
CHAPTER III 
EXPERIMENTAL

3.1 Chemicals

S tro n tiu m  n itra te  (Sr(NC>3 ) 2  (W a k o  P u re C h e m ic a l In d u str ies , L td .), 
te tra iso p ro p y l o r th o tita n a te  (T IP T , T o k y o  C h e m ic a l In d u stry  C o ., L td .), 
a c e ty la c e to n e  (A C A , N a c a la i T e sq u e , In c .) , la u r y la m in e  h y d r o c h lo r id e  (L A H C ,  
T o k y o  C h e m ic a l In d u stry  C o ., L td .), c e ty ltr im e th y la m m o n iu m  b r o m id e  (C T A B ,  
T o k y o  C h e m ic a l In d u stry  C o ., L td .), c e ty ltr im e th y la m m o n iu m  c h lo r id e  (C T A C ,  
T o k y o  C h e m ic a l In d u stry  C o ., L td .), a n h y d ro u s e th y l a lc o h o l (E tO H , W a k o  P ure  
C h e m ic a l In d u str ie s , L td .) , e th y le n e  g ly c o l  (E G , N a c a la i T e s q u e , In c .) , and d is t ille d  
w a ter  w e r e  u se d  a s  s ta r tin g  m ater ia ls . A ll  c h e m ic a ls  are a n a ly t ic a l gra d e  and  u sed  as  
r e c e iv e d  w ith o u t  furth er p u r if ic a tio n . Sr(NC>3 ) 2  and  T IP T  w e r e  u se d  a s  stro n tiu m  and  
t ita n iu m  p r e cu rso rs , r e s p e c t iv e ly , for th e  s y n th e s is  o f  m e s o p o r o u s -a s s e m b le d  SrTiC >3 

n a n o c ry sta l p h o to c a ta ly s ts . A C A  w a s  u se d  fo r  s lo w in g  d o w n  th e  h y d r o ly s is  rea c tio n  
rate o f  th e  tita n iu m  p recu rsor . E tO H , E G , an d  d is t illa te d  w a te r  w e r e  u se d  as  
s o lv e n t /c o - s o lv e n t  m e d ia . L A H C , C T A B , an d  C T A C  w e r e  u se d  a s  stru ctu re­
d ir e c tin g  su r fa c ta n ts . T h e  c o m m e r c ia l ly  a v a ila b le  S r T iÛ 3 n a n o p o w d e r  (W a k o  P ure  
C h e m ic a l In d u str ie s , L td .)  w a s  a lso  u se d  fo r  c o m p a r a tiv e  s tu d ie s  o n  p h o to c a ta ly t ic  
a c t iv ity .

F or  p h o to c a ta ly s t  m o d if ic a t io n , th e  lo a d e d  m e ta ls  w e r e  p rep ared  fro m  

v a r io u s  p recu rsors: H y d r o g e n  tera ch lo ro a u ra te  (III) tr ih yd ra te  (H A u C l4 -3 H 2 0 ,  
9 9 .9 9 % , A lfa  A e sa r ) , C h lo r o p la t in ic  a c id  h y d ra te  (H 2P tC l6 6 H 20 ,  A ld r ic h  C o ., L td .), 
N ic k e l  (II) n itra te  h y d ra te  ( N i ( N 0 3 ) 2 -6 H 2 0 , 9 9 .9 % , W a k o  P u re C h e m ic a l In d u str ies , 
L td .), S ilv e r  n itra te  ( A g N Û 3 , 9 9 .8 % , N a c a la i T e s q u e ) , Iron  (III) n itra te  n a n o h y d ra te  
( F e ( N 0 3 ) 3 '9 H 2 0 , 9 9 .9 % , W a k o  P ure C h e m ic a l In d u str ie s , L td .), an d  C er iu m  (IV ) d i­
a m m o n iu m  n itra te  ( (N H 4 ) 2 C e ( N 0 3 )ô, 9 5 % , C h a m e le a n  R e a g e n t) .

T h e  c h e m ic a ls  u se d  for  th e  e x p e r im e n ts  o f  p h o to c a ta ly t ic  h y d r o g e n  
e v o lu t io n  r e a c tio n  w e r e  a s  fo llo w s :  A n h y d r o u s  m e th y l a lc o h o l (M e O H , 9 9 .8  %  
p u rity , L a b sc a n  A s ia  C o ., L td .), A n h y d r o u s  e th y l a lc o h o l (E tO H , 9 9 .5  % p u rity ,
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Ita lm ar C o ., L td .), A n h y d r o u s  iso -p r o p y l a lc o h o l (2 -P r O H , B D H  L a b o ra tory  C o ., 
L td .), D - g lu c o s e  (A ja x  F in e c h e m ), S o d iu m  s u lf ite  (N a 2 S 0 3 , R ie d e l-D e h a e h ) , F o rm ic  
ac id  (H C O O F l, a n a ly t ic a l gra d e , L a b sca n  A s ia  C o ., L td .), A c e t ic  a c id  (C H 3 C O O H , 
a n a ly tic a l grad e, L a b sc a n  A s ia  C o ., L td .), P r o p a n o ic  a c id  (C H 3 C H 2 C O O H , a n a ly tic a l  
gra d e , L a b sca n  A s ia  C o ., L td .), H y d r o c h lo r ic  a c id  (H C 1, 3 7 %  a n a ly t ic a l grad e, 
L a b sca n  A s ia  C o ., L td .), S u lfu r ic  a c id  (H 2 S O 4 , 4 0 %  a n a ly t ic a l g ra d e , L a b sc a n  A s ia  
C o ., L td .), C o m m e r c ia l S r T iÛ 3 n a n o p o w d e r  (W a k o  P u re C h e m ic a l In d u str ies , L td .), 
and C o m m e r c ia l T i 0 2 n a n o p o w d e r  (D e g u s s a  P -2 5 , T o k y o  C h e m ic a l In d u stry  C o ., 
L td .).

3.2 Photocatalyst Synthesis Methods

A C À  w a s  first ad d ed  in to  T IP T  at an  e q u im o la r , a n d  th e  m ix e d  s o lu t io n  w a s  
th en  a l lo w e d  to  c o o l  to  r o o m  tem p era tu re  (S a k u lk h a e m a r u e th a i et a l, 2004; 
S r e e th a w o n g  et al., 2005, b ). A  su rfa cta n t s o lu t io n  o f  L A H C , C T A C , or  C T A B  w a s  
p rep ared  b y  d is s o lv in g  it in  d iffe r e n t s o lv e n ts  o f  d is t i l le d  w a te r , E G , E tO H , or  a 
m ix tu re  o f  EtOFI an d  E G . A fte r w a r d s , an  a p p ro p r ia te  a m o u n t o f  Sr(NC>3 ) 2  w a s  ad d ed  
to  th e  su rfactan t s o lu t io n  w ith  c o n t in u o u s ly  stirr in g  at r o o m  tem p era tu re  to  o b ta in  a 
c lea r  s o lu t io n . In th e  c a se  o f  th e  m e ta l- lo a d e d  m e s o p o r o u s -a s s e m b le d  S r T iÛ 3 

n a n o c ry sta l p h o to c a ta ly s t  s y n th e s iz e d  v ia  a  s in g le - s t e p  s o l - g e l  p r o c e s s , m eta l o f  
v a r io u s  a m o u n ts  w a s  ad d ed  to  th is  c le a r  s o lu t io n  to  o b ta in  d if fe r e n t  m e ta l lo a d in g s , 
as b e in g  a n a lo g o u s  to  P t- lo a d e d  m e s o p o r o u s -a s s e m b le d  T i 0 2 (S r e e th a w o n g  and  
Y o sh ik a w a , 2006). A fte r w a r d s , th e  L A H C -S r (N 0 3 ) 2  o r  L A H C -S r (N 0 3 ) 2-m e ta l 
so lu t io n  w a s  s lo w ly  d ro p p ed  in to  th e  y e l lo w  m ix tu r e  o f  th e  T I P T -A C A  so lu t io n  
w h ile  stirr in g  c o n t in u o u s ly  at r o o m  tem p era tu re . T h e  r e su lt in g  m ix tu r e  w a s  k ep t at 

80°c fo r  2 d  to  o b ta in  c o m p le te  g e l  fo rm a tio n . T h e  r e su lt in g  g e l w a s  d r ied  at 80°c 
for  2  d. F in a lly , th e  o b ta in e d  ze r o  g e l (d r ied  r e s id u e )  w a s  c a lc in e d  at tw o  d ifferen t  
h e a tin g  rates o f  1 or  2°c m in ’1 an d  fou r  d iffe r e n t tem p e r a tu r e s  o f  600, 650, 7 0 0 , or 

750°c fo r  4  h to  r e m o v e  th e  su rfa cta n t an d  th e  r e m a in in g  s o lv e n t  from  th e  
fra m ew o rk  to  y ie ld  th e  m e s o p o r o u s -a s s e m b le d  SrT iC >3 n a n o c r y sta l p h o to c a ta ly s t  
( sy n th e s iz e d  S rT iC b ). T h e  sc h e m a tic  d ia g ra m  o f  th e  s y n th e s is  p r o c e d u r e  is  s h o w n  in  
F ig u re  3 .1 .
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S o lv e n t  S u rfa cta n t S r (N 0 3 ) 2

M e s o p o r o u s -a s s e m b le d  o f  S rT i0 3  n a n o p a r tic le s

Figure 3.1 S c h e m a tic  o f  th e  sy n th e s is  p ro ced u re .

M ix in g  at R T -L o a d e d  m eta l

T IP T A C A

M ix in g  at R T

3.3 Characterization Techniques

T h e  th erm al d e c o m p o s it io n  b e h a v io r  o f  th e  z e r o  g e l an d  th e  su ita b le  
th erm al trea tin g  c o n d it io n s  w e r e  in v e s t ig a te d  b y  u s in g  a T G -D T A  ap p aratu s  
(S h im a d z u , D T G -5 0 )  w ith  a h e a tin g  rate o f  10°c m in '1 in  a s ta tic  a ir a tm o sp h e r e  and  
w ith  CC-AI2 O 3 p o w d e r  u se d  a s  th e  re fe r e n c e .

T h e  c r y s ta llin ity  an d  p u rity  o f  th e  s y n th e s iz e d  SrT iC >3 an d  th e  c o m m e r c ia l  
S r T iÛ 3 (W a k o )  w e r e  e x a m in e d  b y  X -r a y  d if fr a c tio n  (R ig a k u , R I N T -2 1 0 0 )  w ith  a 
ro ta tin g  a n o d e  X R D  g e n e r a tin g  m o n o c h r o m a te d  C u K a ra d ia tio n  u s in g  th e  c o n tin u o u s
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sc a n n in g  m o d e  at a rate o f  2°c m in ' 1 and  o p era tin g  c o n d it io n s  o f  4 0  kv and 4 0  m A . 
C r y sta llite  s iz e  (D) w a s  c a lc u la te d  fro m  the lin e  b r o a d e n in g  o f  th e  c o r r e sp o n d in g  X -  
ray d if fr a c tio n  p ea k  a c c o r d in g  to  th e  D e b y e -S c h e r r e r  eq u a tio n :

w h ere  K  is  th e  S h errer co n sta n t ( 0 .8 9 ) ,  A is  th e  w a v e le n g th  o f  th e  X -r a y  rad ia tion  

( 0 .1 5 4 1 8  n m  fo r  C u K a ), p  is  th e  fu ll w id th  at h a l f  m a x im u m  (F W H M ) o f  th e  

d iffr a c tio n  p ea k  m ea su r e d  at 2 6 , and  6Ms th e d if fr a c tio n  a n g le .
T h e  N 2 a d so r p tio n -d e so r p tio n  iso th e r m s o f  th e  s y n th e s iz e d  S rT i0 3  an d  the  

c o m m e r c ia l SrTiCE (W a k o )  w e r e  o b ta in ed  b y  u s in g  a n itr o g e n  a d so r p tio n -d e so r p tio n  
ap p aratu s (B E L  Jap an , B E L S O R P -1 8  P L U S ,)  at a  liq u id  n itr o g e n  tem p era tu re  o f  - 
196°c. T h e  B r u n a u e r -E m m e tt-T e lle r  (B E T ) ap p ro a ch  u s in g  a d so r p tio n  d ata  o v e r  the  
re la tiv e  p ressu re  ra n g in g  from  0 .0 5  to  0 .3 5  w a s  u t i liz e d  to  d e te r m in e  th e  s p e c if ic  
su r fa ce  area. T h e  B a rre tt-J o y n er -H a len d a  (B J H ) ap p ro a ch  u s in g  d e so r p tio n  d ata  w a s  
u sed  to  o b ta in  a m ea n  p o r e  s iz e  and  p ore  s iz e  d istr ib u tio n .

(3 .1 )

0̂uT

Figure 3.2 T h e  p lo t  b e tw e e n  th e  K u b e lk a -M u n k  fu n c t io n  (F(R) )  a s  a fu n c t io n  o f  
w a v e le n g th  (A, n m ) and  th e  band  ga p  w a v e le n g th  (Ag) e s t im a t io n  (K a m a t et al., 
1 9 9 9 )
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The diffuse reflectance spectra of the synthesized SrTiC>3 and the 
commercial SrTiÛ3 (Wako) were obtained by using a UY-Visible spectrophotometer 
(Shimadzu, UV-2450) at room temperature with BaS04 as the reference. Afterwards, 
the diffuse reflectance spectra were analyzed to estimate the band gap energy (Eg, 
eV) by using the Kubelka-Munk function (F(R)), as expressed by the following 
equation:

f ’พ (3 2)
where R is the ratio of the reflected light intensity to the reflected light intensity of 
the reference. The band gap wavelength (Ag, nm) is the cross-section point between 
the line extrapolating of the onset of the rising part and x-axis of the plot of F(R) as a 
function of wavelength (A, nm), as shown in Figure 3.2. The Eg is then determined by 
using the following equation (Kamat et al., 1999):

Eg
1240 (3.3)

The synthesized SrTiÛ3 and the commercial SrTiC>3 (Wako) morphologies 
were observed by a transmission electron microscope (JEOL, JEM-200CX) at 200 
kv. The specimens for TEM analysis were prepared by ultrasonically dispersing 
pestled powders of the synthesized photocatalysts in 2-propanol and then placing 
drops of the suspension on a Cu microgrid with carbon film.

The actual metal loading was analyzed by an X-ray fluorescence 
spectroscope (Phillip, WD-XRF PW-2400) and the aggregated particle size 
distribution of the synthesized SrTiC>3 photocatalysts was analyzed by a light 
scattering particle size analyzer (laser technique) (Malvern / Mastersizer X, Malvern 
Instruments Ltd.), capable to measure in the range of 0.1 to 600 pm with the standard 
deviation of the mean aggregated particle size in the range of -9 to 9 pm
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3.4 Photocatalytic Activity Testing

3.4.1 The Photodegradation of Methyl Orange
The photocatalytic activity of the synthesized SrTiC>3 and the 

commercial SrTiC>3 (Wako) were investigated using the photodegradation of methyl 
orange in aqueous solution under uv irradiation (Vilber Lourmat, VL 115L, 15 พ , 
with a maximum emission wavelength at 365 nm) at room temperature. A quantity of 
0.15 mg of methyl orange was dissolved in 15 ml of distilled, water to yield a methyl 
orange concentration of 10 mg r 1. An amount of 0.075 mg of the SrTi03 powders
was suspended in the methyl orange solution by using a magnetic stirrer, and the 
suspension was photoirradiated at room temperature. The sample was periodically 
withdrawn (sampling time of 30 min), centrifuged to separate the photocatalyst 
powder from the solution, and used for the absorbance measurement. The absorbance 
of the sample was monitored by the UV-Visible spectrophotometer and was used to 
determine the percentage of methyl orange degradation. Moreover, the pseudo-first 
order rate constant (k, min'1) for the photodegradation reaction of methyl orange was 
determined through the following relation:

In( c  \
c = kt (3.4)

The k value is calculated from the plot between In(C(/Q and time (/), where Co and 
c  denote the methyl orange concentration at t = 0 and t = t, respectively. The 
percentage of methyl orange degradation and the pseudo-first order rate constant 
were used as the indicators for evaluating the photocatalytic activity of the 
synthesized SrTiÛ3, compared with the commercial SrTiC>3 (Wako).

3.4.2 The Photocatalytic Hydrogen Production
The photocatalytic activity of the synthesized SrTiC>3 photocatalysts 

for the photocatalytic hydrogen production is investigated by using the hydrogen 
production rate as the indicator. The photocatalytic water splitting experiment was 
performed in an outer-irradiation and air-tight Pyrex glass reactor (750 ml), 
connected to a water-cooling system, as shown in Figure 3.3. In a typical run, a 
specified amount of the SrTi03 photocatalyst is suspended in the aqueous solution of
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a scavenger mediator (hole scavenger) by using a magnetic stirrer. Prior to the 
reaction testing, the suspension is left in the dark simultaneously with being 
thoroughly deaerated by purging with Ar gas for 20 min.

Figure 3.3 The photocatalytic hydrogen production system used in this study.

Afterwards, the Ar purging is stopped and the suspension is then 
photoirradiated by the uv light (A set of 176 พ Hg lamps (16 lamps, TUV 11 พ 
PL-S, Phillip), which emitted light of more than 95% with a wavelength of 254 nm 
with total irradiance of 2.3 mW cm'2) or visible light (a 300 พ  Xe lamp (KXL-300, 
Wacom Electric) combined with a uv cutoff filter (ATG, B-485), which allowed 
only the visible light with wavelengths longer than 400 nm to pass with total 
irradiance of 2.6 mW cm'2) at room temperature. To control the reaction temperature, 
the cooling water is circulated through an inner cylindrical jacket of the reactor. A
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gas sample in the headspace of the studied reactor was periodically withdrawn at 1 h 
intervals and analyzed for its hydrogen, oxygen, carbon dioxide, and carbon 
monoxide concentrations by using a gas chromatograph (Hayesep D100/120, 
PERKIN ELMER) equipped with a thermal conductivity detector (TCD).
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