
CHAPTER แ
THEORETICAL BACKGROUND AND LITERATURE REVIEW

2.1 Phenol

2.1.1 G en era l R em ark s
P h en o l is c lo se ly  re la ted  to  a lco h o ls  b e c a u se  o f  the  p re sen ce  o f  the 

h y d ro x y l ( - O H )  g roup . In  p h en o l, how ev er, the  h y d ro x y l g ro u p  is d ire c tly  bon d ed  to 
b en zen e  ring . P h en o lic  co m p o u n d s  o ften  hav e  u sefu l p ro p e rtie s . S o m e  are  found in 
p re se rv a tiv e s  o r  m ed ica tio n s . T he ch em istry  o f  p h en o l is d iffe re n t th an  that o f  
a lco h o ls . C o n cen tra ted  so lu tio n s  o f  the p h en o l c o m p o u n d  are  q u ite  to x ic  and  can 
cau se  severe  bu rn s. P heno l is a  co m m o n  industria l c h e m ic a l th a t is u sed  in the 
m an u fac tu re  o f  resin s, p la s tic s , fibers, ad h es iv e s , iron , s tee l, a lu m in u m , leather, and 
ru b b er. It is a lso  found  in d is in fec tan ts , c le an e rs , c ig a re tte  sm o k e , an d  m o to r veh ic le  
em iss io n s  (H S D B , 1991).

C la ss if ic a tio n  o f  pheno l co m p o u n d s  is d iv id e d  in to  th re e  ty p es  
acco rd in g  to  th e  n u m b er o f  p h en o l rings th a t a re  av a ilab le .

1. M o n o cy c lic  p h e n o ls  have  one p h en o l ring  a n d  a re  c o m m o n ly  fo u n d  in 
p lan ts , such  as p h en o l, ca techo l, h y d ro -q u in o n e  an d  p -h y d ro x y c in n am ic .

2. D icy c lic  p h en o ls  h av e  tw o  p heno l rings, su ch  as  f la v o n o id s  an d  lignans.
3. P o ly cy c lic  p h e n o ls  o r  p o ly p h en o ls  in c lu d e  lig n in s , ca tech o l m elan in s , 

f lav o lan s  (co n d en sed  tann ins).

P h en o l and  its  vapo rs are co rro s iv e  an d  h a z a rd o u s  to  th e  eyes, th e  
sk in , and  th e  re sp ira to ry  trac t. R epea ted  o r p ro lo n g ed  sk in  co n ta c t w ith  phen o l m ay 
cau se  d e rm a titis , o r even  seco n d  and th ird -d e g re e  b u rn s  d u e  to p h en o l cau stic  and  
d e fla tin g  p ro p e rtie s . In h a la tio n  o f  p h en o l v a p o r m ay  cau se  lu n g  ed em a. T he 
su b stan ce  m ay  cause  h a rm fu l e ffec ts  on  the  cen tra l n e rv o u s  sy s te m  and  heart, 
re su ltin g  in d y srh y th m ia , se izu res , and com a. T h e  k id n ey s  m ay  be  a ffe c ted  as w ell. 
E x p o su re  m ay  re su lt in  d ea th , and  the  e ffec ts  m ay  be d e lay ed . L o n g -te rm  o r repea ted
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ex p o su re  o f  th e  su b s tan ce  m ay  h av e  h a rm fu l e ffec ts  o n  th e  liv e r an d  k id n ey s. T he 
to x ic , acu te , an d  ch ro n ic  e ffec ts  o f  p h en o l a re  sh o w n  in  T ab le  2 .1 .

Table 2.1 T h e  tox ic , acu te , and  ch ro n ic  e ffec ts  o f  p h en o l 
(h ttp ://e h s .u c la .e d u /S O P /S o d iu m _ A z id e .d o c )

T o x ic
e ffec ts

P h en o l is a  tox ic  su b stan ce . P h en o l is a  p o iso n  a n d  to x ic  v ia  
in g estio n , in h a la tio n , an d  sk in  ab so rp tio n . T h is  c h e m ic a l is easily  
ab so rb ed  th ro u g h  the  sk in , and  fa ta litie s  h av e  b e e n  d o cu m en ted  from  
sk in  ab so rp tio n  th ro u g h  a re la tiv e ly  sm a ll su rface  area.

A cu te
e ffec ts

A cu te  p h en o l in to x ica tio n  cau ses  sh o ck , co llap se , co m a , co n v u ls io n s , 
cy an o sis , an d  death . In g es tio n  o f  le th a l am o u n ts  c a u se s  severe  bu rns 
o f  th e  m o u th  and  th ro a t, m a rk ed  a b d o m in a l p a in , cy a n o s is , m u scu la r 
w eak n ess , co llap se , co m a, an d  death . T rem o rs , c o n v u ls io n s , and  
m u sc le  tw itc h in g  hav e  a lso  occu rred . C o n ta c t o f  th e  sk in  w ith  the  
so lid  o r liq u id  can  p ro d u ce  ch em ica l b u rn s , re d n e ss , ed em a , tissu e  
n ec ro sis , an d  gan g ren e ; co n ta c t w ith  th e  eye m ay  re su lt in  irrita tio n , 
co n ju n c tiv a l sw elling , w h iten ed  c o rn e a , an d  b lin d n e ss .

C h ro n ic
e ffec ts

C h ro n ic  p h en o l p o iso n in g  is c h a ra c te r iz e d  by  v o m itin g , d ifficu lt 
sw a llo w in g , excess iv e  sa liv a tio n , d ia rrh ea , an o re x ia , head ach e , 
fa in tin g , v e rtig o , m en ta l d is tu rb an ces , an d  p o ss ib ly  sk in  e rup tions. 
P ro lo n g e d  cu tan eo u s e x p o su re  m ay  re su lt in  d e p o s it io n  o f  dark  
p ig m e n t in  th e  skin.

http://ehs.ucla.edu/SOP/Sodium_Azide.doc


6

2.2 Semiconductor

A  se m ic o n d u c to r  is a  m a te ria l w ith  an  e lec tr ica l co n d u c tiv ity  th a t is 
in te rm ed ia te  b e tw een  th a t o f  an  in su la to r an d  a  co n d u c to r. L ike  o th e r so lids, 
se m ic o n d u c to r m a te ria ls  have e lec tro n ic  band  s tru c tu re  d e te rm in e d  by the  crysta l 
p ro p ertie s  o f  the  m a te ria l. A  sem ico n d u c to r u sed  as  p h o to c a ta ly s t sh o u ld  be an  ox ide  
or su lfid e  o f  m e ta ls , su c h  as 1 ไ(ว2 , C dS , and  Z nO . T h e  ac tu a l en e rg y  d is trib u tio n  
am o n g  e lec tro n s  is d esc rib ed  by th e  F erm i level an d  tem p e ra tu re  o f  the e lec trons. A t 
ab so lu te  ze ro  te m p e ra tu re , all o f  th e  e lec tro n s  h av e  en e rg y  b e lo w  the  F erm i en ergy , 
bu t at n o n -ze ro  tem p e ra tu re , the  en e rg y  levels  a re  ran d o m ized , an d  som e e lec tro n s 
have  e n e rg y  ab o v e  th e  F erm i level.

A m o n g  th e  b a n d s  filled  w ith  e lec tro n s, th e  one  w ith  th e  h ig h es t en e rg y  level 
is re fe rred  to  as th e  v a len ce  band , and  the  b an d  o u ts id e  o f  th is  is  re fe rred  to  as the 
c o n d u c tio n  band . T h e  en e rg y  w id th  o f  th e  fo rb id d en  b an d  b e tw e e n  the  v a len ce  band  
and  th e  c o n d u c tio n  b an d  is re fe rred  to  as the  b an d  gap. T he o v e ra ll  s truc tu re  o f  b and  
gap  en e rg y  is sh o w n  in  F ig u re  2.1

Unfilled
Stand* band

- B and gap

Filled
bands

* I

Figure 2.1 T h e  s tru c tu re  o f  band  gap  energy .
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T he b an d  g ap  can  be co n s id e red  as  a  w all th a t e le c tro n s  m u st ju m p  o v er in 
o rd e r to  b eco m e  free. T he am o u n t o f  en e rg y  req u ired  to  ju m p  o v e r th e  w all is 
re fe rred  to  as th e  b an d  gap  en e rg y  (Eg). O n ly  e lec tro n s  th a t ju m p  o v er th e  w all and 
en te r  th e  co n d u c tio n  band  (C B ), w h ich  are  re fe rred  to  as co n d u c tio n  b an d  e lec tro n s, 
can  m o v e  a ro u n d  freely . W h en  ligh t is illu m in a ted  a t a p p ro p ria te  w av e len g th s  w ith  
en e rg y  equal o r  m o re  than  b an d  gap  en erg y , v a len ce  b an d  (V B ) e lec tro n s  can  m ove 
up to  the c o n d u c tio n  band  (C B ). A t the  sam e  tim e, as m a n y  p o sitiv e  h o les  as the 
n u m b er o f  e lec tro n s  tha t have  ju m p e d  to  th e  c o n d u c tio n  b an d  (C B ) are crea ted . T he 
v a len ce  band  (V B ), co n d u c tio n  band  (C B ), b an d  gap, and  b an d  gap w av e len g th  o f  
so m e co m m o n  sem ico n d u c to rs  a re  sh o w n  in T ab le  2 .2

Table 2.2 T h e  b an d  gap  p o s itio n s  o f  so m e co m m o n  se m ic o n d u c to r p h o to ca ta ly s ts  
(R o b ertso n , 1996)

S em ico n d u c to r V alen ce  band  
(eV )

C o n d u c tio n  band
(eV )

B an d  gap
(eV )

B and  gap 
w av e len g th  (nm )

T i 0 2 +3.1 -0.1 3.2 387
รท(ว2 +4.1 +0.3 3.8 326
Z nO +3.0 -0 . 2 3.2 387
Z nS + 1.4 -2.3 3 .7 335
W 0 3 +3.0 + 0 . 2 2 . 8 443
C dS + 2 . 1 -0 .4 2.5 496

C dS e + 1 . 6 -0.1 1.7 729
G aA s + 1 . 0 -0 .4 1.4 8 8 6

G aP +1.3 -1 .0 2.3 539

W ide b an d  gap sem ico n d u c to rs , su ch  as  o x id e s  (TiC>2 , Z n O , W 0 3> and  
F e 2 0 3) and  ch a lco g en id es  (co m m o n ly  C d S ), a re  c o m m o n ly  em p lo y ed  as 
p h o to ca ta ly s t in h e te ro g en eo u s  p h o to ca ta ly s is , o f  w h ich  it in v o lv es  e lec tro n -h o le  p a ir 
fo rm a tio n  in itia ted  by b an d  gap  ex c ita tio n  o f  a  s e m ic o n d u c to r  p artic le . U pon  
p h o to ex c ita tio n  o f  severa l sem ico n d u c to rs  in h o m o g e n e o u s ly  su sp en d ed  in  e ither
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aq u eo u s o r g a se o u s  m ix tu re s , s im u ltan eo u s  o x id a tio n  a n d  red u c tio n  reac tio n s  occur. 
M o lecu la r o x y g e n  is o ften  a ssu m ed  to  se rv e  as th e  o x id iz in g  agent. H e te ro g en eo u s 
p h o to ca ta ly tic  p ro cesse s  can  b e  d e fin ed  as  ca ta ly tic  p ro c e sse s , d u rin g  w h ich  one o r 
m o re  reac tio n  s tep s o ccu r b y  m ean s  o f  e lec tro n -h o le  (e ‘-h +) p a irs  p h o to g en e ra ted  on  
th e  su rface  o f  se m ic o n d u c to r m ate ria ls  illu m in a ted  by  lig h t o f  su itab le  energy . 
S om e steps o f  a  p h o to ca ta ly tic  p ro cess  are  red o x  reac tio n s , in v o lv in g  th e  
p h o to g e n e ra te d  e lec tro n -h o le  p a irs  (A m ar, 2007). T h e  d e ta il o f  th e  ph o to ca ta ly tic  
d eg rad a tio n  p ro c e sse s  w ill b e  d esc rib ed  later.

2.3 Photocatalyst

2.3.1 T itan iu m  D io x id e  (T iO ?)
T itan iu m  d io x id e  ( T i0 2) is a w id e  b an d  g ap  sem ico n d u c to r that has 

b een  e x te n s iv e ly  in v estig a ted  an d  ap p lied  to  a  w id e  sp e c tru m  o f  ch em ica l d isc ip lin es. 
Its uses are, fo r  in stan ces, in  se lec tiv e  o x id a tio n  an d  red u c tio n , p o ly m eriza tio n , 
co n d en sa tio n  reac tio n , su b s titu tio n a l flu o rin a tio n  o f  o le fin s  an d  p h o sp h a tes , 
p h o to v o lta ic s , an d  in  p h o to d e g ra d a tio n  o f  o rg an ic  an d  in o rg an ic  co m p o u n d s  (Fox 
and  C h en , 1981). T he h ig h  p h o to ac tiv ity , th e rm a l and  ch em ica l s tab ility , low  cost, 
and  n o n -to x ic ity  o f  TiC>2 m ak e  it a g ood  can d id a te  fo r su ch  ap p lica tio n s . T i 0 2 is 
found  in  th ree  c ry s ta llin e  ph ases: an a tase , ru tile , an d  b ro o k ite , as w e ll as in an 
am o rp h o u s p h ase . T he an a ta se  p h ase  has a  b an d  gap  e n e rg y  o f  3.2 eV , the  ru tile  
p h ase  o f  3.0 eV , and  the  b ro o k ite  p h ase  o f  3.4 eV  at ro o m  tem p era tu re . (H o ffm an n  e t 
a l., 1995). T h is  co rre sp o n d s  to  m ax im al w av e len g th  a b so rp tio n s  ra n g in g  from  365 to  
413 nm . U p o n  illu m in a tio n  o f  th e  T i 0 2  w ith  ligh t o f  e q u a l o r  g rea te r en e rg y  than  its 
b an d  gap e n e rg y , ch a rg e  tra n s fe r  from  v a len ce  b an d  to  c o n d u c tio n  b an d  occurs, 
c rea tin g  a h o le  (h +) and  a  free  e lec tro n  (e ') . T h ese  sp e c ie s  can  e ith e r reco m b in e  o r 
m ig ra te  to  th e  su rface  an d  re a c t w ith  su rface -b o u n d  a d so rb a te s , ty p ic a lly  oxy g en  o r 
w a te r  in  m o s t p h o to -o x id a tiv e  p ro cesses . S in ce  u v  lig h t m ak es  up  o f  le ss  th an  5 % 
o f  the  so la r sp e c tru m  th a t reach es  th e  e a r th ’s su rface , th e  co m m erc ia l ap p lica tio n  o f  
th ese  p ro cesse s  has b een  lim ited . H o w ev er, a  large  d e g re e  o f  ch a ra c te riz a tio n  w orks 
has been  a c c o m p lish e d  to  date.



9

T h e  m a in  fo u r p o ly m o rp h s o f  T i 0 2  found  in  n a tu re  are  ana tase  
( te trag o n a l), b ro o k ite  (o rth o rh o m b ic ), ru tile  (te trag o n a l) , and  T i 0 2  (B ) (m o n o c lin ic ). 
T he  s tru c tu re s  o f  ru tile , an a tase , and  b ro o k ite  can  be  d iscu ssed  in  te rm s o f  ( T i0 26‘) 
o c tah ed ra ls . T h e  th ree  c ry sta l s tru c tu re s  d iffe r by  th e  d is to rtio n  o f  each  o c tah ed ra l 
and  by th e  a ssem b ly  p a tte rn s  o f  the  oc tah ed ra l ch a in s. A n a tase  can  be reg a rd ed  to  be 
b u iltu p  fro m  o c tah ed ra ls  th a t a re  co n n ec ted  by th e ir  v e rtices ; in  ru tile , the edges are 
co n n ec ted ; an d  in  b ro o k ite . bo th  v e rtices  and ed g e s  are co n n ec ted , as sh o w n  in 
F igu re  2 .2  (C a rp  e t a l ,  2 0 0 4 ).

(a) (b) (c)

Figure 2.2  C ry sta l s tru c tu re s  o f  (a) an a tase , (b) ru tile , an d  (c) b ro o k ite .

In p h o to ca ta ly s is  ap p lica tio n s , b o th  c ry s ta l s tru c tu res , i.e. an a tase  and  
ru tile , are  co m m o n ly  u sed , w ith  an a tase  sh o w in g  a  g re a te r  p h o to c a ta ly tic  a c tiv ity  fo r 
m o st re ac tio n s . It has b een  su g g ested  tha t th is  in c rea sed  p h o to re a c tiv ity  is due  to 
a n a ta se ’s s lig h tly  h ig h e r F erm i level, lo w er cap ac ity  to  ad so rb  o x y g en , an d  h ig h er 
d eg ree  o f  h y d ro x y la tio n  (i.e . n u m b er o f  hydroxy l g ro u p s  on  the  su rface). R eac tio n s, 
in  w h ich  b o th  c ry s ta llin e  p h a se s  hav e  th e  sam e p h o to re a c tiv ity  (D e n g  et a l ., 2 0 0 2 ) or 
ru tile  a h ig h e r  one  (M ills  e t a l ,  2 0 0 3 ), are a lso  rep o rted . F u rth e rm o re , th e re  are  a lso  
s tu d ies, w h ic h  c la im  th a t a  m ix tu re  o f  ana tase  (7 0 -7 5  % ) and  ru tile  (3 0 -2 5  % ) is m ore  
ac tiv e  th an  p u re  ana tase  (M u g g lie  an d  D ing , 2 001). T h e  d isa g re e m e n t o f  the  resu lts  
m ay  lie in  th e  in te rv en in g  effec t o f  va rio u s c o e x is tin g  fac to rs , su ch  as sp ec ific  
su rface  a rea , p o re  s ize  d is tr ib u tio n , c ry sta l size, a n d  p re p a ra tio n  m e th o d s , o r in  the  
w ay  the  a c tiv ity  is ex p ressed . T h e  b eh av io r o f  D e g u ssa  P-25 co m m erc ia l T i 0 2
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p h o to ca ta ly s t, c o n s is tin g  o f  a  m ix tu re  o f  a n a ta se  an d  ru tile  in  an  ap p ro x im a te  
p ro p o rtio n  o f  8 0 /2 0 , is fo r m an y  reac tio n s  m o re  ac tiv e  th an  b o th  th e  p u re  c ry sta llin e  
phases. T h e  e n h a n c e d  ac tiv ity  a rises  fro m  th e  in c reased  e ff ic ie n c y  o f  th e  e ‘/h + 
sep a ra tio n  due to  th e  m u ltip h a se  n a tu re  o f  th e  p artic le s .

A s a  sem ico n d u c to r, TiC >2 fu n c tio n s  by  h av in g  a la rg e  b an d  gap , w hich  
can  be  d e sc rib ed  as  an  en e rg y  th re sh o ld  th a t e le c tro n s  m u st o b ta in  in  o rd e r to  flow  
th ro u g h  a  m ate ria l. T h e  b an d  gap  is loca ted  b e tw e e n  the  filled  v a len ce  b an d  and  the 
h ig h er en e rg y  c o n d u c tio n  band . T h e  m ag n itu d e  b e tw een  th e  e le c tro n ic a lly  o ccu p ied  
v a len ce  b an d  an d  th e  la rg e ly  u n p o p u la ted  c o n d u c tio n  b an d  d e te rm in es  b o th  the 
ex ten t o f  th e rm al p o p u la tio n  o f  th e  co n d u c tio n  b an d  (i.e . th e  e le c tr ic a l co n d u c tiv ity  
o f  th e  m a te ria l)  an d  th e  w a v e le n g th  sen sitiv ity  o f  the  se m ic o n d u c to r  to  irrad ia tion . 
T hat is, a  m ate ria l w ith  a la rg e r b an d  gap  req u ire s  h ig h e r e n e rg y  rad ia tio n  to  p o p u la te  
the  c o n d u c tio n  b an d  th a n  one  w ith  a  sm a lle r b an d  gap.

T h e  g en era l m ech an ism  for p h o to c a ta ly tic  re a c tio n  on  sem ico n d u c to r 
TiC>2 c a n  be ex p la in ed  as sh o w n  in  F ig u re  2 .3 . T h e  ab so rp tio n  o f  lig h t in TiC>2 at the 
w av e len g th s  o f  less th a n  387 nm  (fo r the  an a tase  c ry sta l w ith  th e  b an d  gap  o f  3.2 eV ) 
leads to  th e  p ro m o tio n  o f  an  e lec tro n  from  th e  v a len ce  b an d  to  th e  co n d u c tio n  band  
o f  th e  sem ico n d u c to r. T h is  ex c ita tio n  p ro cess  c re a te s  an  e le c tro n  in  th e  co n d u c tio n  
band  an d  an  e lec tro n  v acan cy  (a  h o le ) in a  v a le n c e  band . T h e  e le c tro n -h o le  p a irs  tha t 
are g en e ra ted  in  th is  w ay  m ig ra te  to w ard  th e  su rface  w h ere  th e y  can  in itia te  the 
redox  reac tio n s  w ith  ab so rb â tes . B ecau se  the  v a len ce  b an d  e d g e  o f  TiC >2 is lo ca ted  at 
a p p ro x im a te ly  + 3 .2  eV  w ith  re sp ec t to  a  n o rm a l h y d ro g en  e le c tro d e  (N H E ) a t p H  0 
(the p o s itio n  o f  th e  b an d  edge  is p H -d ep en d en t) , th ese  h o le s  a re  v e ry  po w erfu l 
o x id iz in g  ag en ts  an d  a re  cap ab le  o f  o x id iz in g  a v a r ie ty  o f  o rg a n ic  m o lecu le s , lead ing  
to th e  fo rm a tio n  o f  m a in ly  C O 2  an d  H 2 O. H o w ev e r, the  m a in  issu e  to  be tak en  into 
c o n s id e ra tio n  is th a t T iC >2 p h o to c a ta ly s t can  o n ly  b e  ex ited  b y  u v  ligh t b ecau se  o f  
th e ir  w id e  b an d  gap.
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Light

Figure 2.3 M e c h a n ism  o f  p h o to ca ta ly s is .

2 .3 .2  D o p in g  o f  TiO ?
N o b le  m e ta ls , in c lu d in g  P t, A u , Pd, R h , N i, C u  an d  A g , hav e  been  

re p o rte d  to  be  v e ry  e ffe c tiv e  fo r en h an cem en t o f  TiC>2 p h o to ca ta ly s is . A s th e  Ferm i 
lev e ls  o f  th ese  n o b le  m e ta ls  a re  lo w er th an  th a t o f  TiC>2 , p h o to -e x c ite d  e lec tro n s  can 
be  tra n s fe rred  fro m  c o n d u c tio n  band  to  m e ta l p a rtic le s  d e p o s ite d  on  th e  su rface  o f  
TiC>2 , w h ile  p h o to -g e n e ra te d  v a len ce  b an d  h o le s  rem ain  on  th e  TiC>2 . T h ese  ac tiv ities  
g re a tly  red u ce  th e  p o ss ib ility  o f  e lec tro n -h o le  reco m b in a tio n , re su ltin g  in  e ffic ien t 
se p a ra tio n  and  s tro n g e r  p h o to ca ta ly tic  re ac tio n s . A s e le c tro n s  accu m u la te  on  the 
n o b le  m eta l p a rtic le s , th e ir  F e rm i levels sh ift c lo se r to  the  c o n d u c tio n  b an d  o f  TiC>2 , 
re su ltin g  in  m o re  n eg a tiv e  en e rg y  levels. T h is  is b en e fic ia l fo r w a te r  sp littin g  for 
h y d ro g e n  p ro d u c tio n . F u rth e rm o re , sm a lle r m e ta l p a rtic le s  d e p o s ite d  on  TiC>2 su rface  
e x h ib it m o re  n e g a tiv e  F erm i level sh ift. A ccu m u la te d  e le c tro n s  on  m e ta l pa rtic les  
can  th en  be tra n s fe rre d  to  p ro to n s  ad so rb ed  on  the  su rface  an d  fu rth e r reduce  the 
p ro to n s  to  h y d ro g e n  m o lecu le s . T h ere fo re , n o b le  m e ta ls  w ith  su itab le  w o rk  fu n c tio n  
can  h e lp  e lec tro n  tran sfe r , lead in g  to  h ig h e r p h o to ca ta ly tic  a c tiv ity .

T h e  in flu en ce  o f  m eta l d o p in g  on  th e  p h o to c a ta ly tic  w as in v estig a ted  
Z h u  e t al. (2 0 0 6 ). It w as fo u n d  th a t the  o p tim u m  d o p a n t c o n c e n tra tio n  fo r F e3f- 
m o d if ie d  TiC>2 is 0 .15  a t% . D o p in g  o f  F e3+ w as a ff irm ed  to  in tro d u ce  m u ch  m ore 
o x y g e n  v acan c ie s , w h ic h  fav o red  the  a d so rp tio n  o f  w a te r an d  fo rm a tio n  o f  su rface  
h y d ro x y l g roup . T h e  C u  d o p in g  on  TiC>2 w as  a lso  in v es tig a ted  by  W o n g  e t al. (2005) 
T h e  100%  c o lo r rem o v a l an d  9 9 %  T O C  rem o v a l o f  0 .2  m M  acid  o ran g e  7 (A 0 7 )
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a fte r  15 m in  re a c tio n  w ere  ach ieved . M o reo v er, S u n g -S u h  e t al. (2 0 0 4 ) u sed  the  
o p tim u m  2  a t.%  A g  d o p in g  on  TiC>2 to ach iev e  th e  h ig h es t e ff ic ien cy  o f  the  
rh o d am in e  B (R B ) p h o to d eg ra tio n .

2 .3 .3  C o -m o d ific a tio n  o f  P h o to ca ta ly s t
P o w d ers  w ith  sem ico n d u c to r ch a rac te ris tic s  h av e  been  w id e ly  

em p lo y ed  in  p h o to c a ta ly tic  system s b ecau se  th ey  are  cap ab le  o f  g en e ra tin g  ch a rg e  
ca rrie rs  by  a b so rb in g  p h o to n  energ ies. T h e  sep a ra tio n  e ffe c tiv en e ss  o f  the  p h o to - 
in d u ced  ch a rg e  ca rrie rs  is an  im p o rtan t fac to r in  d e te rm in in g  th e  p h o to ca ta ly tic  
a c tiv ity  o f  th e  p o w d ers . O n e  p ro m isin g  p h o to ca ta ly s t is p e ro v sk ite -re la te d  m ate ria l. 
P e ro v sk ite -re la te d  m a te ria ls  are rep re sen ted  by  th e  g en era l fo rm u la  o f  A B O 3  (A  =  
rare  earth  an d  a lka li e le m e n t w ith  or w ith o u t its pa rtia l su b s titu tio n  by  a lk a lin e  ea rth  
e lem en t, an d  B =  tra n s itio n  e lem ent, su ch  as Co, M n, T i, T a, N i, F e, etc ., w ith  o r 
w ith o u t its  p a rtia l su b s titu tio n ) (H u  e t a i ,  2007). T h e  in te re s t o f  th e se  m a te ria ls  fo r 
th e  p h o to c h e m ic a l sp littin g  o f  w a te r derives from  th e  p o ss ib ility  to  use  th e ir  
in te rlay e r sp a c e  fo r re a c tio n  sites, w h ere  e lec tro n -h o le  re c o m b in a tio n  p ro cess  co u ld  
be  re ta rd ed  b y  p h y s ica l sep ara tio n  o f  e lec tro n  an d  h o le  p a irs  g en e ra ted  by p h o to ­
ab so rp tio n .

W h en  ap p lied  to  sem ico n d u c to r, th e  te rm  d o p in g  re fe rs  to  th e  
in ten tio n a l in tro d u c tio n  o f  im p u rities  to  the  m ateria l fo r th e  p u rp o se  o f  m o d ify in g  
e lec trica l ch a ra c te ris tic s . W ith  the ab o v e  d ep ic tio n  o f  se m ic o n d u c tio n  in  m in d , an  
ideal d o p an t m u st in c rease  the v a len ce  band  edge , th u s  re d u c in g  th e  band  gap  
w ith o u t lo w e rin g  the  c o n d u c tio n  ban d , and  e ith e r im p ro v e  o r at leas t m in im ize  
e lec tro n -h o le  re c o m b in a tio n , so as to  m in im ize  any  lo ss  in q u a n tu m  y ie ld . It a lso  
sh o u ld  n o t im p a rt an y  in s tab ility , hav e  th erm al o r  ch em ica l s tab ility , an d  o p tim a lly  
be  in e x p en s iv e  to  app ly .

A  n u m b er o f  m eth o d s h av e  been  in v es tig a ted  an d  fo u n d  to  n a rro w  th e  
b an d  gap  o f  TiC>2 . A  c o m m o n  m eth o d , u sed  su ccessfu lly  fo r so la r ce ll ap p lica tio n s , is 
a cco m p lish ed  b y  a tta c h in g  v ario u s o rg an ic  d yes, su ch  as  ru th e n iu m  co m p lex es , to  th e  
su rface  (H o ffm a n n  et a l., 1995). U n fo rtu n a te ly , th is  m e th o d  is ex p en s iv e , and  su ch  
d y es  d eg rad e  in  the  p re sen ce  o f  oxy g en . R u th en iu m  d y es  a lso  can n o t be u sed  in 
aq u eo u s so lu tio n s  as th ey  can  be read ily  w ash ed  o f f  fro m  the  su rface . R ed u c tio n  o f
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1 ไ(ว2  v ia  h y d ro g e n a tio n  has a lso  b een  in v estig a ted . T h is  m e th o d  d o es  n a rro w  the 
band  gap , a llo w in g  v is ib le  ligh t fo r ac tiv a tio n , b u t a t th e  e x p e n se  o f  lo w erin g  the  
co n d u c tio n  ban d , th u s  red u c in g  th e  p h o to ca ta ly tic  re d u c tio n  p o w e r  o f  the  system . 
A n o th e r m e th o d  a v a ilab le  to n a rro w  th e  band gap  is to  d o p e  th e  sem ico n d u c to r w ith  
m eta ls  a n d  n o n -m eta ls . M o st tra n s itio n  and  rare e a rth  m e ta ls  h av e  b een  in v estig a ted  
M eta ls , su ch  as F e3+, M o 5+, R h 3+, v 4+, and  R u 3+ h av e  b een  fo u n d  to  tu n e  the 
e lec tro n ic  s tru c tu re  o f  TiC>2 and  im p ro v e  its p h o to c a ta ly tic  a c tiv ity  in  th e  v is ib le  
range.

P u a n g p e tc h  et al. (2 0 0 8 ) in v estig a ted  th e  u se  o f  a  so l-g e l m e th o d  w ith  
the  a id  o f  s tru c tu re -d irec tin g  su rfac tan t (L A H C , C T A B , an d  C T A C ) fo r p rep a rin g  
m e so p o ro u s-a sse m b le d  SrTiC h n an o cry sta ls . T h e  p h o to c a ta ly tic  ac tiv ity  w as 
in v es tig a ted  v ia  th e  p h o to d e g ra d a tio n  o f  m eth y l o ran g e  as a  m o d e l azo  dye 
c o n ta m in a n t in  a  w as tew a te r. T he re su lts  sho w ed  th a t th e  use  o f  E tO H  a th e  so lv en t 
y ie ld ed  a  SrTiC >3 p h o to c a ta ly s t w ith  a  h ig h er p u rity  th an  e th y le n e  g lyco l (E G ) or 
E tO H /E G  m ix tu re . T h e  SrTiC >3 w ith  n a rro w  po re  s ize  d is tr ib u tio n  w as o b ta in ed  w hen  
E A H C  w as u sed  as th e  s tru c tu re -d irec tin g  su rfac tan t. B esid es, th e  su rface  a rea  and  
po re  s ize  d is tr ib u tio n  co u ld  be co n tro lled  by  a d ju s tin g  m o la r ra tio  o f  L A H C  to 
te tra iso p ro p y l o r th o tita n a te  (T IP T ). T h e  h ig h est p h o to ca ta ly tic  a c tiv ity  o f  SrTiCE w as 
ach iev ed  a t th e  L A H C :T IP T  ra tio  o f  0 .25:1  and c a lc in a tio n  te m p e ra tu re  o f  700°c

K h u n ra ttan ap h o n  e t a l. (2011) in v es tig a ted  th e  sy n th es is  o f  S rT ixZ r (_ 
XÜ 3 ( X  =  0 -1 ) p h o to c a ta ly s ts  and  p h o to ca ta ly tic  a c tiv ity  in  ac id  b lack  (A B ) d iazo  dye  
u sed  as a  m o d e l c o n ta m in a n t in  te x tile  w astew ate r. T h e  e ffec ts  o f  v a ry in g  T i-to -Z r 
m o la r ra tio  (as e x p re sse d  by  X in  th e  S rT ixZri_x0 3 ), c a lc in a tio n  co n d itio n s , an d  P t 
lo ad in g  w ere  in v es tig a ted . T he sy n th es ized  m e so p o ro u s-a sse m b le d  SrTio.çZro 1O 3 

p h o to -c a ta ly s t w as fo u n d  to  sh o w  a  h ig h es t p h o to ca ta ly tic  a c tiv ity . In  ad d itio n , u n d er 
the  o p tim u m  P t lo ad in g  o f  1.0 w t.%  at the  ca lc in a tio n  te m p e ra tu re  o f  850  °c, the  
p h o to ca ta ly tic  d e g ra d a tio n  ra te  co n stan t o f  SrTio.9Zro.1 O 3 p h o to ca ta ly s t w as 
s ig n ific an tly  e n h a n c e d  fro m  1.05 h ' 1 (w ith o u t Pt lo ad in g ) to  3 .0  h '1.
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2.4 Nano-Photocatalysts

2.4.1 G en e ra l R em ark s
N an o c ry s ta llin e  p h o to ca ta ly s ts  are  u ltra -sm a ll sem ico n d u c to r 

p a rtic le s , w h ich  a re  few  n an o m e te rs  in  size . D u rin g  th e  p a st d ecad e , the 
p h o to ch em is try  o f  n an o s ized  sem ico n d u c to r p a rtic le s  has b e e n  one  o f  th e  fastest 
g ro w in g  re se a rch  a rea s  in  p h y sica l ch em istry . T he in te re s t in th e se  sm all 
se m ic o n d u c to r p a r tic le s  o rig in a tes  from  th e ir  u n iq u e  p h o to p h y s ica l and 
p h o to ca ta ly tic  p ro p e rtie s . S evera l rev iew  artic les  h av e  been  p u b lish e d  c o n ce rn in g  the 
p h o to p h y s ica l p ro p e rtie s  o f  n an o cry sta llin e  se m ico n d u c to rs . S uch  s tu d ie s  have 
d e m o n stra ted  th a t so m e  p ro p erties  o f  n an o c ry s ta llin e  se m ic o n d u c to r  p a r tic le s  are in 
fact d iffe re n t fro m  th o se  o f  b u lk  m ateria ls .

N a n o s iz e d  p artic les  p o ssess p ro p e rtie s  w ith  fa llin g  in to  th e  reg io n  o f  
tra n s itio n  b e tw een  th e  m o lecu la r  and  bulk  p h ases . In the  b u lk  m a te ria l, th e  e lec tron  
ex c ited  by  ligh t ab so rp tio n  funds a  h igh d en sity  o f  s ta te s  in  th e  c o n d u c tio n  band , 
w h ere  it c an  ex is t w ith  d iffe ren t k in e tics  en erg ies . In th e  case  o f  n an o p a rtic le s , 
h o w ev er, th e  p a rtic le  s ize  is the  sam e  as or sm a lle r  th an  th e  s iz e  o f  th e  firs t exc ited  
state. T h u s, the  e le c tro n s  and  h o les genera ted  u p o n  illu m in a tio n  can n o t su it in to  such 
a  p a rtic le , u n le ss  th e y  assu m e  a s ta te  o f  h ig h e r k in e tic s  en ergy .

H en ce , as the  s ize  o f  the  sem ico n d u c to r p a r tic le  is red u ced  b e lo w  a 
c ritica l d iam e te r, th e  spa tia l co n fin em en t o f  th e  ch arg e  c a rr ie rs  w ith in  a  p o ten tia l 
w ell, like  “ a  p a r tic le  in  a b o x ” , cau ses th em  to  m ech a n ic a lly  b eh av e  q u an tu m . In 
so lid  s ta te  te rm in o lo g y , th is  m ean s  th a t the b an d s  sp lit in to  d isc re te  e lec tro n ic  sta tes 
(q u an tized  lev e ls) in  the  v a len ce  and  co n d u c tio n  b an d s , an d  th e  n an o p artic le  
p ro g re ss iv e ly  b e h a v e s  s im ila r to  a  g ian t a tom . N an o s iz e d  se m ic o n d u c to r  p a rtic les , 
w h ich  e x h ib it s iz e -d e p e n d e n t o p tica l and  e lec tro n ic  p ro p e rtie s , a re  ca lled  q u an tized  
p a rtic le s  o r q u a n tu m  d o ts  (K am at, 1995).

2 .4 .2  A c tiv ity  o f  N an o -P h o to ca ta ly s ts
O n e  o f  th e  m a in  ad v an tag es  o f  th e  a p p lic a tio n  o f  n an o sized  p artic les  

is th e  in c rease  in  th e  b an d  gap  en e rg y  w ith  d e c rea s in g  p a rtic le  size . A s th e  s ize  o f  a 
se m ic o n d u c to r p a rtic le  fa lls  b e lo w  the critica l rad iu s , th e  ch a rg e  c a rrie rs  beg in  to
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b eh av e  m e c h a n ic a lly  q u an tu m , and the  ch a rg e  c o n fin e m e n t le ad s  to  a  series o f  
d isc re te  e lec tro n ic  states. A s a  resu lt, th e re  is an  in c rease  in  th e  e ffe c tiv e  band  gap 
an d  a  sh ift o f  th e  b an d  ed g es . T hus by  v a ry in g  th e  s iz e  o f  th e  sem ico n d u c to r 
p a rtic le s , it is p o ss ib le  to  en h an ce  the  red o x  p o ten tia l o f  th e  v a len ce  b an d  ho les and  
th e  c o n d u c tio n  b an d  e lec tro n s.

H o w ev er, th e  so lv en t reo rg an iza tio n a l free  en e rg y  fo r ch a rg e  tran sfe r 
to  a  su b s tra te  rem a in s  u n ch an g ed . T he in c rea s in g  d r iv in g  fo rce  an d  th e  unch an g ed  
so lv e n t reo rg an iza tio n a l free  en e rg y  are ex p ec ted  to lead  to  an  in c rea se  in  the  ra te  
co n s ta n ts  fo r ch a rg e  tran sfe r  a t the su rface . T h e  u se  o f  n a n o s iz e d  sem ico n d u c to r 
p a rtic le s  m ay  re su lt in  an  in c reased  p h o to ca ta ly tic  a c tiv ity  fo r  sy s tem s, in  w h ich  th e  
ra te -lim itin g  s tep  is in te rfac ia l charge  tran sfe r. H en ce , n a n o s iz e d  sem ico n d u c to r 
p a rtic le s  can  p o sse ss  an  en h an ced  p h o to red o x  c h e m is try  w ith  re d u c tio n  reac tions, 
w h ich  m ig h t n o t o th e rw ise  p ro ceed  in  b u lk  m a te ria ls , b e in g  ab le  to  o c c u r read ily  
u s in g  su ffic ie n tly  sm all p a rtic le s . A n o th er fac to r, w h ich  co u ld  be  ad v an tag eo u s , is 
th e  fac t th a t th e  frac tio n  o f  a to m s tha t are lo c a te d  at th e  su rface  o f  a  n an o p a rtic le  is 
v e ry  large . N a n o s iz e d  p a rtic le s  a lso  have  h ig h  su rface  a re a - to -v o lu m e  ra tio , w h ich  
fu rth e r en h a n c e s  th e ir  ca ta ly tic  activ ity . O ne d isa d v a n ta g e  o f  n a n o s iz e d  p a rtic le s  is 
th e  n eed  fo r lig h t w ith  a sh o rte r  w av e len g th  fo r p h o to c a ta ly s t a c tiv a tio n . T hus, a 
sm a lle r  p e rc e n ta g e  o f  a  p o ly ch ro m a tic  ligh t so u rce  w ill be u se fu l fo r p h o to ca ta ly s is .

In  la rge  T i0 2  p a rtic le s  (Z h an g  e t a i ,  1998), v o lu m e  re c o m b in a tio n  o f  
the  ch a rg e  c a rr ie rs  is the d o m in an t p ro cess and  can  be  red u ced  by  a  d ecrease  in 
p a rtic le  size. T h is  d ecrease  a lso  leads to an  in crease  in  th e  su rface  a rea , w h ic h  can  be 
tra n s la te d  as a n  in crease  in  th e  av a ilab le  su rface  ac tiv e  sites. T h u s , a  d ec rease  in 
p a rtic le  s ize  sh o u ld  a lso  re su lt in  h igher p h o to n ic  e ff ic ie n c ie s  d u e  to  an  in crease  in 
th e  in te rfac ia l ch a rg e  c a rrie r  tran sfe r  ra tes. H o w ev er, as th e  p a rtic le  s iz e  is low ered  
b e lo w  a  c e rta in  lim it, su rface  reco m b in a tio n  p ro cesse s  b ec o m e  d o m in a n t, since  
f irs tly  m o st o f  th e  e lec tro n s  and  ho les a re  g en e ra ted  c lo se  to  th e  su rface , and  
seco n d ly  su rfa c e  re c o m b in a tio n  is fa s te r th an  in te rfac ia l ch a rg e  c a rr ie r  tran sfe r 
p ro cesses . T h is  is th e  rea so n  w h y  there  ex is ts  an  o p tim u m  p a rtic le  s ize  fo r m ax im u m  
p h o to ca ta ly tic  e ffic ien cy .
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2.5 Photocatalytic Decomposition Mechanisms

2.5.1 P h o to ca ta ly tic  O x id a tio n
It is w ell e s tab lish ed  th a t c o n d u c tio n  b an d  e le c tro n s  (e_) and  va lence  

b an d  h o les  (h +) are g en e ra ted  w hen  aq u eo u s T iÛ 2  su sp e n s io n  is irrad ia ted  by ligh t 
w ith  en e rg y  g rea te r th a n  its band  gap  en e rg y  (Eg, 3 .2  eV ). T h e  p h o to g en era ted  
e lec tro n s  can  red u ce  th e  p h en o l or reac t w ith  e lec tro n  accep to rs , su ch  as  O 2 ad so rb ed  
on  the  T i(III)-su rfa c e  o r d isso lv ed  in w ate r, red u c in g  it to  su p e ro x id e  rad ica l an ion , 
O 2 ’ . T he p h o to g e n e ra te d  h o les  can o x id ize  the  o rg an ic  m o lecu le  to  fo rm  R + o r reac t 
w ith  O H ” o r  H 20 ,  o x id iz in g  them  in to  O H ' rad ica ls . T o g e th e r w ith  o th er h ig h ly  
o x id an t sp e c ie s  (p e ro x id e  rad ica ls), th ey  are  re p o rte d  to  be re sp o n s ib le  fo r th e  
h e te ro g e n e o u s  T i0 2  p h o to d e c o m p o sitio n  o f  o rg an ic  su b s tra te s , su c h  as p h eno l. 
A cco rd in g  to  th is , th e  re lev an t reac tio n s at the  se m ic o n d u c to r  su rfa c e  cau sin g  the
d e c o m p o s itio n  o f  p h en o l can  be ex p ressed  as fo llow s:

T i 0 2 +  /zv(UV) ->  T i 0 2(eCB~ +  h VB+) (1)
T i 0 2(h VB+) +  H 20  ->  T i 0 2 +  H + +  O H ' (2)
T i 0 2(h VB+) +  O H ' ->  T i 0 2 +  O H ' (3)
T i 0 2(ecB ) +  0 2 > T i 0 2 +  0 2 (4)
0 2"  +  H + -*• H 0 2' (5)
P h en o l +  O H ', H O 2 ', O 2 ’ —> d e c o m p o s itio n  p ro d u c ts  (6)
P h en o l +  hvB+ - ► o x id a tio n  p ro d u c ts  (7)
P h en o l +  ecB —» red u c tio n  p ro d u c ts  (8)

T h e  re su ltin g  O H ' rad ica l, being  a  v ery  s tro n g  o x id iz in g  a g en t (s tan d ard  red o x  
p o ten tia l o f  + 2 .8  V ), as  w ell as H 0 2' an d  0 2" can  o x id iz e  m o s t o f  p h en o l to  th e  
m in era l en d -p ro d u c ts . S u b stra te s  n o t reac tiv e  to w a rd  h y d ro x y l rad ica ls  are 
d eco m p o sed  e m p lo y in g  T i 0 2 p h o to ca ta ly s is  w ith  ra te s  o f  d ecay  h ig h ly  in flu en ced  by  
th e  se m ic o n d u c to r v a len ce  band  ed g e  p o sitio n . T h e  ro le  o f  re d u c tiv e  p a th w ay s 
(E q u a tio n  (8 )) in  h e te ro g e n e o u s  p h o to ca ta ly s is  h as  b een  e n v isa g e d  a lso  in  the  
d e c o m p o s itio n  o f  severa l d y es  bu t in  a m in o r ex ten t th a n  o x id a tio n .
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2 .5 .2  P h o to sen s itiz ed  O x id a tio n
T h e  m ech an ism  o f  p h o to se n s itiz e d  o x id a tio n  (ca lled  a lso  

p h o to a ss is te d  d ec o m p o sitio n ) by  v is ib le  ra d ia tio n  (2 >  420  n m ) is d iffe ren t fro m  the 
p a th w ay  im p lica ted  u n d e r  u v  lig h t rad ia tio n . In  th e  fo rm er ca se , th e  m echan ism  
su g g ests  th a t ex c ita tio n  o f  the  ad so rb ed  p h en o l tak es  p lace  b y  v isib le  ligh t to 
ap p ro p ria te  s in g le t o r tr ip le t sta tes, su b seq u en tly  fo llo w ed  by  e le c tro n  in jec tio n  from  
the ex c ite d  p h en o l m o le c u le  in to  th e  co n d u c tio n  b an d  o f  th e  T iO ? p artic les , w h ereas 
the  p h en o l is c o n v e rte d  to  the ca tio n ic  p h en o l rad ica ls  (p h e n o l '+) th a t u n d erg o es  
d e c o m p o s itio n  to  y ie ld  p ro d u c ts  as fo llow s:

T he c a tio n ic  p h en o l ra d ic a ls  read ily  reac t w ith  h y d ro x y l ions, u n d e rg o in g  o x id a tio n  
v ia  E q u a tio n s  (13 ) an d  (14 ), or in te rac t e ffec tiv e ly  w ith  O 2 ’ , H O 2 ’, or H O '~ species 
to  g en e ra te  in te rm e d ia te s  th a t u ltim a te ly  lead  to  C O 2  (E q u a tio n s  (1 5 ) -  (19)).

W h en  u s in g  su n lig h t o r  s im u la ted  su n lig h t ( lab o ra to ry  e x p e rim e n ts ) , it is su g g ested  
tha t b o th  p h o to o x id a tio n  m ech an ism s o ccu r d u rin g  th e  irra d ia tio n , an d  b o th  TiC >2 and  
the  lig h t so u rce  a re  n ecessa ry  fo r th e  reac tio n  to  occur. In  th e  p h o to ca ta ly tic  
o x id a tio n , TiC >2 has to  be  irrad ia ted  an d  ex c ited  in  a  n ea r-U V  e n e rg y  to  in d u ce  ch arg e  
sep ara tio n .

A  p o ss ib le  m ech an ism  o f  p h en o l o x id a tio n  in  p re se n c e  o f  illu m in a ted  
TiC>2 is sh o w n  in  F ig tu re  2 .4  ( S o b c z y n s k i  e t a l ., 2 0 0 4 )

p h en o l +  h v (v is ib le ) —> pheno l*  
p h en o l*  +  TiC>2 —*■ phenol"4 +  T i02(ecB~) 
TiC>2 (ecB ) +  O 2 —>• O 2  +  TiC>2 

phenol"4 —» d eco m p o sitio n  p ro d u c ts

( 9 )

(10) 
(11) 
(12)

p h e n o l '4 +  O H  —> p h en o l +  HO"
p h en o l +  2 H O ’ —» H 2 O + o x id a tio n  p ro d u c ts
0 2"  +  H 4 —► H 0 2"
H O 2 +  H 4 +  T i02(ecB  ) - 1> H 2 O 2  +  T iÛ 2 

H 2 O 2  +  T i02(ecB  ) —* H O  +  H O  +  TiÛ2 
p h e n o l '4 +  O 2 " —» D O 2  —* d e c o m p o s itio n  p ro d u c ts  
p h e n o l '4 +  H 0 2 '(o r  HO") —» d e c o m p o s itio n  p ro d u c ts

(13)
(14)
(15)
(16)
(17)
(18) 
(19)
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c o 2 + h2o

Figure 2.4  A  p o ss ib le  m ech an ism  o f  phen o l d e g rad a tio n  o n  illu m in a ted  TiC>2 .

2.6 Factors Influencing the Photocatalytic Decomposition

2.6.1 E ffec t o f  In itia l P h en o l C o n cen tra tio n
C h io u  e t a l  (2 0 0 8 ) stud ied  th e  d e c o m p o s itio n  o f  p h en o l by  T iÛ 2 (P-

25). T h e  re su lts  sh o w ed  tha t w ith  d iffe ren t in itia l p h en o l c o n c e n tra tio n s  v a ried  from  
0 .13 to  1.01 m M , the  d eco m p o sitio n  e ffic ien cy  d e c re a se d  w ith  in c reasin g  
co n cen tra tio n  o f  p h en o l. T he  s tro n g  d ecrease  in  th e  o b se rv e d  ra te  co n stan ts  w ith  the 
in c rea se  in in itia l p h en o l co n cen tra tio n  w as a ttr ib u ted  to  th e  s ig n ific a n t ab so rp tio n  o f  
ligh t by  the  su b s tra te  in the  sam e  w av e len g th  ran g e  o f  p h o to c a ta ly s t ex c ita tio n . For 
in c rea s in g  the  in itia l phen o l co n cen tra tio n , m o re  an d  m o re  m o lecu le s  o f  the 
co m p o u n d  get a d so rb ed  on  th e  su rface  o f  th e  p h o to ca ta ly s t. So, the  req u irem en t o f  
re ac tiv e  sp ec ies  ( O f f  and  O 2 ’ ) needed  fo r the  d e g ra d a tio n  o f  p o llu ta n t also
in c reases ; h o w e v e r, th e  fo rm a tio n  o f  re ac tiv e  sp ec ies  re m a in s  co n stan t. T h ere fo re , 
th e  av a ilab le  OH" sp ec ies  are  in ad eq u a te  fo r th e  p o llu ta n t d e g rad a tio n  a t h igher 
co n cen tra tio n s . T h u s , the  d eg rad a tio n  ra te  o f  p o llu ta n t d ec rea ses  w h en  the 
c o n c e n tra tio n  in c rea se s . In ad d itio n , an  in c rea se  in  p o llu ta n t c o n c e n tra tio n  can  lead  
to  th e  g en e ra tio n  o f  in te rm ed ia te s , w h ich  m ay  ad so rb  on  th e  su rface  o f  th e  cata ly st. 
D iffu s io n  o f  in te rm e d ia te s  from  th e  ca ta ly st su rface  can  re su lt in the  d eac tiv a tio n  o f  
ac tiv e  s ite  o f  the  p h o to ca ta ly s t, and  resu lt in  a  d e c re a se  in  th e  d e g ra d a tio n  ra te  
(A h m ed  e t a l ., 2 0 1 0 ).
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2 .6 .2  E ffec t o f  S o lu tio n  pH
T h e  h e te ro g en eo u s  p h o to ca ta ly s is  has b een  fo u n d  to  be p H  dependen t. 

C h io u  e t a l  (2 0 0 8 ) a lso  sh o w ed  th a t w ith  d iffe ren t in itia l p H  v a lu es  (2 .4 5 , 3 .96, 7 .36 , 
8 .94 , 10.9, an d  13.0), T h e  p h o to d e g ra d a tio n  o f  p h en o l is no t fav o red  in  an  acid ic  
so lu s io n  (pH  <  3). A n in c rease  in  so lu tio n  p H  en h an ces  th e  p h o to d eg rad a tio n , and  
reach es a  m a x im u m  at pH  7 .4 . H o w ev er, p h o to d e g ra d a tio n  d ec rea ses  w h en  the pH  
fu rth er in c reases . A t ac id ic  to  n eu tra l m ed ia , phen o l is p rim a rily  in  its n o n io n ic  form ; 
w a te r so lu b ility  is m in im ized ; and  th e  ad so rp tio n  o n to  th e  su rface  ca ta ly st is 
m ax im ized . O n  th e  o th e r h an d , phen o l ten d s  to  ex is t as p h e n o la te  an io n s  a t h igher pH  
va lues, and  th e  an io n s h av e  h ig h  so lu b ility  in  so lu tio n  an d  w ill n o t be  adso rbed  
sig n ifican tly . A t a pH  ab o v e  11, phen o l is co m p le te ly  in  th e  fo rm  o f  p h en o la te  an ion , 
and  su rface  o f  TiC>2 w ill be  n eg a tiv e ly  c h a rg ed  th a t sh o u ld  h in d e r th e  ad so rp tio n  o f  
n eg a tiv e  ch a rg es .

2 .6 .3  E ffec t o f  L ig h t In ten sity  and  Irrad ia tio n  T im e
O il lis e t al. (1 9 9 1 ) rev iew ed  th e  s tu d ies  re p o rte d  for th e  e ffec t o f  ligh t 

in ten sity  o n  th e  k in e tic s  o f  th e  p h o to ca ta ly s is  p ro cess  an d  sta ted  th a t (i) a t low  ligh t 
in ten sities  ( 0 - 2 0  m W /cm 2), th e  ra te  w o u ld  in crease  lin ea rly  w ith  in c reas in g  ligh t 
in ten sity  (f irs t o rd er), (ii) a t in te rm ed ia te  lig h t in te n s itie s  b ey o n d  a  ce rta in  v a lue  
(ap p ro x im a te ly  25 m W /c m 2), th e  ra te  w o u ld  d ep en d  o n  th e  sq u are  ro o t o f  the  light 
in ten sity  (h a lf  o rd e r), and  (iii)  at h ig h  ligh t in ten sitie s , th e  ra te  is in d e p e n d e n t o f  ligh t 
in tensity . T h is  is lik e ly  b ecau se  at low  lig h t in ten sity , re a c tio n s  in v o lv in g  e le c tro n -  
h o le  fo rm a tio n  are  p red o m in an t, and  e le c tro n -h o le  re c o m b in a tio n  is neg lig ib le . 
H o w ev er, w h e n  in creasin g  lig h t in ten sity , e le c tro n -h o le  p a ir  sep a ra tio n  co m p etes 
w ith  reco m b in a tio n , th e reb y  cau s in g  lo w er e ffec t on  th e  reac tio n  ra te . It is ev id en t 
th a t the p e rc e n ta g e  o f  d eco lo riz a tio n  an d  d e g ra d a tio n  in c re a se s  w ith  an  increase  in 
irrad ia tio n  tim e . T h e  re a c tio n  ra te  d ec rea ses  w ith  irra d ia tio n  tim e  s in ce  it fo llow s 
ap p aren t f irs t-o rd e r  k in e tic s , an d  ad d itio n a lly  a  c o m p e titio n  fo r d eco m p o sitio n  m ay  
o ccu r b e tw e e n  th e  reac tan t and  the  in te rm ed ia te  p ro d u c ts . T h e  s lo w  k in e tic s  o f  dye 
d eco m p o sitio n  a fte r  ce rta in  tim e  lim it is d u e  to:



20

•  T h e  d iff ic u lty  in  co n v e rtin g  the  N -a to m s o f  dye  in to  o x id ized  n itro g en  
c o m p o u n d s

•  T h e  s lo w  re a c tio n  o f  sh o rt ch a in  a lip h a tic s  w ith  O H ” rad ica ls
•  T h e  sh o rt life -tim e  o f  p h o to ca ta ly s t

b ecau se  o f  ac tiv e  s ite  d ea c tiv a tio n  by  strong  b y -p ro d u c t a d so rp tio n  (K o n stan tin o u  
and  A lb an is , 2004).

2 .6 .4  E ffec t o f  H 7 O 7 A d d itio n
T he in flu en ce  o f  th e  s tro n g  o x id an t sp ec ie s  ad d itiv e s , such  as H 2 O 2 , 

has been  in  so m e  case  c o n tro v e rs ia l, an d  it ap p ea red  s tro n g ly  d e p e n d e n t on  su b stra te  
type  and  o n  v a rio u s  ex p e rim en ta l p a ram ete rs . T h e ir  u se fu ln e ss  sh o u ld  be accu ra te ly  
ch eck ed  u n d e r  each  o p e ra tiv e  con d itio n .

C h io u  e t al. (2 0 0 8 ) s tu d ied  the  d e c o m p o s itio n  o f  p h en o l and  sho w ed  
tha t w ith  d iffe re n t co n c e n tra tio n s  o f  H 2 O 2 (0, 1 .77, 5 .2 9 , 8 .82, 44.1 and  88.2  m M ), 
w hen  the H 2 O 2  w as ad d ed , a  s ig n ifican t in c rease  in  d e c o m p o s itio n  ra te  w as n o ted  for 
pheno l d e c o m p o s itio n  b u t m ust be  in  the  p re sen ce  o f  p h o to c a ta ly s t and  ligh t 
irrad ia tio n . M o reo v e r, p a rtia l d eco m p o sitio n  w as o b se rv ed  fo r  p h en o l u n d er 
irrad ia tio n  o f  th e  h o m o g en eo u s  sy stem s in  the  p re se n c e  o f  H 2 O 2 . T h e  ad d ed  H 2 O 2  

co n trib u ted  to  the  reac tiv e  rad ica l in te rm ed ia te s  (O H ”) fo rm ed  fro m  th e  o x id an ts  by 
reac tio n  w ith  th e  p h o to g e n e ra te d  e lec tro n s , w h ich  can  e x e rt a  d u a l fu n c tio n : as  s trong  
o x id an t th e m se lv e s  an d  as  e lec tro n  scav en g ers , th u s  in h ib itin g  th e  e le c tro n -h o le  
re c o m b in a tio n  at th e  se m ic o n d u c to r su rface .

2 .6 .5  E ffec t o f  C a lc in a tio n  T em p era tu re  o f  P h o to c a ta ly s t
Y ao  e t a l. (2004) s tu d ied  th e  e ffe c t o f  d iffe ren t ca lc in a tio n  

tem p e ra tu res  o f  p h o to c a ta ly s t fo r 5 m in  (400 , 500 , 6 0 0 , and  7 00  ๐C ) at th e  sam e 
co n cen tra tio n  o f  m e th y l o ran g e  (10  mg/1). T he re su lts  sh o w ed  th a t th e  p h o to ca ta ly tic  
ac tiv ity  o f  p h o to c a ta ly s t had  no s ig n ifican t d iffe re n c e  a m o n g  th e  ca lc in a tio n  
tem p e ra tu res  o f  400 , 5 00 , an d  600  °c, b u t the  p h o to c a ta ly tic  a c tiv ity  o f  th e  p rep a red  
p h o to ca ta ly s ts  w as s ig n ific an tly  red u ced  at h ig h er c a lc in a tio n  te m p e ra tu re  (700  °C ).
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Z h an g  e t al. (2 0 0 4 ) s tud ied  the  p h o to ca ta ly tic  a c tiv ity  o f  Z n O -S n C h  
for d e c o m p o s itio n  o f  m e th y l o ran g e , and  th e  e ffec t o f  h e a t tre a tin g  at d iffe ren t 
ca lc in a tio n  tem p e ra tu res  w as in v es tig a ted  (3 0 0 , 350 , 400 , 4 5 0 , 500 , 600 , 700 , 800, 
and  9 0 0  °C ). T h e  re su lts  sh o w ed  th a t the d e g ra d a tio n  ra te  o f  m e th y l o ran g e  w as 
in c reased  w ith  in c rea s in g  ca lc in a tio n  tem p e ra tu re , ex cep t fo r 3 0 0  ๐c  b ecau se  o f  the  
partia l fo rm a tio n  o f  c ry s ta llite  o x id es . W ith  in c rea s in g  c a lc in a tio n  tem p e ra tu re , the 
size o f  c ry s ta llite  o x id e s  in c reases, co n trib u tin g  to  the  in c rea se  in  p h o to ca ta ly tic  
ac tiv ity . H o w ev er, a t tem p e ra tu res  h ig h er th an  7 00  °c, the  p h o to c a ta ly s t ex h ib ited  
p oo r a c tiv ity  b ecau se  o f  th e  n eg a tiv e  effec t o f  th e  co u p led  o x id es .

2 .6 .6  E ffec t o f  C a lc in a tio n  T im e o f  P h o to ca ta ly s t
Y ao e t al. (2 0 0 4 ) a lso  s tu d ied  th e  e ffec t o f  c a lc in a tio n  tim e  o n  the 

p h o to ca ta ly tic  a c tiv ity  o f  the  p rep a red  b ism u th  titan a te  p h o to c a ta ly s t th in  film  
ca lc in ed  a t 600  °c. T h e  resu lts  sh o w ed  th a t at 1 m in  o f  c a lc in a tio n  tim e , th e  h ig h est 
d eco m p o sitio n  o f  m e th y l o ran g e  w as o b ta in ed . W h ile  th e  ra te  co n s ta n t in c reased  
w ith  in c rea s in g  ca lc in a tio n  tem p e ra tu re , b u t a t ca lc in a tio n  tim e  o f  5 m in , the  rate  
co n s tan t reach ed  th e  h ig h e s t v a lu e  b ecau se  at th e  h ig h e r c a lc in a tio n  tim e  o f  10 m in, 
the s in te rin g  o f  p h o to c a ta ly s t m a te ria l o ccu rred .

2.7 Porous Materials

T h e  c la ss if ic a tio n  o f  p o re s  acco rd in g  to  s ize  has b een  u n d e r d iscu ss io n  for 
m any  y ea rs , bu t in  th e  p ast, th e  te rm s “ m ic ro p o re ”  and  “ m a c ro p o re ”  h av e  been  
ap p lied  in  d iffe ren t w ay s  by  p h y s ica l ch em is ts  and  so m e o th e r  sc ien tis ts . In  an  
a ttem p t to  c la rify  th is  s itu a tio n , th e  lim its  o f  s ize  o f  the  d iffe re n t ca teg o rie s  o f  pores 
in c lu d ed  in  T ab le  2 .3  h av e  b een  p ro p o sed  by  th e  In te rn a tio n a l U n io n  o f  P u re  and  
A p p lied  C h em is try  (IU P A C ) (Ish izak i e t a l ., 1988  and  R o u q u e ro l e t a l., 1999). A s 
in d ica ted , the “ p o re  s iz e ”  is g en e ra lly  sp e c if ie d  as the  “ p o re  w id th ” , i.e. the 
av a ilab le  d is tan ce  b e tw e e n  the  tw o  o p p o site  w alls . O b v io u sly , p o re  s ize  has a  p rec ise  
m ean in g  w h en  the  g eo m etrica l sh ap e  is w e ll defined . N e v e rth e le ss , fo r m ost 
p u rp o ses , the  lim itin g  size  is th a t o f  the  sm a lle s t d im en s io n , an d  th is  is g en era lly
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tak en  to re p re se n t th e  e ffec tiv e  po re  size. M ic ro p o res  and  m e so p o re s  are  esp ec ia lly  
im p o rtan t in th e  c o n te x t o f  ad so rp tio n .

T a b le  2 .3  D e fin itio n s  ab o u t p o ro u s  so lids.

T erm D efin itio n
P o ro u s  so lid S o lid  w ith  cav ities  o r ch a n n e ls  w h ich  a re  d e e p e r  th an  th ey  are

w ide
M icro p o re P ore  o f  in te rn a l w id th  less th an  2 nm
M eso p o re P ore  o f  in te rna l w id th  b e tw een  2 and  50 nm
M acro p o re P ore  o f  in te rn a l w id th  g rea te r  than  50 nm
P ore  size P ore  w id th  (d iam ete r o f  cy lin d rica l p o re  o r d is tan ce  b e tw een

o p p o s ite  w a lls  o f  slit)
P o re  v o lu m e V o lu m e  o f  p o res d e te rm in e d  by sta ted  m e th o d
S u rface  a rea E x ten t o f  to ta l su rface  a re a  d e te rm in ed  b y  g iv en  m e th o d  under

sta ted  co n d itio n s

A c c o rd in g  to  th e  IU P A C  c lass if ic a tio n , p o ro u s  m a te ria ls  a re  regu larly  
o rg an ized  in to  th re e  c a teg o rie s  on  a  basis o f  p red o m in an t p o re  s ize  as fo llow s:

•  M ic ro p o ro u s  m a te ria ls  (po re  s ize  <  2 nm ) in c lu d e  am o rp h o u s  s ilica  and
in o rg a n ic  gel to  c ry s ta llin e  m ate ria ls , su ch  as zeo lites,
a lu m in o p h o sp h a te s , g a llo p h o sp h a te s , and  re la ted  m ate ria ls .

•  M e so p o ro u s  m a te ria ls  (2 nm  <  p o re  s ize  <  50 n m ) in c lu d e  the M 41 ร 
fam ily  (e .g . M C M -4 1 , M C M -4 8 , M C M -5 0 , e tc .)  and  o th e r n o n -s ilica  
m a te r ia ls  sy n th es ized  v ia  in te rca la tio n  o f  lay e red  m a te ria ls , such  as 
d o u b le  h y d ro x id e s , m eta l ( titan iu m , z irco n iu m ) p h o sp h a te s , and  clays.

• M a c ro p o ro u s  m a te ria ls  (po re  s ize  > 50 n m ) in c lu d e  g lass-re la ted  
m a te ria ls , a e ro g e ls , and  xerogels.

N o w ad ay s , m ic ro - an d  m eso p o ro u s  m a te ria ls  are  g en e ra lly  ca lled  
n an o p o ro u s  m a te r ia ls ” . P a rticu la rly , m eso p o ro u s  m a te ria ls  are  rem ark ab ly  very
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su itab le  fo r c a ta ly s is  a p p lica tio n s , w h e rea s  the  po res o f  m ic ro p o ro u s  m a te ria ls  m ay  
b eco m e  ea s ily  p lu g g e d  d u rin g  ca ta ly st p rep a ra tio n  i f  h ig h  m eta l lo ad in g  is requ ired .

2.8 Sol-Gel Process

T h e  so l-g e l p ro c e ss  has been  in ten siv e ly  s tu d ied  b ecau se  it is so  e ffec tiv e  to 
p rep a re  n a n o -s iz e d  m e so p o ro u s  m a te ria ls  (S ree th aw o n g  e t a l ,  2 0 0 5 ). B ecause  the  
m e ta l o x id e s  c a n  be  d eac tiv a ted  due  to  s in te rin g  o r  c ry s ta l g ro w th  d u rin g  th e ir  
co n tin u o u s  u se  in  h ig h  tem p e ra tu re  p ro cesse s , and  the  p h o to ca ta ly tic  p e rfo rm an ce  o f  
th e  m eta l o x id e s  is w e ll-k n o w n  to d ep en d  on th e ir  sp ec ific  su rface  area , so l-g e l 
m e th o d  p re se n ts  so m e  p a rtic u la r  ad v an tag es  th ro u g h  a  lo w -tem p e ra tu re  p ro cess , 
av o id in g  c o n ta m in a tio n  o f  th e  m ate ria ls . It a lso  y ie ld s  b e tte r  s to ich io m e tric  co n tro l 
an d  the  p o ss ib ility  o f  g ra in -s ize  and  g ra in -sh ap e  co n tro l. T h is te c h n iq u e  does n o t 
req u ire  c o m p lic a te d  in s tru m en ts , such  as  in ch em ica l v ap o r d e p o s itio n  m ethod . It 
p ro v id es  a s im p le  and  ea sy  m eans o f  sy n th esiz in g  n a n o -s iz e d  p a rtic le s , w h ich  is 
e ssen tia l fo r n a n o -p h o to c a ta ly s ts . It in v o lv es  the  fo rm a tio n  o f  m e ta l-o x o -p o ly m e r 
n e tw o rk  from  m o le c u la r  p recu rso rs , such  as m e ta l a lk o x id es , an d  su b seq u en t
p o ly c o n d e n sa tio n , as fo llo w s:

M -O R  +  H 20  -> M -O H  + R O H (20)
M -O H  +  M -O R  -> M -O -M  + R -O H (21)
M -O H  +  M -O H  - » M -O -M  + H 20 (22)

w h e re  M  = T i, S i, Z r, A l, an d  R  = alky l g roup .
A ll s tag es , in c lu d in g  the  fo rm a tio n  o f  co llo id  p a rtic le s  to  fo rm  gel n e tw o rk , 

d ry in g  o f  w e t g e l, and  ca lc in a tio n  stage , can  all lead  to  g ra in  g ro w th  an d  fo rm atio n  o f  
ag g lo m era te s . H en ce , to  ca re fu lly  co n tro l the  p ro cess  is v e ry  e ssen tia l in  p rep a rin g  
h ig h -p e rfo rm a n c e  an d  h ig h -re liab ility  p o w d ers . T he  re la tiv e  ra tes o f  h y d ro ly sis  and  
p o ly c o n d e n sa tio n  s tro n g ly  in flu en ce  th e  s tru c tu re  an d  p ro p e rtie s  o f  th e  resu ltin g  
m e ta l ox id es. T y p ica lly , so l-g e l-d e riv ed  p rec ip ita te s  a re  am o rp h o u s  in  n a tu re , 
req u irin g  fu rth e r h ea t tre a tm e n t to  in d u ce  c ry sta lliz a tio n . T he ca lc in a tio n  p ro cess  
freq u en tly  g iv es  rise  to  p a rtic le  a g g lo m era tio n  and  g ra in  g ro w th , and  m ay  in d u ce  
p h ase  tra n s fo rm a tio n  (W an g  and  Y ing , 1999). T hus, a  su rfac tan t is u sed  to  p rev en t 
ag g lo m e ra tio n  o f  th e  p a rtic le . T he B a T i0 3 n an o p a rtic le s  sy n th e s iz e d  by so l-g e l
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process (Y u  e t a l., 2 0 0 8 ), how ev er, are easy  to  fo rm  ag g lo m era tio n . T h is  can  be 
av o ided  by  th e  ap p lic a tio n  o f  the su rfac tan t, i.e. o le ic  ac id , as c h e a p  and  in n o x io u s  
su rfac tan t, th u s  p rev en tin g  the a g g lo m era tio n  o f  p a rtic les . T h e  so l-g e l p ro cess  by  the  
ad d itio n  o f  su rfac tan t can  he lp  en fo rce  s ize  co n tro llab ility  an d  p re p a re  w e ll-d isp e rsed  
p o w d ers. T h e  idea l m o d e l o f  fo rm in g  th e  BaTiC >3 is sh o w n  in  F ig u re  2.5 .

Tt o Ti o Tt 0 Tt Ti—0 ~ It ...o Tr - o - -Tt—ร' \o  ( f f f 10 f f b ) 0 f  ffi') o V H 0 ; OA i o . OA; o
ft o Tr o Tt o -ft <3Û0°C Ti o -Ti -0 f t o - -Tt -
9  ( jp y i Oqr }aI fjg-' 9 f © () © 01 : t )A,o
ft— o - -Tr—o —Tt-—0 - -ft— —f t—0 - Ti—O— 11—O Tr:
û ir '\ water, ethanol. 
/ j i j )  ... acetic acid. OA.and so on 1 3 6 0 -6 00°c

ร ' #  ^ 0(}'7()0°c 1#m  m

BaTiO, Xcrogcl

Figure 2.5 A  sch em a tic  o f  fo rm ing  th e  BaTiC >3 n an o p a rtic le s  (Y u  e t a l., 2008).

T h e  p ro cess  can  be d iv id ed  to  th ree  steps. F irs tly , o le ic  ac id  (O A ) en ch ase s  
in  th e  3D  n e tw o rk  s tru c tu re  o f  -T i-O -T i- w hen  th e  tem p e ra tu re  is lo w er th an  300°c. 
S eco n d ly , b e tw e e n  300 and 600  °c, a n u m b er o f  “m ic ro c a p su le s” o f  B aTiC >3 

p recu rso rs  co a ted  by  O A  are  fo rm ed . T h e  carboxy l o f  O A  is to w a rd s  th e  in s id e  and  
h y d ro p h o b ic  -R  g ro u p  to w ard s  the  o u tsid e . E x cess iv e  O A  as so lu tio n  w ill a llo w  the 
sy stem  to fo rm  “m ic ro c a p su le s” . F in a lly , w h en  th e  te m p e ra tu re  is h ig h e r than  
600 °c, O A  d eco m p o ses , and  the w a lls  o f  “m ic ro c a p su le s” are  d e s tro y ed . A lth o u g h  
th is h ap p en s , th e  sh ap e  o f  B aT iÛ 3 p recu rso r is p re se rv ed , th u s  p ro d u c in g  b e tte r-  
d isp e rsed  B a T i0 3  n an o p artic le s .
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F ac to rs  a ffec tin g  the  so l-g e l p ro cess  in c lu d e  th e  reac tiv ity  o f  m eta l 
a lk o x id e s , pH  o f  th e  reac tio n  m ed iu m , w a te r-to -a lk o x id e  ra tio , re ac tio n  tem p era tu re , 
and  n a tu re  o f  so lv e n t and  ad d itiv e . T he w a te r-to -a lk o x id e  ra tio  g o v ern s  th e  sol-gel 
c h e m is try  an d  th e  s tru c tu ra l ch a rac te ris tic s  o f  th e  h y d ro ly z e d  gel. H ig h  w a te r-to - 
a lk o x id e  ra tio  in  th e  reac tio n  m ed iu m  en su re s  a  m o re  c o m p le te  h y d ro ly s is  o f  
a lk o x id es , fav o rin g  n u c léa tio n  v ersu s  p a rtic le  g ro w th . In a d d itio n , an  in c rea se  in 
w a te r- to -a lk o x id e  ra tio  lead s to  red u c in g  the c ry s ta llite  s ize  o f  th e  ca lc in ed  cata ly st. 
A n  a lte rn a tiv e  a p p ro a c h  to  co n tro l the  so l-gel re a c tio n  ra te s  in v o lv es  th e  u se  o f  acid 
o r b a se  ca ta ly s t. It w as  rep o rted  th a t fo r a sy s tem  w ith  a  w a te r- to -a lk o x id e  ra tio  o f  
1 6 5 ,  th e  a d d itio n  o f  H C 1  resu lted  in  th e  red u c tio n  o f  the  c ry s ta llite  s ize  fro m  2 0  to  1 4  

n m  fo r m a te ria ls  c a lc in e d  at 4 5 0  ° c .  B esides, a fin e r g ra in  s ize  an d  a  n a rro w e r pore  
s ize  d is tr ib u tio n  w ith  a  sm a lle r av erag e  pore  d ia m e te r w ere  a lso  a tta in ed  fo r the 
sam p le  sy n th e s iz e d  w ith  H C l (W an g  and Y ing , 1999). T h e  s ize  o f  a lk o x id e  group 
a lso  p la y s  an  im p o rta n t ro le  in  co n tro llin g  the  p a rtic le  size . T h e  titan iu m  a lk o x id e  
c o n ta in in g  b u lk y  g ro u p s, such  as titan iu m  am ilo x id e , re d u c e s  th e  h y d ro ly s is  rate, 
w h ic h  is ad v a n ta g e o u s  fo r the  p rep a ra tio n  o f  fin e  co llo id a l p a rtic le s  (M u rak am i et 
a l ,  1999).
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