
L IT E R A T U R E  R E V IE W S

In th is  sec tio n , sp ecia l attention  o f  related  papers d evoted  d irectly  to  the e ffe c t  
o f  s ilico n  to  a lum in ium  ratio o f  A g -z sm -5  z e o lite  cata lysts o n  s ilv er  c lu ster form ation  
H o w ever , t ile  o ther p o in ts are a lso  m en tion ed  so  that all inform ation can  contribute  
and lead  to  so m e  in teresting  subjects con cern ed  in  th is th esis.

J .T exter e t  a l .[5] exam in ed  U ltrav io let absorption  o f  aqueous so lu tion s o f  
tosy la te , su lfa te , perchlorate and tetrafluoroborate salt o f  A g +. T h e resu lts o f  
U ltrav io let absorption  band at 2 2 5 ,2 1 0  and 192 n m  are attributed to  iso la te  A g + ion  in  
the so lu tion .

A .H en g le in  e t  a l. [6] studied  R ad io ly tic  reduction  o f  A g + ion s in  aqueous  
so lu tion  b y  y-rays o f  a C o  source and reduction  b y  sod iu m  borohydride in  the  
p resen ce o f  p o lyp h osp h ate . T h e resu lt o f  R ad io ly tic  reduction  sh o w ed  that w h en  the  
tim e  o f  reduction  w a s b e lo w  9  m inutes A g + ion  in  aq u eou s so lu tion s w ere  to  
con verted  to  s ilv er  c lu ster (A g 2^  absorption  band in th e reduction w as 2 7 5  n m ) so  
after R a d io ly tic  reduction  tim e w a s lon ger  than 9  m in . rather sudd en ly  tw o  n e w  bands 
at 3 0 0  and 3 3 0  appeared (the band at 3 3 0  and 3 3 0  nm  w ere  a ssign ed  to  A g 3 and A g 5 

clu ster r esp ectiv e ly ). A fter  19 m in. a  band at 3 45  nm  d ev e lo p ed  (the band at 3 45  nm  
w a s a ssig n ed  to  Ag8 cluster)

T he form ation  o f  s ilver  cluster b y  R ad io ly tic  w a s

A g + +  eq' ->  A g ° ( 1)

Ag° +A g+ -> Ag+2 (2 )
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T he A g +2 io n s d im erized

2 A g +2 -> A g 2+2 (3 )

T he absorption  spectra o f  th ese  sp ec ies  has a lso  b een  ob served  at 3 6 0 ,3 1 0 ,2 7 5  
nm  a ssign ed  to  A g°, A g 2+ and A g 42+ resp ectively .
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B .G . E rsh ov  e t  al. [7] E xam in ed  L o n g -liv ed  clusters b y  p u lsin g  R ad io ly tic  
reduction  o f  s ilver  io n s in  AgClC >4 so lu tion  w h ich  con ta in ed  0 .1  M  2-proparol. T he  
result sh o w ed  that th e so lu tion  con ta in ed  stronger c lu ster  absorption bands at 2 9 5  and  
3 2 5  nm. w h en  b etw een  1 to  10 p u lses w ere applied . A fter  the absorption o f  20  pu lses, 
th ese  bands w ere  n o  longer present in  the spectrum  but the p lassm on  band o f  larger 
m eta llic  particles w a s present. T his band w as 3 7 0  nm . and then after 100 pu lses the  
band at 3 8 0  nm  appeared , this band w as a ssign ed  to  m eta llic  silver  nanoparticle. 
T h ey  reported that a  cluster at 325  nm  w as precursor to  th e larger particle.

K .A . B eth k e and H. K ung [1] studied  a lean  reduction o f  N O  w ith  C 3H<3 o n  2  
and 6 wt%  A g /A l20 3 catalysts. T h ey  reported that h igh  con version s o f  N o  w ere  
obta ined  over  2 w t%  A g /A l20 3 and co n v ersio n  o f  N O  to  N 2 w a s m uch  lo w er  than 6  
wt%  A g /A l20 3. T he d ifferen ce in  th e behavior o f  tw o  catalysts w as attributed to  the  
m u ch  higher A g  d ispersion  for 2 wt%  A g /A l20 3 than 6 wt%  A g /A l20 3, and the  
ox id ation  states o f  A g  w ere d ifferent under the reaction conditions. T he 2 wt%  
A g /A l20 3 w a s b e liev ed  to  contain  silver  in the +1 ox id ation  state under the reaction  
con d ition s (A g +) w h ile  6wt%  A g /A l20 3 cata lyst con ta in ed  A g° cluster. For th e  
p resen ce o f  A g° restated  in  a h igh rate o f  C 3H<5 com b u stion  w h ile  A g+ in  2w t%  A120 3 
resu lted  in  a h igh  con version s o f  N O  to  N 2.

Z hijang L i e t  al. [2] exam in ed  the prom otion  o f  A g-Z S M -5  b y  cerium  for  
se lec tiv e  cata lytic  reduction  (S C R ) o f  N O  w ith  m ethane in the presence o f  an e x c e ss  
o f  oxygen . C e-A g -Z S M -5  catalysts th e CH 4 SC R  o f  N O x  over th e tem perature range 
o f  4 5 0 -6 0 0  °c. T he result sh ow ed  that incorporation o f  a  sm all am ount (1 -1 .5  w t % ) o f  
cerium  into A g -Z S M -5  enhanced  th e  activ ity  and se lec tiv ity  for SC R  w ith  CH 4 . T he  
U V -V is  resu lt sh o w ed  that S ilver ex is ted  m ain ly  as d isp ersed  A g + ion  in  a  lo w  A g-
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con ten t and co n v ersio n  o f  N O  to  N 2 w as m uch  h igher than h igh  A g-con ten t, w h ile  
nanoparticles o f  s ilv er  o f  -  lOnm s iz e  w ere  fou n d  on  the surface o f  h igh  A g-content. 
T h e d isp ersed  A g + state w as m ore a ctive  for SC R  reaction  w h ile  s ilver  particles m ore  
e ffe c tiv e  ca ta lyzed  th e m ethane com b u stion  reaction.

Carla C osta  e t  a l .[8] exam in ed  the relation b etw een  activ ity  and acid ity  in  
variety  o f  Z S M -5  z e o lite  catalysts w ith  d ifferent S i/A l ratio and d ifferent photon ic  
content. T h e a c id  strength d istribution w as estim ated  u sin g  tem perature program  
desorption  (T P D ) o f  am m onia by ap p ly in g  a  d ig ita l d econ vo lu tion  m ethod  to  the  
curve. T h ey  reported that the m ost o f  catalysts had tw o  m ain  peaks o f  T P D , w h ich  
sh o w  m axim u m  in  desorption rate around 4 5 0  and 6 3 0  K. A s  the S i/A l ratio increase  
the num ber o f  acid  sites  decrease and the area b e lo w  T P D  curve w ere decrease w ith  
increase S i/A l ratio.

K en -ich i S h im izu  e t  al. [9] stud ied  se lec tiv e  catalytic  reduction (S C R ) o f  N O  
b y n-h exan e and n-octan e on  A g /A l20 3  at th e % load ing  o f  A g  w as 0 .6 ,2 ,3 ,5  w t %. 
T he result sh o w ed  that b e lo w  2 wt%  o f  A g  load in g  , h igh ly  d isp ersed  A g + io n  w ere  
predom inant A g  sp ec ies , w h ile  at h igher A g'load in g  ab ove 2w t% , Agn cluster w ere  
predom inant. T he A g + ions w ere resp on sib le  for se lec tiv e  reduction for N O  to  N 2 
w h ile  Agn clu ster  w ere  responsib le for hydrocarbon and N 20  form ation. T he U V -V is  
results sh o w ed  that the spectrum  o f  th e 5 wt%  A g /A l20 3  had a broad shoulder around  
2 8 0 -3 5 0  nm  w a s a ssign ed  to  Agn clusters.

N .B o g d a n ch ik o v a  e t  al. [4] ex a m in ed  the role o f  S i0 2/A l20 3  m olar ratio in  the 
silver  cluster stab ilization  inside m ordenite pore. T h ey  reported that S i 0 2/A l20 3 m olar  
ratio regulated  s ilver  cluster stab ilization  b y  the m ean  o f  change o f  m orden ite acid  
properties. T h e h igh  concentration and high strength o f  B ronsted  ac id  site  favor the  
stab ilization  o f  s ilv er  in the form  o f  clusters in sid e  the pores. In contrast, a lo w  
concentration  and lo w  strength o f  B ron sted  ac id  sites and high concentration  o f  L ew is  
site  inside th e ch an n els can hinder stab ilization  o f  silver  clusters. In th is case , large  
silver  nanoparticles on  the external surface o f  z e o lite  w ere form ed.

N .B o g d a n ch ik o v a  e t  a l. [10] studied the stab ility  and the d ec lin in g  o f  silver  
clusters w h ich  have th e absorption band at 3 2 0  and 285  nm  in m ordenite having  
d ifferent ratio o f  S i0 2/A l20 3  from  10 to  2 0 6 . T h ey  fou n d  that the ab sen ce  o f  both
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band w as th e  im portant th ing w h ich  ind icated  th e d ifferen ce o f  s ilver  sp ecies. The  
ox id ation  reaction w o ฟ d  m ake the peak  at 3 2 0  and 2 8 5  nm  change to  3 1 0  and 2 4 0  nm  
into silver  c lu sters w h o se  the stability  w o u ld  d epend  o n  the ratio o f  S i0 2/A l20 3 . T he  
least life  tim e  o f  th e c lu ster at 3 20  and 285  nm  about 4 0  and 2 0  days resp ectively .

N .B o g d a n ch ik o v a  e l al. [11] exam in ed  the s ilv er  phase on A g /A l2C>3 cata lyst 
w h ich  a ffec ted  th e o x id iz in g  nitric o x id e  to  nitrogen d io x id e  b y  บ 3แ 6 . From  the study  
, th e  con version s o f  N O  to  N 0 2 b y  1.2 wt%  A g /A l20 3  w ere lo w er  than on  10wt%  
A g /A l20 3. from  U V -V is  result sh o w ed  that both  o f  1.2 wt%  and 10 w t%  A g /A l20 3 
have m ajor peak  at 2 1 0 , 2 3 0  and 3 5 0  nm , thus th e peaks at 2 1 0  and 2 3 0  nm  are 
attributed to  A g +io n s , peaks at 2 9 0  and 3 5 0  nm  are ten tatively  a ssig n ed  to  sm all 
A g nm+ cluster and th e absorption at w a v e  lengths >  3 9 0  is attributed to  m eta llic  silver  
particle but the sign al a ssocia ted  w ith  m eta llic  silver  particles in  1.2 wt%  A g /A l20 3  

w as s ign ifican tly  lo w er  than 10 wt%  A g /A l20 3 - T h e con version  o f  N O  to  N o 2 sh o w ed  
that 10 wt%  A g /A l2Û 3 w as m ore a ctive  than 1.2 wt%  A g /A l20 3 -

v .s .  G urin e t  al. [12] reported that the factor a ffec tin g  a se lf-a ssem b lin g  o f  
s ilver  and cop p er clusters during the reduction o f  ion  exch an ged  form s o f  z eo lite  
(m ordenite, er ion ite , L, beta c lin o p tilo lite , Z S M 1 1 ,Y ) in hydrogen. A  m atch in g  o f  
z e o lite  v o id  can  b e  ea sily  stab ilized  in  the zeo lite  w ith  certain  pore s iz e  in  the range o f
0 .6 3 -0 .6 7  nm . Z eo lite s  had v o id  w id er  than 0 .7  nm  stab ilize  th ese  clusters o n ly  for a 
lo w  reduction tem perature sm all pore (cross sec tio n  area <  0 .6 3  d oes not stab ilize  Ag8  
clusters. From  the results o f  U V -V is  sh o w ed  that, silver-con ta in ed  m ordenite  
(2 8 0 .2 8 5  and 3 1 8 .3 2 3  nm ), erion ite (2 8 4 -2 9 3  and 3 2 1 -3 2 2  n m ), zeo lite  beta (2 9 0  and  
spirited peak at 3 1 4  and 325 nm ), L -zeo lite  (2 8 8 -2 9 2  and 3 2 6  nm ) and zeo lite  Y  
(s in g le  peak at 3 1 8 -3 2 5  nm ) can be a ssign ed  to  A gs clusters.

D .L . K o v a len k o  e t al. [13] studied  S ilver  nanoparticles and cluster produced  
w ith in  the con ven tion a l so -g e l p rocess w ith  tetraethyl orth osilica te  h yd ro lysis b y  
reduced w ith  hydrogen  at different tem peratures (1 5 0 ,3 0 0  and 500  °c). T he result o f  
their study co n c lu d ed  that the increase o f  A g  concentration  results in the form ation o f  
larger silver  nanoparticles and the s ilver  cluster can  b e produced o n ly  at lo w  
tem perature o f  p rocessin g  in hydrogen. A t tem peratures m ore than 150 °c  the higher
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am ount silver  is  incorporated in the porous s ilica  m atrix and the larger nanoparticles 
are form ed.

v .s .  G urin e t  al. [14] studied  an  io n -exch an geab le  z e o lite  (m orden ite) u sed  to  
control the form ation  o f  nanoparticle and clusters w ith in  the so lid  m atrix b y  the  
hydrogen  reduction  o f  m etal ion s (A g +, C u2+ and N i2+). The result sh o w ed  that 
S io 2/A l20 3  m olar ratio (1 5 -2 0 6 ) in m orden ite appears to  b e an effic ien t to o l to  m anage  
the reducib ility  o f  th e m etal ions. For A g-m ord en ite  reduced at 2 0 0  ๐c. Intensity o f  
th ese  m axim a and their shape depends strongly on  M R  value but their p o sitio n  o f  the  
short w avelen gth  part is  a lm ost the sam e for d ifferent M R . T he principal peaks are at 
2 8 0 -2 8 5  nm  and 3 1 8 -3 2 3  nm . In contrast,, in the range o f  w avelen gth s 3 7 0 -450n m ,th e  
broad absorption band appears to  b e dependent from  M R  remarkably. T he m ost 
pronounced  m axim a in  the u v  range are inherent to  th e m edium  v a lv es  o f  M R . w h ile  
T he lo n g -w a v elen g th  path d evelop s m ore for the lo w est and h igh est M R  (15  and 206). 
T h ese  u v  m axim a w ere assign ed  to  the s ilver  c lusters (Agg ) and the absorption band  
at ab ove 3 7 0  nm  w a s assign ed  to  s ilver  nanoparticles (w ith  s izes  in  range 1-5 nm )

S h ig eo  S atokaw a e t  al. [15] stud ied  the e ffec t o f  H 2 on  the se lec tiv e  reduction  
o f  N O  b y  ligh t hydrocarbon over A g / AI2O 3 catalyst. T he results sh o w ed  that N O  
reduction activ ity  at the lo w  tem perature reg ion  w as increased  b y  ad d in g  H 2 should  
act as a prom oter o f  N O  reduction b y  hydrocarbon over  A g / A U O 3. T he enhancing  
e ffec t by H 2 ov er  silver-based  catalysts has b een  exp la in ed  on  the b asis o f  reversib le  
redox beh avior b etw een  silver ca tion s and silver  m etal particles in  A g / A l20 3 . 
T herefore, th e activ ity  o f  hydrocarbon ox id a tion  by adding H 2 is  sp ecu lated  to  be  
cau sed  by red ox  behavior o f  silver  sp e c ie s  on  a lum ina surface.

K azuhito  Sato e t  a l. [16] exam in ed  the addition  o f  sm all am ount o f  rhodium  
enhanced  the activ ity  o f  A g / AI2O 3 cata lyst for the se lec tiv e  reduction o f  N O  w ith  
d ecan e at lo w  tem peratures. T he R h-prom oted  A g / A l20 3  sh o w ed  its h igh  
perform ance ev en  in the presence o f  lo w  concentrations o f  S 0 2. T he result o f  U V -V is  
sp ectroscop y  in d icated  that the s ilver  sp ec ie s  w ere A g +ion  (2 1 6 -2 3 8  n m ), A g n 0+ (2 3 8 -  
2 7 2  nm ) m  A g n i(2 7 5 -3 2 6  nm ), A gn? (3 3 0 -3 8 5  nm ). T he m ajor silver  sp ec ies  on  R h- 
prom oted  A g / AI2O 3 w ere Agn 5+ clusters w h ich  w o u ld  b e resp on sib le  for  the high
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activ ity  o f  N O  reduction  w h ile  A gni, A g „2 w o u ld  b e resp on sib le  for decane  
com bustion .

M .A . A li e t  a l. [17] studied about synthesis, characterization and catalytic  
activ ity  o f  Z S M -5  zeo lite  having variab le s ilicon -to -a lu m in u m  ratios th ey  prepared  
Z SM -5 w ith  d ifferent S i/A l ratio in the range 15 -100  b y  a rapid crystallization  
m ethod. T h ey  con c lu d ed  that the ac id s o f  cata lysts w ere d ecea sed  w ith  increased  
S i/A l ratio.

Junji Shibata e t  al. [3] studied  about A g  cluster as active  sp ec ies  for se lec tiv e  
catalytic reduction  for N O  b y  propane in  the p resence o f  hydrogen over  A g-M F I. SC R  
activ ity  ov er  A g-M F I w as sign ifican tly  en h anced  b y  addition  o f  H 2 b e lo w  673K . 
U p o n  the rem oval o f  H 2 from  reaction gases, N O  reduction  activ ity  decreased  to  the 
sam e con version  b efore the addition o f  H 2 ind icating that the prom otion  e ffec t o f  H 2 

on  N O  reduction  activ ity  w as reversib le. T he U V -V is  sp ectroscop y w as u sed  to  
id en tify  th e a ctiv e  structure o f  A g  sp ec ie s  during th e C 3H 8-SC R . A g +io n  ( adsorption  
bands at 2 1 0 ,2 3 2  n m ) w as m ain ly  in  the ex isten ce  during the C 3H g-SC R  in  the  
ab sen ce  t o f  H 2 w h ile  A g n5+ clusters (2 < n < 4 ) (adsorption  bands 2 6 0 ,2 8 5  n m ), together  
w ith  A g +ion , w ere  form ed  in  the p resen ce o f  H 2 . N O  reduction  rate and band intensity  
due to  A g nft+ c lu ster increased w ith  an increase in  H 2 concentration. O n the other  
hand, the form ation  o f  m etallic  A g m clu ster (3 < m < 5 )( adsorption bands 2 5 0 ,3 1 2  nm ) 
and A g  m eta l (3 5 0 -3 8 0 n m ) increased  the contribution o f  n o n se lec tiv e  hydrocarbon  
com bustion . From  th e results, it is  ind icated  that a  m oderately  agg lom erated  Agn6+ 
clu ster is  a  h igh  a ctive  sp ec ies  for S C R  b y  C 3FI8 in  th e p resen ce o f  H 2 and that th e role  
o f  H 2 is th e reduction  o f  A g+ion  to  Agn + cluster. A g  sp ec ies  is  m arkedly in flu en ced  
by concentrations o f  gaseou s com p on en ts not o n ly  FI2 but a lso  N O  and C 3H 8 . In 
addition , th e typ e o f  A g  sp ec ies w as reversib ly  ch an ged  am on g A g +ion , Agn +cluster  
and m eta llic  Agm clusters together w ith  A g  m eta l, d ependin g  on  the reaction  
atm osphere w h ich  su ggests that ga seo u s com p on en t control the balance am on g A g  
sp ec ies  on the catalyst.
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B ey er  and Jacob  [18] reported the reduction o f  A g +ion  to  (A g 2+) m  by H 2 as fo llo w .

H 2 v -:- N 2 H  

H  +  A g + ^ = ^  [A g°H +]

[A g°H +] +  A g + ------------>  A g 2+ +  H + '

A g  sp e c ie s  in  M FI zeo lite  are balanced  as described  during SC R  by C 3Hg as
fo llo w .

H2, c3Hs h2, c3h*
A g+io n  — x  A g 24+cluster — m eta llic  Agm cluster, A g  m etal 

n o ,o2 n o ,o2

v . s .  G urin e t a l. [19] exam in ed  the silver  and cop p er nanostructures w ith in  the  
erionite regular lattice. 14w t% A g-erionite w as reduced  w ith  H 2 at the tem perature  
about 1 0 0 ,2 0 0 ,3 0 0 ,4 0 0  and 5 00  °c. T he U V -V is  sp ectroscop y  sh ow ed  that for the 
reduction  tem peratures 100-300  ๐c w ere  presented  peaks at 2 9 3 ,3 2 2 ,4 4 7  and 6 83  nm  
w h ich  assign ed  to A g s cluster. For the reduction  tem perature 4 0 0 , 500  °c  peaks at 4 4 7  
and 683  nm  w ere disappeared. T he n ew  peak at 3 8 0  and 4 1 0  nm  w ere d evelop ed . 
T h ey con clu d ed  that the silver  reduced sp ec ies  a ssocia ted  w ith  the ab ove peaks at 
4 4 7 , 6 89  nm  are transform ed to  silver  nanoparticles b etw een  4 0 0  and 5 00  °c.

Junji Shibata e t al. [20] รณd ied  the structure o f  active  A g  clusters in the A g  
zeo lite s  for SC R  o f  N O  b y  propane in  th e p resence o f  H ydrogen . A g-M F I (S i/A l 2 2 )  
and A g  load in g  about 1.7, 3 .0  and 3 .5  wt%  w ere  u sed  to  com pare w ith  H 2-TPR. T he  
H 2-T P R  resu lt sh ow ed  that H 2-T P R  w ere  tw o  H 2 con su m p tion  peak, the first peak  
appeared at tem perature range from  373  to 573 K. T he tem perature o f  the secon d  peak  
w as sh ifted  to  a lo w er  tem perature w ith  an as increase in  A g  content. T hey  con clu d ed  
that A ll A g +io n s (2 10 ,235  n m ) are reduced to  A g 2pP+ clu ster first peak and the A g 2pP+ 
cluster are reduced  to  A g  m etal particles at the seco n d  peak. A nd  then  3 .5  wt%  A g -  
M FI S i/A l 2 2  w ere  pretreated in  0.5%  H 2 at 573  K  for 0 .5h  and treated in 10%  0 2 at
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773  K  for 1 h .T he U V -V is  result o f  th is sec tio n  sh o w ed  that 3 .5  wt%  A g  -M F I  
after a H 2 reduction  at 573 K  w here m o st o f  A g  sp ec ie s  sh ou ld  be present as th e A g 42+ 
clusters (p eak  range 2 8 0 -3 4 5  nm ). It w a s con firm ed  by A g  K -ed ge  X A N E S  spectra. 
T he am ount o f  th e clusters increases w ith  an increase o f  A g  loading. T he con version  
o f  N O  to  N 2 ov er  A g-M F I is  im proved  b y  an addition  o f  0 .5%  H 2. Its result sh ow ed  
that the present o f  A g 42+clusters after adding 0.5%  H 2 in  the con d ition  o f  SC R -C îH g  
are increased  th e N O  conversions. T h ey  co n clu d ed  that the A g 42+ clusters in  A g-M F I  
catalysts are resp on sib le  for the se lec tiv e  reduction o f  N O  by C 3H 8 .

Junji Shibata e t  al. [21] studied  th e in flu en ce  o f  z eo lite  support on  the activ ity  
enhancem ent b y  the addition o f  h ydrogen  for SC R  o f  N O  b y  propane over  
A g -zeo lite s . T he various o f  A g  con ta in in g  z e o lite s  (M O R , M FI, B E A  and Y ) w ere  
u sed  to  study for SC R - บ 3บ8  by the addition  o f  0 .5%  H 2 b e lo w  673  K. T he results 
sh ow ed  that N O  con version  w as increased  on  A g-M F I and A g -B E A  w h ile  it w as not 
on A g -M O R  and A g -Y . T he C 3H 8-S C R  activ ity  w a s en h an ced  by th e addition  o f  H 2 

b ecam e large w ith  an increase in S i/A l ratio o f  M FI. T h e U V -V is  sp ectroscop ic  study  
exh ib ited  that the state o f  A g  sp ec ies  d iffered  by z e o lite  types. From  com parison  
b etw een  th e C 3FI8-S C R  activ ity  and U V -V is  spectra. It w as con firm ed  that A g n5+ 
(2 < ท< 4)(ad sorp tion  band at 2 6 0 , 2 85  nm ) is h igh ly  active  sp ec ie s  for the N O  
reduction independ en tly  on  zeo lite  typ es ex cep t A g -Y . T h e balance o f  A g  sp ec ies  that 
governed  the C 3H 8-S C R  activ ity  w as sh ifted  to  m ore cation ic  A g  sid e  w ith  an increase  
o f  S i/A l ratio and in  order o f  acid  strength (M O R .M F I> B E A ). It is  su ggested  that 
ox id ative  d isp ersion  o f  agglom erated  A g  sp ec ies  by th e  increase acid  am ount and acid  
strength.
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