
CHAPTER II
LITERATURE SURVEY

2.1 Partial Oxidation of Propylene over Gold Catalyst

Gold has long been thought to be chemically inert, however, it has 
recently been proven that its catalytic performance is dramatically tunable by 
control of particle size and by careful selection of the support metal oxide. A 
typical example is the selective oxidation of propylene in the gas containing 
oxygen and hydrogen. When gold is deposited on T i0 2 by deposition- 
precipitation technique as hemispherical particle with diameter smaller than 4 
nm. It produced propylene oxide with selectivity higher than 90 % and 
conversion of 1-2 % at 303-393 K. The oxidation of hydrogen to form water is 
depressed by propylene, whereas propylene oxidation was not only enhanced 
but also restricted to partial oxidation by hydrogen. The depression of 
hydrogen combustion by the presence of propylene and a new peak due to 
gold deposition in TPD spectra have indicated that propylene was adsorbed on 
the surface o f both gold particle and the T i0 2 support. The propylene adsorbed 
on a gold surface may react with oxygen species formed at the perimeter 
interface between the gold particles and the T i0 2 support through the reaction 
of oxygen with hydrogen. When gold loading decreased to 0.1 wt%, the 
reaction product switched from propylene oxide to propane. TEM observed 
indicated that gold particles larger than 2.0 nm in diameter produced 
propylene oxide, whereas smaller gold particles produced propane. Oxygen 
molecules on small Au particles behaved as a peroxo-like adsorbed species, 
which enhanced the dissociation of hydrogen molecules. The active oxygen 
species were a similar peroxo-like species formed on a Ti cation site at the 
boundary between the Au particles and the TiO? support. The larger All
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particles that were prepared by impregnation method had much weaker 
interactions and much shorter perimeter interface with the T i02 on which the 
peroxo-like species were produced Hayashi et al. (1998).

Haruta (1997a) studied over factors controlling activity and selectivity 
of gold catalyst, which were types of metal oxide supports, size of the gold 
particles and control of the contact structure of the gold particles with the 
supports. These factors are influenced by the preparation method. They found 
that in the presence of both oxygen and hydrogen, propylene was converted to 
PO with selectivity above 90 % over Au/Ti02. The Au/Ti02 prepared by 
impregnation was poorly active and produced almost exclusively C 02. The 
presence of hydrogen not only enhanced the oxidation of propylene but also 
led to the selective partial oxidation to epoxide. It was found that there was a 
critical particle size of gold around 1-2 nm where the catalytic nature of the 
supported gold changed dramatically.

Haruta et al. (1998) found that gold supported on titanium-based 
metal oxides can assist the selective partial oxidation of propylene at 
temperatures from 313 K to 573 K in the gas containing both H2 and 0 2. The 
preparation method was found to be crucial in controlling the selectivity. In 
general, impregnation and chemical vapor deposition methods do not produce 
selective catalysts. Only the deposition-precipitation method made gold 
selective to propylene oxide or propanol, suggesting that a strong contact 
between the gold particles and the titanium ion site on the support is 
important. The effect of changing the support was also dramatic. The use of 
the anatase form of T i02 results in propylene oxide production, while the rutile 
structure of T i02 caused complete oxidation to C 02. These results indicated 
that the oxidation of propylene in the co-presence of H2 must involve the 
surface of the supports and that the reaction took place at the interface 
perimeter around the gold particles.
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T a n a k a  et al. (1996) h a v e  p r o v en  that th e  c a ta ly t ic  p e r fo r m a n c e  o f  
g o ld  ca n  b e  f in e ly  tu n ed  b y  c h a n g in g  th e  s iz e  o f  m eta l p a r tic le s  an d  b y  th e  
s e le c t io n  o f  m eta l o x id e  su p p ort. T h e  stru ctu re s e n s it iv e  c a ta ly t ic  p ro p e r tie s  o f  
g o ld  su p p o rted  o n  titan iu m  o x id e  h a v e  b e e n  in v e s t ig a te d . In  th e  r e a c tio n  o f  
p r o p y le n e  in  th e  g a s  p h a se  c o n ta in in g  o x y g e n  an d  h y d r o g e n , A u / T i 0 2 
c a ta ly s ts  w ith  A u  lo a d in g  h ig h er  than  0.2 % c a ta ly z e d  partia l o x id a t io n  to  
p r o d u c e  p r o p y le n e  o x id e  s e le c t iv e ly ,  w h ile  th e y  c a ta ly z e d  h y d r o g e n a tio n  o n ly  
to  p r o d u c e  p ro p a n e  w h e n  A u  lo a d in g  is  lo w e r  th an  0.1 % . It w a s  fo u n d  th at 2 
n m  m ig h t b e  a cr itica l s iz e  for  th e rea c tio n  o f  p r o p y le n e . It w a s  a lso  fo u n d  that 
A u / T i 0 2 c o u ld  s e le c t iv e ly  p ro d u ce  p r o p y le n e  o x id e  fro m  p r o p y le n e  in  
c o e x is t e n c e  w ith  h y d ro g en  and o x y g e n , w h ile  m a n y  o th er  m eta l c a ta ly s ts  
p r o d u c e d  p ro p a n e . T h e  fo rm a tio n  o f  P O  from  p r o p y le n e  (p artia l o x id a t io n )  
an d  th e  fo rm a tio n  o f  p ro p a n e  (h y d r o g e n a tio n )  d e p e n d in g  o n  A u  lo a d in g . G o ld  
p a r tic le s  sm a lle r  than  2 nm  g a v e  an e le c tr o n ic  sta te  that th e  p r e s e n c e  o f  
o x y g e n  c o u ld  d is so c ia te  h y d ro g en  m o le c u le s  in to  a to m ic  s p e c ie s .  T h is  led  to  
h y d r o g e n a tio n . B u t at h ig h er  A u  lo a d in g , ch a rg e  tran sfer  h ad  litt le  e f f e c t  on  
th e  e le c tr o n ic  sta te  o f  A u  a tom  at th e  su r fa ce .

G a s  p h a se  s e le c t iv e  o x id a tio n  o f  p r o p y le n e  to  p r o p y le n e  o x id e  (P O ) or  
p r o p io n a ld é h y d e  (P A )  in th e  p r e se n c e  o f  H 2 and 0 2 h a s b e e n  carried  o u t w ith  a 
p r o p y le n e  c o n v e r s io n  in  th e  ran ge o f  0.5-3.7 % o v e r  g o ld  d e p o s ite d  o n  
t ita n o s il ic a te s  b y  d ep o s it io n -p r e c ip ita t io n  (D P )  m eth o d . P O  w a s  o b ta in e d  w ith  
a s e le c t iv ity  a b o v e  90% at th e  tem p eratu re  in  ran ge o f  50°C-120°C w h e r e a s  
P A  w a s  o b ta in e d  at tem p eratu res h ig h e r  th an  200°c w ith  a s e le c t iv ity  a b o v e  
70 %  o v e r  th o r o u g h ly  w a sh e d  c a ta ly s ts  w ith  lo w  A u  lo a d in g  (U p h a d e  et ai,
1 9 9 8 ) .

2 .2  C a t a l y s t  P r e p a r a t io n  M e t h o d
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H e te r o g e n e o u s  c a ta ly s ts  are o fte n  p rep ared  b y  w e t  c h e m is tr y  m e th o d s  
su c h  as p r e c ip ita t io n , c o -p r e c ip ita t io n , d e p o s it io n -p r e c ip ita t io n , h y d ro th erm a l 
s y n th e s is  or s o l-g e l  p r o c e ss  (L iv a g e , 1 9 9 8 ). T h e  c a ta ly t ic  p ro p er tie s  are 
s tr o n g ly  a f fe c te d  b y  e v e r y  step  o f  th e p rep aration  to g e th e r  w ith  th e  q u a lity  o f  
th e  raw  m a ter ia ls . T h e  c h o ic e  o f  a lab ora tory  m eth o d  for  p rep a r in g  a g iv e n  
c a ta ly s t  d e p e n d s  o n  th e p h y s ic a l and c h e m ic a l c h a ra c ter is tic s  d e s ir e d  in  th e  
fin a l c o m p o s it io n . It is e a s ily  u n d ersto o d  that th e  p rep aration  m e th o d s  are a lso  
d e p e n d e d  o n  th e c h o ic e  o f  th e  b a se  m a ter ia ls  and e x p e r ie n c e  s h o w s  that 
se v e r a l w a y s  o f  p rep aration  can  b e  c o n s id e r e d , e v e n  for  a g iv e n  s e le c t io n  o f  
th e b a se  m ateria l (P e r e g o  and V illa , 1 9 9 7 ). In th is  w o rk , c a ta ly s ts  w e r e  
p rep ared  b y  d e p o s it io n -p r e c ip ita t io n  and s o l-g e l  m eth o d s .

2 .2 .1  D e p o s it io n -p r e c ip ita t io n  M e th o d
T h e  p ro ced u re  c o n s is ts  o f  th e  p rec ip ita tio n  o f  a m eta l  

h y d r o x id e  or ca rb o n a te  o n  th e p a r tic le s  o f  p o w d e r  su p p ort th ro u g h  th e  rea c tio n  
o f  th e  b a se  w ith  th e p recu rsor  o f  th e  m eta l. T h e  m ain  p ro b lem  is  to  a l lo w  th e  
p r e c ip ita t io n  o f  th e m eta l h y d r o x id e  p a r tic le s  in s id e  th e  p o res  o f  th e  su p p ort. 
T h e r e fo r e  th e  n u c lé a tio n  and g ro w th  on  th e su p p ort su r fa ce  w il l  re su lt  in a 
u n ifo r m  d is tr ib u tio n  o f  sm a ll p a r tic le s  on  th e su p p ort. O n  th e  co n tra ry , rap id  
n u c lé a t io n  an d  g ro w th  in  th e  so lu t io n  b u lk  w il l  lea d  to  la rg e  c r y s ta ll ite s  an d  
in h o m o g e n e o u s  d istr ib u tio n , s in c e  th e  la st p a r tic le s  w il l  b e  u n a b le  to  en ter  in to  
th e  p o res , b u t w il l  d e p o s it  o n ly  o n  th e  ex tern a l su r fa ce . In ord er to  o b ta in  th e  
b est r e su lts , an e f f ic ie n t  m ix in g  sh o u ld  b e  u se d  to g e th e r  w ith  a s lo w  a d d itio n  
o f  th e  a lk a li so lu t io n  in  order to  a v o id  th e  b u ild  up  o f  lo c a l c o n c e n tr a tio n . It 
h a s b e e n  fo u n d  that th e b est  b a se  is  urea , w h ic h  is u su a lly  a d d ed  at ro o m  
tem p eratu re: b y  ra is in g  th e  tem p era tu re  at 90°c, urea s lo w ly  h y d r o ly z e d  
g e n e r a tin g  a m m o n iu m  h y d r o x id e  h o m o g e n e o u s ly  th ro u g h  th e so lu t io n . T h e  
pH  o f  th e  so lu t io n  rem a in ed  p ra c tica lly  co n sta n t at th e rate o f  p r e c ip ita t io n , 
w h ic h  w a s  h ig h er  than that o f  h y d r o ly s is . B e s t  re su lts  in term s o f  h o m o g e n o u s
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d is tr ib u tio n  w e r e  a lso  o b ta in ed  w h e n  an in tera ctio n  b e tw e e n  th e  su p p o rt and  
th e  a c t iv e  p recu rso r  to o k  p la c e  (P in n a , 1 9 9 8 ).

G o ld  e x h ib ite d  a u n iq u e  c a ta ly t ic  n ature an d  a c t io n  w h e n  it w a s  
d e p o s ite d  a s  n a n o p a rtic le s  o n  a v a r ie ty  o f  m eta l o x id e s .  M o s t  r e a c tio n s  w e r e  
n o t ic e a b ly  stru ctu re  s e n s it iv e  o v e r  su ch  su p p o rted  g o ld  c a ta ly s ts . D e p o s it io n -  
p r e c ip ita t io n  w a s  e f fe c t iv e  to  d e p o s it  g o ld  w ith  h ig h  d isp e r s io n  o n  T i 0 2 and  
A 120 3. T h is  m eth o d  w a s  a p p lica b le  to  an y  fo rm s o f  su p p o rt in c lu d in g  b ea d s ,  
h o n e y c o m b s , an d  th in  f ilm s . A n  im p ortan t req u irem en t w a s  that th e  su p p o rt  
m a ter ia ls  sh o u ld  h a v e  h ig h  s p e c if ic  su r fa ce  areas, p re fera b ly  la rg er  th an  5 0  
m 2/g .  S in c e  g o ld  h y d r o x id e  c o u ld  n ot b e  d e p o s ite d  at lo w  p H , th is  m e th o d  w a s  
u s e le s s  for  m eta l o x id e s  h a v in g  lo w  p o in ts  o f  z e r o  ch a rg e , for  e x a m p le , S i 0 2- 
A 120 3 su p p o rt (H aru ta , 1 9 9 7 b ).

2 .2 .2  S o l-g e l  M eth o d
S o l-g e l  m eth o d  h as sev era l p r o m is in g  a d v a n ta g e s  o v e r  

p r e c ip ita t io n . In g en era l, s o l-g e l  sy n th e s is  o ffe r s  b etter  co n tro l o v e r  su r fa c e  
area , p o re  v o lu m e  an d  p o re  s iz e  d istr ib u tion . M o r e o v e r , s o l - g e l  m e th o d  a llo w s  
th e  fo r m u la tio n  o f  q u ite  a n u m b er o f  g e l w ith  h ig h  u n ifo r m ity  and s ta b ility  
(P e r e g o  and V il la , 1 9 9 7 ).

O n e  o f  th e  fea tu res o f  s o l-g e l  m e th o d  is  th e  fo r m a tio n  o f  liq u id  
p h a se  p recu rso rs  c o n s is t in g  o f  M r O-M2 b o n d in g  d u r in g  m ix in g  th e  m eta l  
a lk o x id e s  d is s o lv e d  in  th e o rg a n ic  so lv e n t , w h e r e  Ml is  th e  h o s t  m eta l io n s  and  
M2 th e  d o p e d  a n d /o r  m ix e d  m eta l io n s . T h u s th e  h o m o g e n e o u s  d is tr ib u tio n s  o f  
m eta l io n s  are e x p e c te d  in  th e  g e l prepared  b y  h y d r o ly s is  o f  th e  liq u id  p h a se  
p recu rso rs  an d , c o n se q u e n tly , in th e  d ried  p o w d e r s . H ig h  p u r ity  o f  th e  
p r o d u c ts  is  a ls o  th e  great featu re o f  s o l-g e l  m eth o d . T h e r e fo r e , it h a s o fte n  
b e e n  a p p lie d  to  th e  prep aration  o f  c a ta ly s ts  in ord er to  a v o id  s o m e  
in c o n v e n ie n c e s  d er iv ed  from  im p u r itie s  in th e  c a ta ly s ts  ( บ e n o , 1 9 9 2 ) .
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S in c e  c a ta ly tic  rea c tio n s  tak e  p la c e  o n  th e  su r fa c e  o f  m eta l  
p a r tic le s  in  a su p p orted  m eta l ca ta ly st. N o t  o n ly  th e  a c t iv it ie s  b u t a lso  th e  
p r o d u c t s e le c t iv ity  are im p ro v ed  o n  sm a ll s iz e  m eta l p a r tic le s . T h e  s o l-g e l  
m e th o d  is  o n e  o f  th e  p r o m is in g  te c h n iq u e s  to  co n tro l m eta l p a r tic le  s iz e s  in  th e  
su p p o rted  m eta l ca ta ly sts  ( บ e n o , 1 9 9 2 ). T h e  co n tro l o f  p o re  s iz e  is  s ig n if ic a n t  
b e c a u s e  th e  rate o f  s in ter in g  can  b e  red u ced  w h e n  th e  s iz e  o f  th e  m eta l p a rtic le  
is  m a tc h e d  to  th e  s iz e  o f  th e p ore  (G o n s a le z  et al., 1 9 9 7 ).

O n e  can  ta ilo r  m a k e  c a ta ly s t  to  fit p a rticu la r  a p p lic a tio n  b y  
u s in g  th is  m eth o d . O ther a d v a n ta g es  in c lu d e  h ig h e r  B E T  su r fa c e  area, 
im p r o v e d  th erm al s ta b ility  o f  th e  su p p o rted  m e ta ls , w e l l -d e f in e d  p o re  s iz e s  
d is tr ib u tio n s , and  th e ea se  w ith  w h ic h  a d d itio n a l e le m e n ts  ca n  b e  ad d ed  
(G o n s a le z  an d  L am b ert, 1 9 9 7 ).

A c c o r d in g  to  th e sy n th e s is  o f  s o l-g e l ,  it o c c u r s  in  tw o  d is tin c t  
s te p s  as fo l lo w in g  (G o n sa le z  et al, 1 9 9 7 ):

1. P reg e la tio n , w h ic h  o ccu r  w h e n  th e  rea cta n ts (a lk o x id e s  and  
m eta l p recu rso rs) h y d r o ly z e  and c o n d e n se  to  form  a g e l.

T h e  h y d r o ly s is  can  b e  o b ta in ed  as f o l lo w e d , w h e n  m eta l  
a lk o x id e s  rea c ts  w ith  w a ter  to  form  h y d r o x y l grou p  o f  m eta l.

(R O )m-M  +  H -O -H  --------►  (R O )m.|-M -O H  +  R -O H  (2 .1 )

W h ere
M  =  m eta l co r r e sp o n d in g  to  th e  a lk o x id e  
m  =  m eta l v a le n c e
R  =  a lk y l grou p  (C H 3, C 2 H 5, C 3 H 7 , e tc .)

A fte r  th a t, th e  c o n d e n sa tio n  o r p o ly m e riz a tio n  can  b e  a c h ie v e d
w h e n  a lk o x id e  g ro u p s  (M -O R ) re a c t w ith  h y d ro x y l g ro u p s  (M -O H ) fo rm ed
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d u r in g  th e  h y d r o ly s is  to  th e  form  m e ta lo x a n e s  (M -O -M ). T h e  r e a c t io n s  that 
ta k e  p la c e  are a s g iv e n  b e lo w .

M -O H  +  H O -M - --------►  -M -O -M - +  H O H  ( 2 .2 )
M -O R  +  H O -M -  ------ ►  -M -O -M - +  R O H  ( 2 .3 )

2 . P o s tg e la t io n , th e  se c o n d  s ta g e  in th e  s o l  g e l  s y n th e s is ,  
c h a n g e s  th at o c c u r  d u rin g  th e  d ry in g  and c a lc in a tio n  o f  th e  g e l  in c lu d e  
d e so r p tio n  o f  w a ter , th e  ev a p o ra tio n  o f  th e  so lv e n t , th e  d e so r p tio n  o f  o r g a n ic  
r e s id u e s , an d  th e  d e h y d r o x y la t io n  r ea c tio n s  and structural c h a n g e s .

T h ere  are m a n y  v a r ia b le s , w h ic h  in f lu e n c e  th e  s o l - g e l  p ro d u c ts  
su c h  as w a te r /a lk o x id e  ratio , rea c tio n  p H , th e  in f lu e n c e  o f  th e  s o lv e n t ,  t im e , 
tem p era tu re  o f  rea c tio n , th e  d ifferen t a lk y l g ro u p s, and  th e  m e ta ll ic  p recu rso r  
u sed .

2 .3  S i l v e r  C a t a l y s t  f o r  E p o x id a t io n

B o w m a n  (1 9 8 9 )  fou n d  that b y  u s in g  a m ix e d  s ilv e r -p r o m o te r  m eta l 
s i l ic a te  c a ta ly s t . T h e  ep o x id a tio n  o f  p r o p y le n e  p ro d u ced  a c o n v e r s io n  grea ter  
th an  0 .2  m o le  p ercen t and a s e le c t iv ity  to  p r o p y le n e  o x id e  grea ter  th an  a b o u t  
2 8  m o le  p ercen t. S ilv e r -c o n ta in in g  sa lt w a s  an y  w a te r -so lu b le  s i lv e r  sa lt  that 
w il l  n o t a d v e r se ly  rea ct w ith  th e  s ilic a te -c o n ta in in g  sa lt to  fo rm  an u n d e s ir a b le  
p rec ip ita te .

R a n n e y  et al. ( 1 9 9 7 )  h a v e  s tu d ied  o n  th e  ro le  o f  w a ter  in  p artia l 
o x id a t io n  o f  p r o p y le n e  o v e r  s ilv e r  ca ta ly st. T h ey  fo u n d  that w a te r  c o u ld  
e n h a n c e  s e le c t iv ity  b y  b lo c k in g  o f  c o m b u stio n  s ite s  o c c u p ie d  w ith  
w a te r /h y d r o x y l o n  th e A g  su rfa ce . A d d it io n a lly , w a ter  d e c r e a se d  th e  
d e so r p tio n  a c t iv a tio n  en erg y  for p r o p y le n e  and P O  w h ic h  w o u ld  le a d  to  lo w e r  
c o n c e n tr a tio n  o n  th e ca ta ly st  su r fa ce  u n d er s tea d y  sta te  o p era tio n s . T h e  lo w e r  
su r fa c e  c o n c e n tr a tio n  w o u ld  b e  an in crea se  in  tu rn over  o f  s ite s  a c t iv e  fo r  P O
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p ro d u ctio n . A  lo w e r  co n cen tra tio n  o f  p r o p y le n e  o n  th e su r fa c e  c o u ld  en h a n ce  
the s e le c t iv ity  i f  th e lo w er  c o n cen tra tio n  w a s  p rim arily  r e a liz e d  at d eep  
o x id a tio n  s ite s .

T h e  A g /a - A L O j  ca ta ly sts  are w e ll  k n o w n  as c o m m e r c ia l c a ta ly s ts ,  
w h ic h  is cu rren tly  u sed  in d irect o x id a tio n  o f  e th y le n e  to  e th y le n e  o x id e  by  
m o le c u la r  o x y g e n . H o w e v e r , that ca ta ly sts  and rea ctio n  c o n d it io n s  w h ic h  are 
b est su ited  for e th y le n e  o x id e  p ro d u ctio n  d o  n ot g iv e  c o m p a ra b le  re su lts  in the  
d irect o x id a tio n  o f  p ro p y len e . T h e  stu d y  o v e r  s ilv e r  ca ta ly st that w a s  
c o m p r ise d  o f  p ro m o tin g  am o u n t o f  an in o rg a n ic  c h lo r id e  and a p o ta ss iu m  
p ro m o ter  w a s  d o n e  to  im p ro v e  the ca ta ly tic  a c t iv ity  (C o o k e r  et al., 1 9 9 8 ).

Lu and Z u o  (1 9 9 9 )  fou n d  that b y  u s in g  s ilv e r  c a ta ly s t  m o d if ie d  w ith  
a lk a li or a lk a li earth ch lo r id e  sa lts  c o u ld  p ro d u ce  P O  w ith  3 3 .4 %  s e le c t iv ity  
and 18.6%  p r o p y len e  c o n v e r s io n . T h e  c a ta ly s t  p rep aration  fa cto rs an d  the  
o p era tin g  c o n d it io n s  c o u ld  e ffe c t  o b v io u s ly  th e ca ta ly tic  e p o x id a t io n  p rop erty  
o f  s i lv e r  ca ta ly st . It w a s  sh o w n  that, as a p rom oter  o f  th e s i lv e r  c a ta ly s t , N a C l 
w a s  m o re  su ita b le  than L iC l and N H 4C1.
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