
CHAPTER V

RESULTS AND DISCUSSION

T h e  su p p o rte d  p a llad iu m  ca ta ly s ts  p re p a re d  an d  e v a lu a te d  in  th is  s tu d y  w ere  
2 % P d /S i0 2, 2 % P d /0 .5 % L a 2O 3/S iO 2, an d  2 % P d /3 % L a 20 3/ S i 0 2. A ll fre sh  ca ta ly s ts  
w ere  c h a ra c te r iz e d  by  A to m ic  A b so rp tio n  S p e c tro sc o p y  (A A S ), x -ra y  p o w d e r  
d iffra c tio n  (X R D ), B E T  su rface  a rea , an d  C O  ad so rp tio n . A fte rw a rd s , th e y  w e re  
ev a lu a te d  th e ir  ac tiv itie s  an d  se lec tiv itie s  w ith in  a  m ic ro f lo w  re a c to r  a t 2 0 0 , 3 0 0 , 400  
an d  500°c fo r  5 h r, re sp ec tiv e ly . A fte r  th e  reac tio n , u sed  c a ta ly s ts  w e re  c h a ra c te r iz e d  
by  T P O  m e th o d  in  o rd e r  to  d e te rm in e  a m o u n t o f  c o k e  an d  lo ca tio n  o f  co k e  d e p o s itin g  
o v e r c a ta ly s ts . T h e  ca ta ly tic  a c tiv ity  an d  se lec tiv ity  fo r e th an o l d e c o m p o s itio n  are  
p re se n te d  in  F ig u re s  5 .6  th ro u g h  5 .8 , an d  p ro d u c t d is tr ib u tio n  a re  sh o w n  in  F ig u re s  
5.10 th ro u g h  5 .21 . T P O  p a tte rn s  are  illu s tra ted  in  F ig u re s  5 .22  th ro u g h  5 .25.

5.1 Catalyst characterization

5.1.1 Catalyst characterization of metal content and BET surface area

T h e  m e ta l (P d ) co n ten t o f  m o d ified  P d  c a ta ly s ts  w as  o b ta in e d  d ire c tly  fro m  
A A S . S in ce  A A S  p ro v id e d  th e  am o u n t o f  lan th a n u m  in  a n a ly s is , la n th a n u m  a m o u n t 
w as s im p lif ie d  b y  s to ich io m e try  to  lan th an u m  o x id e  c o n te n t an d  p re se n te d  in  T ab le  
5 .1 . A d d itio n a l d a ta  o f  B E T  su rface  a rea  fo r all s tu d ie d  c a ta ly s ts  w as  a lso  in c lu d e d  in  
T ab le  5.1.

Table 5.1 T h e  c o m p o s itio n  an d  B E T  su rface  a rea  o f  P d  c a ta ly s ts

C a ta ly s ts %  P d  co n ten t %  L a20 3 c o n te n t B E T  su rfa c e  a re a  (m 2/g)
2 % P d /S i0 2 1.9 0 270
2 % P d /0 .5 % L a 2O 3/ ร iO 2 1.9 0 .4 265
2 % P d /3 % L a 20 3/ ร i 0 2 1.9 2 .9 2 54
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I t sh o w s th a t th e  a n a ly s is  o f  p a lla d iu m  an d  lan th a n u m  o x id e  ( lan th an a ) co n ten t 
in  th e  c a ta ly s ts  a re  c lo se  to  th e  v a lu e s  as ex p e c te d  in  th e  p re p a ra tio n  m e th o d . B esid es , 
an  in c rea se  in  la n th a n a  lo a d in g  g ra d u a lly  d e c re a se s  in  su rface  a rea . It is  p o ss ib le  th a t 
th e  d e c rea se  o f  B E T  su rfa c e  a re a  w as re fe rre d  to  th e  a g g lo m e ra tio n  o f  th e  s ilica  
p a rtic le s  d u e  to  th e  m o d if ic a tio n  w as  in d u ced  b y  th e  p re se n c e  o f  lan th an a . T h e  
reac tio n  a g g lo m e ra tio n  b e tw e e n  L a2Û 3 an d  SiC>2 w as  co n firm ed  in  th e  fu r th e r  sec tio n  
(X R D  d iscu ss io n ).

5.1.2 Catalyst characterization by x-ray diffraction

X R D  w as u se d  to  id e n tify  th e  c ry s ta llin e  p h ase s  p re se n t in  th e  fre sh ly  ca lc in ed  
an d  te s te d  ca ta ly s ts . In  a d d itio n , th e  av e rag e  c ry s ta llite  d ia m e te r  o f  su p p o rted  
c ry s ta llite s  w as  d e te rm in e d  u s in g  a  lin e  b ro a d e n in g  m e th o d . T h e  c a ta ly s ts  w ith  a 
h ig h e r m e ta l d isp e rs io n  (o r sm a lle r  c ry s ta llite  d iam e te r)  w e re  ex p e c te d  to  h a v e  h ig h e r 
ac tiv ity  fo r  e th an o l d e c o m p o s itio n , d u e  to  a n  in c rease  th e  m e ta l ac tiv e  sites.

T h e  X R D  lin e  p a tte rn s  o f  a  SiC>2 su p p o rt, 0 .5% La2O 3/S iO 2, an d  3% L a203/S i02 

are sh o w n  in  th e  F ig u re  5 .1 . S i 0 2, 0 .5 % L a2 O 3/S iO 2, an d  3 % L a20 3/S i0 2  sh o w  a  sing le  
b ro ad  p e a k  a t a p p ro x im a te ly  2 2  d e g re e s  2 0 , w h ich  is th e  ch a ra c te ris tic  o f  th e  sho rt- 
ran g e  o rd e r  p re se n te d  in  a m o rp h o u s  silica . T h e  line  p a tte rn  fo r p u re  c ry s ta llin e  L a203 

h as  p eak s  a t 16, 2 6 .2 , 27 , 39 .5  an d  4 9  d eg ree s  20  (F ig u re  5 .2 ). T h e re  w as n o  ev id en ce  
o f  c ry s ta llin e  L a 2 0 3 p re se n te d  o n  0 .5 % L a 2O3/SiO2, an d  3 % L a20 3/S i0 2 . T h e  
d isap p ea ran ce  o f  a  c ry s ta llin e  p a tte rn  fo r  L a20 3 in d ica ted  th a t e ith e r it w as  h ig h ly  
d isp e rse d  o v e r  th e  SiC>2 su rfa c e  o r  it w as  fo rm ed  w ith  Si to  am o rp h o u s  L a-S i phase .

A s sh o w n  in  F ig u re  5 .1 , s ilic a  p e a k  w as o b se rv e d  to  be  b ro a d e n  an d  lo w ered  
in  p eak  h e ig h t w ith  la n th a n a  lo a d in g  in c rease . It w o u ld  b e  an tic ip a te d  th a t la n th a n a  
co u ld  p ro b a b ly  re a c t w ith  s ilic a  an d  fo rm  La2Si20y. T h e  re su lt ag re e d  w ith  a 
d isc u ss io n  b y  V id a la  an d  c o w o rk e rs  [21], H o w ev er, th e  L a2S i2Û 7 sp ec tra  co u ld  n o t be 
d e tec ted  in  X R D  sp e c tra  in  lo w  lo ad in g , an d  it w ill sh o w  up  in  h ig h e r lan th an a  
lo ad in g  th a n  10% .
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P a lla d iu m  o x id e  w as n o t e x p e rim e n te d  w ith  X R D . T h e  d iffra c tio n  p a tte rn  fo r 
p a lla d iu m  o x id e  w as th u s  o b ta in e d  fro m  th e  A m e ric a n  S o c ie ty  fo r T e s tin g  M ateria l 
(A S T M ) P o w e r  D iffra c tio n  F ile . T h e  m a jo r  lin e s  a re  a t 3 3 .8 , 4 2 .0 , 54 .8 , 60 .7  and
7 1 .4  d eg ree s  2 9  [22]. T h e  X R D  p a tte rn s  o f  th e  fre sh  c a ta ly s ts  (SiC>2, 
0 .5% La2O 3/S iO 2, an d  3% L a203/S i02) a re  sh o w n  in  F ig u re  5 .3 . T h e  X R D  p a tte rn s  o f  
c a ta ly s ts  g o t m o re  b ro a d e n  in  a  m a jo r  line  ch a ra c te ris tic , w h e n  la n th a n a  w as 
in c reased . T h is  p re se n te d  c a ta ly s t co n ta in e d  h ig h ly  d isp e rse d  p a lla d iu m  ox ide . A  
h ig h ly  d isp e rse d  p a lla d iu m  o x id e  w as  e x p e c te d  b e c a u se  a  p o la r  o x id e  w o u ld  be 
e x p e c te d  to  w e t th e  p o la r  su rface  o f  s ilic a  o r  la n th a n a  ra th e r  th a n  a g g reg a tin g  in to  an  
ap p ro x im a te  sp h e rica l sh ap e . A s th e  re su lts , th e  X R D  p a tte rn  o f  p a lla d iu m  o x id e  o n  
s ilic a  lo o k e d  s im ila r  to  th o se  o f  p a lla d iu m  o x id e  la n th a n a -m o d if ie d  s ilica . T he 
av e rag e  c ry s ta llite  d ia m e te r  w a s  c a lc u la te d  fro m  th e  lin e  b ro ad en in g . T h e  av erag e  
c ry s ta llite  d ia m e te rs  o f  p a lla d iu m  o n  la n th a n a -m o d if ie d  s ilic a  an d  o n  s ilic a  su p p o rts  
are  sh o w n  in  T a b le  5.2.

Table 5 .2  C a lc u la te d  av e rag e  c ry s ta llite  d ia m e te r  (see  A p p e n d ix  C )

C a ta ly s ts C ry s ta llite  d ia m e te r  (Â )

2 % P d /S i0 2 55

2 % P d /0 .5 % L a 2O 3/S iO 2 40

2 % P d /3 % L a 2 0 3/ S i 0 2 34

T h u s, m o d if ic a tio n  o f  s ilic a  w ith  la n th a n a  im p ro v e d  th e  d isp e rs io n  o f  p a llad iu m .



Figure 5.1 XRD spectra of (a) Si02, (b) 0.5%La2O3/SiO2 and (c) 3%La20 3/Si02.
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Figure 5.2 XRD spectra of pure lathana.
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Figure 5.3 XRD spectra of (a) 2%Pd/Si02, (b) 2%Pd/0.5%La2O3/SiO2 and (c) 2%Pd/3%La20 3/Si02.
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5.1.3 CO adsorption

In  o rd e r  to  c o n firm  th a t  la n th a n a -m o d if ie d  a s s is te d  th e  d isp e rs io n  o f  p a lla d iu m  
o v e r c a ta ly s t su rface , th e  C O  a d so rp tio n  w as in v e s tig a te d . T h e  C O  ad so rp tio n  
p re sen ts  th e  n u m b ers  o f  av a ilab le  a c tiv e  s ites . T h e  re su lts  a re  sh o w n  in  T a b le  5.3. A s 
e x p ec ted , in c re a se d  a c tiv e  s ite s  w e re  fo u n d  w ith  in c re a s in g  la n th a n a  lo ad in g . T h e  
re su lt w as c o rre sp o n d e n t w ith  sm a lle r  c ry s ta llite  d ia m e te r  p re se n te d  in  T a b le  5.2.

Table 5 .3  N u m b e r o f  a c tiv e  s ites  o f  f re sh  c a ta ly s ts  (see  A p p e n d ix  D )

C a ta ly s ts N u m b e r o f  a c tiv e  s ite s  (s ite s /g  cat)

2 % P d /S i0 2 3.1 l x i o 18

2 % P d /0 .5 % L a 2O 3/S iO 2 3 .6 6 x l0 18

2 % P d /3 % L a 20 3/ S i 0 2 4 .2 3 x l 0 18

T h e  c h a ra c te ris tic  o f  c a ta ly s ts  w a s  ch a n g e d  b y  th e  a d d itio n  o f  la n th a n a  as 
d e sc rib e d  above . H o w ev e r, it is b e tte r  to  in v es tig a te  w h e th e r  th is  k in d s  o f  ch an g e  
a ffe c t p o s itiv e ly  o r n e g a tiv e ly  to  e th an o l d ec o m p o sitio n . In  th e  n e x t sec tio n , th e  
re su lts  an d  d isc u ss io n  u p o n  th e  e ffe c t b y  la n th a n a  w ill  b e  p re se n te d . S p e n t ca ta ly s ts  
fo r a ll o p e ra tin g  c o n d itio n s  w ere  m e a su re d  th e  re m a in in g  a c tiv e  s ite s , as  lis ted  in  
T ab le  5 .4 . T h e  d a ta  w ill b e  u sed  in  th e  d isc u ss io n  in  se c tio n  5 .2  an d  5 .3 .

T a b le  5 .4  N u m b e r o f  a c tiv e  s ites  o f  s p e n t ca ta ly s ts  a f te r  5 h r  T O S

C a ta ly s ts
R e a c tio n  te m p e ra tu re (°C )

2 00 300 4 0 0 500

2 % P d /S i0 2 2 .1 4 x l 0 18 7.1 l x i o 17 6 .9 3 x l 0 17 4 .4 3 x l 0 17

2 % P d /0 .5 % L a 2O 3/ ร i o 2 2 .6 3 x l 0 18 2 .6 0 x l 0 18 6 .1 2 x l 0 17 3 .6 1 x l0 17

2 % P d /3 % L a 20 3/ S i 0 2 2 .9 3 x l0 18 3 -O lx lO ’8 2 .9 7 x l 0 17 2 .2 1 x l 0 17
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5.1.4 Differential thermal analysis (DTA)

D iffe re n tia l th e rm a l m e a su re m e n ts  h av e  b e e n  u sed  fo r s tu d ie s  o f  th e  th e rm a l 
b e h a v io r  o f  m a te r ia l. A n  im p o rta n t u se  o f  d iffe ren tia l th e rm a l a n a ly s is  is fo r  th e  
g e n e ra tio n  o f  p h a se  d ia g ra m s  an d  th e  s tu d y  o f  p h ase  tran sitio n .

T h e  d iffe re n tia l th e rm o g ra m s  o f  SiC>2, 2 % P d /S i0 2 , 2% P d/0 .5% L a2O 3/S iO 2 , 
an d  2% P d /3% L a203/S i02 a re  sh o w n  in  F ig u re  5.4. F ro m  th is  f ig u re , th e  th e rm o g ra m s  
o f  a ll c a ta ly s ts  a re  s im ila r  to  a  th e rm o g ra m  o f  p u re  silica . T h e  sam e  p a tte rn  o f  
p a lla d iu m  c a ta ly s ts  an d  p u re  s ilic a  in d ica ted  th a t th e ir  c a ta ly tic  p h a se s  w e re  n o t 
c h a n g e d  d u rin g  an  in c rea se  in  te m p e ra tu re . A s th e se  re su lts , it w as  sh o w n  th a t p h ase  
o f  all c a ta ly s ts  w as  s tab le  u n d e r th e  o p e ra tio n  tem p e ra tu re  ran g e . A ll p e a k s  in  th is  
f ig u re  a re  a d d re s se d  to  be  en d o th e rm ic . It w o u ld  b e  sp ecu la ted  th a t w a te r  s till re ta in s  
in  ca ta ly s ts .

---------- OL
--------- 0 .5 L
-----------3L

Si02

0 100 2 0 0  3 0 0  4 0 0  500  600

T em perature (°C )

Figure 5 .4  D iffe re n tia l th e rm o g ra m s  o f  SiC>2, (0 L ) 2 % P d /S i0 2 ,
(0.5L )% P d /0.5L a203/S i02, an d  (3L ) 2 % P d /3 % L a 20 3/ S i 0 2.
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T h e  re a c tio n  e ff lu e n t fro m  th e  re a c to r  w as  id e n tif ie d  a n d  e v a lu a te d  b y  an  o n 
lin e  gas c h ro m a to g ra p h . E x p e c te d  c h e m ic a ls  su ch  as  c a rb o n  m o n o x id e , m eth an e , 
h y d ro g e n , c a rb o n  d io x id e  an d  ac e ta ld eh y d e  w e re  c a lib ra te d  in  o rd e r  to  fu rth e r p ro v id e  
th e  re a c tio n  a c tiv ity  an d  se lec tiv ity .

T h e  c o n v e rs io n  (ac tiv ity )  an d  se le c tiv ity  fo r e th a n o l d e c o m p o s itio n  reac tio n  
are  d e f in e d  as  fo llo w s:

%  c o n v e rs io n  =  (M o le  e th an o l in p u t-M o le  e th an o l o u tp u t)x  100
M o le  e th an o l in p u t

% S e le c tiv ity  =  (M o le  o f  c a rb o n  in  c a rb o n  m o n o x id e  an d  m e th a n e )x l0 0  
M o le  o f  c a rb o n  in  e th an o l in p u t X  %  c o n v e rs io n

5.2 Activity and selectivity of ethanol decomposition

5.2.1 Blank test of supports

A  b la n k  te s t  w a s  in v e s tig a te d  u n d e r  e th an o l d ec o m p o sitio n . S ilic a  w ith  th e  
sam e  a m o u n t o f  c a ta ly s t w a s  p la c e d  in s id e  th e  reac to r, w h ile  o th e r  fac to rs  w ere  k ep t 
u n c h a n g e d . It w as  c a rr ie d  o u t in  te m p e ra tu re  p ro g ra m  w ith  th e  ra n g e  o f  200-500°c. 

In  e a c h  s tep , th e  re a c tio n  w a s  c a rried  o u t co n tin u o u s ly  fo r  3 h r  in  o rd e r  to  en su re  th e  
re su lts . T h e  re su lts  as  a c tiv ity  b a se d  o n  e th a n o l d e c o m p o s itio n  a re  re p o rte d  in  F ig u re
5.5 . It w a s  o b v io u s ly  fo u n d  th a t th e re  w a s  a n  in s ig n if ic a n t o f  co n v e rs io n  ta k e n  p lace  
a t th e  te m p e ra tu re  c o n d itio n  a t 200 an d  300°c, w h ic h  w as fo u n d  a p p ro x im a te ly  2 -3% . 
T h e  a c tiv ity  a p p e a re d  h ig h e r  a t th e  te m p e ra tu re  o f  400 an d  500°c. F o r ex am p le ; 
co n v e rs io n  o f  e th a n o l to  e th y le n e  a t 400°c fo r 2 % P d /S i0 2, 2 % P d /0 .5 % L a 2O 3/SiO 2, 
an d  2% P d /3% L a203/S i0 2 a re  12, 9 , an d  3% , re sp ec tiv e ly . S im ila r  to  th o se  resu lts , 
co n v e rs io n s  w e re  fo u n d  2 3 , 19, an d  12% , re sp e c tiv e ly , a t 500°c. T h e  e ff lu e n t w as 
d e te c te d  a n d  id e n tif ie d  as e th y le n e  an d  tra c e  o f  a c e ta ld eh y d e . A s th e  re su lts , it w as 
p ro p o se d  th a t  la n th a n a  in h ib ite d  e th an o l d eh y d ra tio n  to  e th y len e . T h ese  ac tiv itie s  o f  
su p p o rt S i 0 2 w e re  u se fu l fo r  fu rth e r d iscu ss io n s .
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temperature(°C)
Figure 5.5 Conversion of ethanol over (a) Si02, (b) 0.5%La2O3/SiO2, and (c) 3%La20 3/Si02 as a function of temperature.
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5.2.2 Ethanol decomposition at 200°c

T h e  e fflu en t, w h ich  w as in d ic a te d  a t th is  co n d itio n , w as  c a rb o n  m o n o x id e , 
m e th an e , h y d ro g en , c a rb o n  d io x id e  an d  ace ta ld eh y d e . T h e  d is tr ib u tio n s  o f  e ff lu e n t 
u p o n  each  c a ta ly s t w ere  sh o w n  in  F ig u re s  5 .1 0 -5 .1 2 . T h e  p r im a ry  p ro d u c ts  w ere  
h y d ro g en , c a rb o n  m o n o x id e , an d  m e th an e . E th y len e , d ie th y l e th e r an d  e th an e  w ere  
n o t fo u n d  a t th is  co n d itio n . A c c o rd in g  to  th e  in v o lv ed  re a c tio n s  d e sc rib e d  p rev io u s ly , 
o n ly  e th a n o l d e h y d ro g e n a tio n  an d  a c e ta ld eh y d e  d e c o m p o s itio n  (as se e n  in  eq u a tio n s
3.2 an d  3 .3 ) to o k  p lace  w h ile  e th an o l d eh y d ra tio n  p ro d u c e d  e th y len e  co u ld  n o t be  
a ttr ib u ted . T h is  c o n firm ed  th a t e th a n o l d eh y d ra tio n  to  e th y len e  w as n o t 
th e rm o d y n a m ic a lly  fav o rab le  a t th is  c o n d itio n , as a lread y  p re se n te d  in  c h a p te r  3. 
C a rb o n  d io x id e , b y -p ro d u c t, w a s  fo u n d , re fe rre d  to  th e  w a te r-g a s  sh ift re a c tio n , in  
sm all a m o u n t (le ss  th a n  1% ). T h e re fo re , th is  w a te r-g a s  sh if t re a c tio n  w as e x c lu d ed  
fro m  th is  c o n s id e ra tio n . U p o n  th e  fe a s ib ility  o f  a ll ex p e c te d  in v o lv ed  reac tio n , it w as 
fo u n d  th a t a t th is  tem p e ra tu re , e th an o l d e c o m p o s itio n  w o u ld  d o m in a te . A t th is  
te m p e ra tu re  a ll th e  ca ta ly s ts  sh o w ed  lo w  co n v ers io n . T h e  av e ra g e  e th an o l 
co n v e rs io n s  w e re  10, 12, an d  16%  o v e r  2 % P d /S i0 2 , 2% Pd/0.5% La2O3/SiC>2, and  
2% P d /3% L a203/S i02, re sp ec tiv e ly  (see  F ig u re  5 .6 ). T h e  av e rag e  se le c tiv itie s  w ere  
73 , 78, an d  8 1%  o v e r  2 % P d /S i0 2, 2 % P d /0 .5 % L a 2O 3/S iO 2, an d  2 % P d /3 % L a 20 3/ S i 0 2, 
re sp e c tiv e ly  (see  F ig u re  5 .4).

A c c o rd in g  to  h ig h  n e g a tiv e  v a lu e  o f  AGr (see  F ig u re  3 .2 ), it w o u ld  c o n trib u te  
h ig h  c o n v e rs io n  (m o re  th an  70% ). T h e re fo re , it co u ld  b e  c o n c lu d e d  th a t th is  
c o n d itio n  w as s till in  k in e tic  reg io n . It is im p o rta n t to  n o te  th a t th e  la n th a n a -m o d ifie d  
s ilic a  su p p o rted  p ro d u c e d  m o re  a c tiv e  an d  se lec tiv e  c a ta ly s t th a n  u n m o d if ie d  s ilica  
su p p o rted  d id . T h is  m ay  d u e  to  th e  in c rea se  o f  th e  d isp e rs io n  o f  p a lla d iu m  m e ta l 
(sm a ll c ry s ta llite  d iam e te r) o v e r la n th a n a -m o d if ie d  s ilic a  su p p o rted . T h e  re su lts  w ere  
c o rre sp o n d e n t to  h ig h e r  d isp e rs io n  d u e  to  la n th a n a  lo ad in g , w h ic h  w as d isc u sse d  in  
th e  p re v io u s  se c tio n  (5 .1 .2 ). T h e  a c tiv itie s  an d  se lec tiv itie s  fo r  a ll c a ta ly s ts  w ere  
s tab le  th ro u g h o u t 5 h r  tim e  o n  stream . T h ey , th u s , sh o w ed  g o o d  th e rm a l s tab ility .



49

W ith  th e  o p e ra tin g  te m p e ra tu re  o f  300°c, th e  c a ta ly s ts  re su lte d  in  a  m a rk e d  
in c rea se  in  c a ta ly s t  ac tiv ity . T h e  c a ta ly s ts  d em o n stra ted  av e rag e  c o n v e rs io n s  o f  32, 
50, an d  58  an d  av e ra g e  se le c tiv itie s  o f  42 , 59 , an d  63 fo r th e  2 % P d /S i0 2, 
2 % P d /0 .5 % L a 2O 3/S iO 2, an d  2 % P d /3 % L a 20 3/ S i 0 2, re sp ec tiv e ly  (see  F ig u re  5 .7 ). It is 
n o te d  th a t th e  se le c tiv ity  p re se n te d  h e re  is th e  av e rag e  v a lue . T h e  re su lts  sh o w ed  
co n v e rs io n  an d  se le c tiv ity  o f  la n th an a -m o d ified  s ilic a  su p p o rte d  ca ta ly s t 
(2 % P d /0 .5 % L a 2O 3/S iO 2, an d  2% P d /3% L a203/S i0 2) w ere  so m ew h a t s tab le . O n  th e  
o th e r h an d , c o n s id e r in g  th e  p e rfo rm a n c e  b y  2 % P d /S i0 2 ca ta ly s t, th e  a c tiv ity  rap id ly  
d e c re a sed  fro m  39  to  2 6 %  an d  se lec tiv ity  w as so m ew h a t d e c re a sed  fro m  47  to  37%  
w ith in  5 h o u rs . P ro d u c t e ff lu e n t a t th is  tem p e ra tu re  w as s im ila r  to  th a t a t 200°c w ith  
so m e  tra c e  a m o u n t o f  a c e ta ld eh y d e . M o reo v e r, no  u n d es ired  p ro d u c t lik e  e th y len e  
fro m  a  d e h y d ra tio n  p ro c e ss  w as  o b se rv e d  w h ic h  in d ica ted  th a t d e h y d ra tio n  re a c tio n  is 
no t im p o rta n t a t th is  te m p e ra tu re , as  w e ll. T he p ro d u c t d is tr ib u tio n  is sh o w n  in 
F ig u re s  5 .1 3 -5 .1 5 . P ro d u c t o f  a c e ta ld eh y d e  v ia  2 % P d /S i0 2 w as fo u n d  to  b e  w ith  h ig h  
a m o u n t (9 %  b y  m o le )  th e re fo re , th e  se lec tiv ity  to  m a in  p ro d u c ts  (c a rb o n  m o n o x id e  
an d  m e th a n e )  w as  lo w e re d  as w e ll, c o m p a re d  to  th o se  o b se rv ed  o v e r  o th e r  c a ta ly s ts . 
T h e  d is tr ib u tio n s  w e re  s im ila r , in  th e  te rm  o f  a ce ta ld eh y d e , w h ic h  d e c re a se d  as 
in c rease  in  la n th a n a  lo ad in g , to  th o se  a t p rev io u s  200°c te m p e ra tu re  c o n d itio n . T h is  
m ig h t d u e  to  th e  h ig h e r  d isp e rs io n  o f  c a ta ly s ts  a fte r  th e  m o d ific a tio n . T h e se  re su lts  
su g g es t th a t th e  h ig h e r  a c tiv e  s ite s , th e  h ig h e r  a ce ta ld eh y d e  d e c o m p o s itio n  re a c tio n  is. 
T h is  w o u ld  im p ro v e  th e  re su lts  o f  a c tiv ity  an d  se lec tiv ity , co n secu tiv e ly .

T h e  e ffe c t o f  la n th a n a  a t th is  te m p e ra tu re  g av e  th e  ac tiv ity  an d  se lec tiv ity  
resu lts  s im ila r  to  th o se  a t 200°c. T h e  c a ta ly s t e m p lo y in g  la n th a n a -m o d ifie d  
su p p o rted  is s ig n if ic a n tly  m o re  a c tiv e  th an  u n m o d ified  co u n te rp a rt. T h e se  re su lts  
in d ica ted  th a t b o th  e th a n o l d eh y d ro g e n a tio n  an d  a ce ta ld eh y d e  d e c o m p o s itio n  
in c reased  w ith  th e  p re se n c e  o f  lan th an a  o r in  th e  o th e r w o rd s , w ith  h ig h e r  a c tiv e  sites. 
H o w ev er, a ll c a ta ly s ts  sh o w ed  a  g rad u a l d ec lin a tio n  in its a c tiv ity  an d  se lec tiv ity  
e sp ec ia lly , 2 % P d /S i0 2. T h is  in d ica ted  th a t so m e c a ta ly s t d ea c tiv a tio n  m ig h t occu r. 
T he d isc u ss io n  on  th is  m a tte r  w ill be in d e ta il in  sec tio n  5.3.

5.2.3 Ethanol decomposition at 300°c



50

T h e  a c tiv ity  an d  se le c tiv ity  o f  c a ta ly s ts  p e rfo rm e d  a t 400°c are  p lo tte d  in  
F ig u re  5 .8 . T h e  c a ta ly s ts  d e m o n s tra te d  av e ra g e  co n v e rs io n s  o f  49 , 4 3 , an d  16 and  
av e ra g e  se le c tiv itie s  o f  52, 53 , an d  28  fo r  th e  2 % P d /S i0 2 , 2% P d/0 .5% L a2O 3/S iO 2 , and  
2 % P d /3 % L a 20 3/S i0 2 , re sp ec tiv e ly . A s seen , th e  re su lts  o b ta in e d  a t th is  tem p e ra tu re  
c o n d itio n  w e re  d iffe re n t f ro m  th o se  a t lo w e r te m p e ra tu re  c o n d itio n s  (200 an d  300°C). 

L a n th a n a -m o d if ied  su p p o rte d  sh o w e d  lo w e r ac tiv ity  a t 400°c th a n  th o se  o b se rv ed  at 
300°c, w h ile  2 % P d /S i0 2  still g av e  c o n v e rs io n  a t 400°c h ig h e r  th a n  th a t a t 300°c.

C o n s id e r in g  th e  p ro d u c t d is tr ib u tio n , w ith  2 % P d /S i0 2  ca ta ly s t, a ce ta ld eh y d e  
w as ap p ea red , w h ile  it w as  fo u n d  m u c h  m o re  in  b o th  m o d if ie d  p a lla d iu m  ca ta ly s ts , as 
sh o w n  in  F ig u re s  5 .1 6 -5 .1 8 . A s  k n o w n , P d  m e ta l ac tiv e  s ite  p ro m o te d  th e  e th an o l 
d e h y d ra tio n  to  e th y len e , w h ic h  w as b e lie v e d  to  b e  a  m a in  co k e  p re c u rso r  fo r  th is  
sy stem . D u e  to  la n th a n a  p ro m o te s  g o o d  d isp e rs io n  o f  P d  m e ta l o v e r  c a ta ly s t su p p o rts , 
th is  m ay  in c re a se  th e  s ite s  to  g e n e ra te  b o th  re a c tio n s  an d  coke . T h e  m o re  coke  
g en e ra ted , th e  m o re  d e a c tiv a tio n  o f  c a ta ly s ts  w as. T h is  c an  b e  h a p p e n e d  o n ly  b y  the  
c o n d itio n  th a t  m e ta l ac tiv e  s ite  c o n ta in s  its  s iz e  d ia m e te r  b ig g e r  th a n  th e  c ritic a l s ize  
o f  co k e  [23]. T h e re fo re , w h e n  th e  c a ta ly s t a c tiv ity  w as d e c lin e d  b y  b o th  i ts e lf  an d  
n u m b er o f  a c tiv e  s ites , th e  e th a n o l d e c o m p o s itio n  co u ld  n o t p e rfo rm  co m p le te ly .

E th a n o l d e c o m p o s itio n  re q u ire s  tw o  steps. F o r  in c o m p le te  reac tio n , o n ly  th e  
f irs t s tep  w as  ap p ea red , w h ile  th e  se c o n d  s tep  w as h a rd  to  d ea l w ith . A s sh o w n , th e  
f irs t s tep  is th e  step  fo r e th a n o l d is so c ia tio n  to  p ro d u ce  a c e ta ld eh y d e  an d  h y d ro g en . 
T h is  m ig h t b e  a  re a so n  th a t  a  lo t o f  a c e ta ld eh y d e  w as  fo u n d  a t h ig h  c o n te n t o v er 
lan th an a  lo ad in g , as  p re se n te d  in  F ig u re  5 .18 . It w as  fo u n d  th a t a c e ta ld eh y d e  
g en e ra ted  b y  8 .0 , 9 .6 , an d  4 8 .8 %  b y  m o le  d u e  to  th e  in c rea se  o f  la n th a n a  lo ad in g . B y 
th e  a c c u m u la tio n  o f  co k e  to  a ll c a ta ly s ts , th e  ac tiv ity  th e n  d e c lin e d  g rad u a lly , 
e sp e c ia lly  fo r  2% P d /3% L a203/S i02- T h e  se lec tiv ity  (c a rb o n  a to m  to  m e th a n e  and  
ca rb o n  m o n o x id e ) w as  a lso  fo u n d  to  be  lo w er sin ce  c a rb o n  a to m  in  e th an o l co n v e rted  
no t co m p le te ly  to  ace ta ld eh y d e .

5.2.4 Ethanol decomposition at 400°c
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I t is in te re s tin g  to  c o n c e rn  th e  rem a in in g  a c tiv e  s ite s  a fte r  th e  o p e ra tio n s . 
T h e re fo re , a ll sp e n t c a ta ly s ts  w e re  m e a su re d  th ro u g h  th e  n u m b e r  o f  ac tiv e  sites. 
L a n th a n a -m o d if ie d  c a ta ly s ts  lo se  th e ir  ac tiv e  sites m o re  th a n  la n th a n a  u n m o d ifie d  
ca ta ly s t, as  p re se n te d  in  T a b le  5 .4 . T h is  co rre sp o n d s  to  th e  a m o u n t o f  c o k e  found . 
A c c o rd in g  to  th e  re su lts , la n th a n a  w as u n ab le  to  a ss is t s e le c tiv e ly  to  sy n g as . T h is  
e x p e c te d  th a t  th e  s ize  o f  m e ta l s ites  m ig h t be  b ig g e r th a n  its  c ritic a l size .

T h e  w a te r-g a s  sh if t re a c tio n  a lso  o ccu rred  o v e r  th is  c o n d itio n . T he 
c o n s id e ra tio n  sh o u ld  n o t b e  e m p h a s iz e d  sin ce  ca rb o n  d io x id e  w as fo u n d  w ith  trace  
am o u n t.

5.2.5 Ethanol decomposition at 500°c

T h e  a c tiv ity  an d  se le c tiv ity  o f  ca ta ly s ts  p e rfo rm e d  a t 500°c a re  p lo tte d  in  
F ig u re  5 .9 . T h e  c a ta ly s ts  d e m o n s tra te d  av erag e  c o n v e rs io n s  o f  97 , 95 , an d  93 and  
av e ra g e  se le c tiv itie s  o f  58, 55 , an d  50 fo r th e  2 % P d /S i0 2 , 2% Pd/0.5% La2O 3/SiC>2, an d  
2% P d /3% L a203/S i02, re sp ec tiv e ly . It w as o b v io u s ly  th a t  a t th is  tem p e ra tu re  
co n d itio n , a ll c a ta ly s ts  sh o w ed  ac tiv itie s  o v e r th o se  a t an y  s tu d ie d  tem p e ra tu res . 
R e fe r to  th e  b la n k  te s t, it w a s  k n o w n  th a t e th an o l d e h y d ra tio n  to  e th y le n e  o c c u rre d  at 
th is  c o n d itio n  e v e n  o v e r  a  su p p o rt. T h e re fo re , th e re  w a s  no  d o u b t fo r h a v in g  h ig h  
a c tiv ity  a n d  lo w  se lec tiv ity . It w as  h a rd ly  d is tin g u ish a b le  c a ta ly s t p e rfo rm a n c e  to  th e  
e ffe c t o f  la n th a n a  lo ad in g , s in ce  all o f  th em  p ro v id e d  v e ry  h ig h  ac tiv ity . S o m e 
a c e ta ld eh y d e  m ig h t p o ss ib ly  d e c o m p o se  to  ca rb o n  m o n o x id e  an d  m e th a n e  a t h ig h e r 
te m p e ra tu re  a c c o rd in g  to  an  e x tre m e ly  en d o th e rm ic  reac tio n . T h is  w as  ca u se d  to  
have  h ig h e r  se le c tiv ity  th a n  th e  re su lts  o b ta in ed  a t 400°c.

W ith  a h ig h  p o ss ib ility  o f  e th y le n e  p ro d u c tio n , c o k e  sh o u ld  b e  fo rm e d  and  it 
c au sed  th e  c a ta ly s t a c tiv ity  an d  se lec tiv ity . It w as  fo u n d  th a t, th e  se le c tiv ie s  o f  
c a ta ly s ts  a t th is  te m p e ra tu re  d e c re a sed  w ith  h ig h e r ra te  th a n  a t 400°c. F o r ex am p le , 
w ith  2 % P d /0 .5 % L a2 O 3/S iO 2, se lec tiv ity  (400°C) d e c re a sed  fro m  50 to  4 2 % , w h ile  
se le c tiv ity  a t 500°c d e c re a se d  fro m  63 to  49% .
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5.3 Catalyst deactivation by coking

An important feature of catalytic decomposition of ethanol is that the catalyst 
deactivates in the course of the process as presented in Figures 5.6-5.9. The main 
cause of the deactivation is the deposition of coke on the active site of metal, 
producing a lowering of the activity and selectivity. The ethanol decomposition was 
carried out for 5 hr in the temperature range 200-500°c in order to investigate whether 
how severe the catalyst deactivation was. Spent catalysts were characterized by 
means of TPO technique. The results showed characteristics of coke deposition on 
catalyst. The pattern of TPO refers to coke location while area under the curve refers 
to coke amount generated.

There was a study of coke generated over palladium catalysts by Marecot and 
coworkers [18]. The paper revealed that the spectrum peak at approximate 250°c was 
attributed to coke deposited on palladium atoms of high coordination number while 
the peak at approximate 400°c would involve palladium atoms of low coordination 
number like comers or edges. However, for the peak at approximate 550°c, it 
corresponds to the coke on the support. Figures 5.22 through 5.25 present the TPO 
patterns of the set of used catalysts with respect to temperature.

5.3.1 TPO obtained at condition 200°c

TPO patterns resulted from 200°c (see Figure 5.22) condition gave small 
amount of coke compared to other temperature conditions (the lowest area under the 
curve). The quantitative analysis pointed that coke deposition over catalyst were 
0.69, 0.53, and 0.50 over 2%Pd/Si02, 2%Pd/0.5%La2O3/SiO2, and
2%Pd/3%La203/Si02, respectively. It, thus, agreed that the amount of coke 
deposition was decreased upon lanthana loading. These results were consistent to 
constant stability of catalysts, a tiny declination of activity and selectivity over 5 hr 
TOS (see Figure 5.6). Considering a TPO spectra as Figure 5.21, there are two peaks 
appeared. The first peak appears at 250°c, which refers to coke generated on active
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metal site. The second peak appears at 550°c, which refers to coke generated on the 
acidic site far away from any metal site.

Coke deposited on metal over both lanthana-modified and unmodified catalyst 
were found to be somewhat same amount of coke. However, coke over support via 
unmodified catalyst was higher than those via modified catalysts. This means coking 
rate obtained from unmodified support is higher than that with modified support.

Since the temperature condition does not provide ethanol dehydration to 
ethylene, the polymerization of ethylene would not be found, as well. Coke appeared 
from this TPO experiment, then, was not formed through out the polymerization 
process. However, only one way to generate coke should be via the dissociation of 
some other intermediates, which was not be clear.

5.3.2 TPO obtained at condition 300°c

At the temperature condition of 300°c (see Figure 5.23), TPO patterns after 
this condition obtained a little bigger than those after condition 200°c. Coke 
depositions were 1.3, 0.86, and 0.57 over 2%Pd/Si02, 2%Pd/0.5%La2O3/SiO2, and 
2%Pd/3%La203/Si0 2, respectively. Like those results obtained from 200°c, the 
amounts of coke deposition were decreased upon higher lanthana loading. The results 
again were consistent to the constant stability of lanthana-modified catalysts (see 
Figure 5.7). Considering their TPO patterns, they are identified as 2 peaks. The first 
peak appears at 250°c, which refers to coke generated on active metal site. The 
second peak appears at 550°c, which refers to coke generated on the acidic site far 
away from any metal site.

5.3.3 TPO obtained at condition 400°c

The TPO patterns of spent catalysts obtained after operating at 400°c are 
presented in Figure 5.24. There are 2 peaks appear similar to those other conditions 
(200,300°C). Therefore, the locations of coke deposition could be what already was
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discussed. However, the peak heights showed should be taken into a consideration. It 
was found that peak height and area underneath the curve at 250°c obtained from 
2%Pd/Si02 was lower than those from other modified supports. It was found that the 
higher lanthana loading, the higher area under the curves was. This results 
correspond to the higher active sites over lanthana-modified catalysts. The metal size 
must be bigger than the critical size of coke. The carbon deposition were found to be 
2.71, 5.59, and 2.37 over 2%Pd/Si02, 2%Pd/0.5%La2O3/SiO2, and
2%Pd/3%La203/Si0 2, respectively. Lanthana still inhibits the total coke deposit, but 
it also assists the accumulation of coke over metal sites via promoting the 
polymerization of ethylene.

5.3.4 TPO obtained at condition 500°c

The TPO patterns of spent catalysts over 500°c are illustrated in Figure 5.25. 
It is obvious that the accumulation of coke was higher than that obtained from lower 
temperature condition. Consider the TPO pattern, it is found that they were different 
from those at lower temperature condition. TPO pattern contains 3 peaks. The first 
peak is about 250°c, second peak is around 550°c and last peak nearly 700°c. The 
first peak attributes to coke deposits on metal sites while the second one refers to 
carbonaceous deposits on acidic sites at the edge. The peak appeared at 700°c might 
refer to coke developed from coke at 550°c. Coke required high temperature (700°C) 
to remove possibly refers to well arranged-structure. The carbon deposition on 
catalyst is 8.19, 7.21, and 15.71 over 2%Pd/Si02, 2%Pd/0.5%La2O3/SiO2, and 
2%Pd/3%La203/Si02, respectively. The high amount of coke at this temperature 
came from low selectivity and high conversion.
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Figure 5.22 TPO curve of 200°c (0L) 2%Pd/Si02, (0.5L) 2%Pd/0.5%La2O3/SiO2 and (3L) 2%Pd/3%La203/Si02.
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Figure 5.23 TPO curve of 300°c (0L) 2%Pd/Si02, (0.5L) 2%Pd/0.5%La2O3/SiO2 and (3L) 2%Pd/3%La20 3/Si02.
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Figure 5.24 TPO curve of 400°c (OL) 2%Pd/Si02, (0.5L) 2%Pd/0.5%La2O3/SiO2 and (3L) 2%Pd/3%La20 3/Si02.
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Figure 5.25 TPO curve of 500°c (0L) 2%Pd/Si02, (0.5L) 2%Pd/0.5%La2O3/SiO2 and (3L) 2%Pd/3%La20 3/Si02.
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