % antimony oxide on SAPO-34 calcined at 400 c°(4) and 700C°(a), 
respectively.

In addition, it was found that the oil yield and petroleum fractions 
shown in Figure 4.63 (left) obtained from 7SbSAPO-34 calcined at 400 °c increase 
more rapidly than those o f 7SbSAPO-34 calcined at 700 °c shown on Figure 4.63 
(right). This indicates that antimony oxidea at calcination temperature 400 °c are 
more active than those o f 5SbSAPO-34 calcined at 700 °c. For the oil composition, 
with the calcination temperature o f 700 °c, oxygenates, non-aromatics and benzene 
are the main components, whereas C+10 aromatics is found using 7SbSAPO-34 
calcined at 400 °c. This indicated that there is a synergistic effect between highly-
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disperse antimony oxides. However, at the calcination temperature at 700 °c, the 
agglomerate antimony oxide might inhibit the formation of hydrocarbons. The result 
is also similar to that o f sole antimony oxide.

From the result, the increase o f calcination temperature have the 
influence on the surface composition o f Sb20x-doped SAPO-34; that is, the content 
o f metastable form (Sb2 0 3 ) increases or accumulates itself as sole metal oxide due to 
high activation energy. It can be concluded that Sb205 (Sb+5) doped on SAPO-34 is 
responsible for propylene, butylenes and benzene formation. Sb20 3 (Sb+3) loaded on 
SAPO-34 governs the oxygenates formation, which the result is similar to when 
using unsupported pure Sb2 0 3  and Sb2 0 5 . However, due to the interaction between 
the metal oxides and the support, highly dispersed Sb2 Û5 (Sb*5) observed at 
calcination temperature o f 400 °c enhances the oil yield and the formation o f bigger 
hydrocarbons rather than benzene.
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Figure 4.63 Petroleum fractions in oils from using 7 wt. % antimony oxide-doped 
SAPO-34 catalysts calcined at 400 °c (left) and 700 °c (right).
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F i g u r e  4 .6 4  Composition of oils from 7 wt.% of antimony oxidë-loaded SAPO-34 
calcined at 400 c°.
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F i g u r e  4 .6 5  Composition of oils from 7 wt.% of antimony oxide-loaded SAPO-34 
calcined at 700 c°.
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