
CHAPTER III 
EXPERIMENTAL

T h is  ch a p ter  w i l l  in it ia lly  p r o v id e  in fo r m a tio n  o f  m a ter ia ls  u se d  in  th e  
e x p e r im e n t. In d iv id u a l c a ta ly s t  p rep ara tion  te c h n iq u e  an d  th e  ex p er im en ta l 
e q u ip m e n t a lo n g  w ith  te s t in g  p ro ced u res  are e x p la in e d  in  th e  fo l lo w in g  se c tio n . 
A n a ly t ic a l in stru m en ta tio n  a p p lied  as a to o l to  d e term in e  in le t  and  o u tle t  g a s  stream s  
b oth  q u a lita t iv e ly  an d  q u a n tita tiv e ly  is  illu stra ted  a s  w e l l .  L a st se c t io n  w i l l  d escr ib e  
b a s ic  th e o r y  an d  in stru m en ta l d eta il o f  th e  c h a ra c ter iza tio n  te c h n iq u e s  that w er e  
e m p lo y e d  for  s tu d y in g  th e  p ro p er tie s  o f  th e  c a ta ly s ts .

3.1 Materials

3 .1 .1  C h e m ic a ls
A ll  c h e m ic a ls  u sed  in  th is  w o rk  w e r e  a n a ly t ic a l grad e. T h e ir  p u rity  

and  m a n u fa ctu rer  are sh o w n  in  T a b le  3 .1 . In a d d it io n , d e io n iz e d  w a ter  w a s  u se d  in  
c a ta ly s t  p rep ara tio n  an d  for  h u m id ify in g  g a s  strea m  in  c a ta ly t ic  a c t iv ity  te st .

3 .1 .2  G a se s
R ea c ta n t g a se s  an d  ca lib ra tio n  g a s e s  in c lu d in g  G C  r e fe r e n c e  and  

carrier g a s e s  are l is te d  as fo l lo w s :
- N itr ic  o x id e  (N O ) 5%  and 0 .9 5 %  in  h e liu m  w e r e  o b ta in e d  fro m  A ir  

P ro d u cts  and  C h e m ic a ls  and  C r y o g e n ic  G a s In c ., r e sp e c tiv e ly .
- P r o p e n e  (C 3 H 6) 0 .9 1 %  and 1% in  h e liu m  w e r e  o b ta in e d  fro m  T hai 

In d ustria l G a s (P u b lic )  C o ., L td . and C r y o g e n ic  G a s  In c ., r e sp e c t iv e ly .
- A m m o n ia  (N H 3 ) 1 .052 %  in  h e liu m  w a s  o b ta in e d  fro m  C r y o g e n ic

G a s In c.
- S u lfu r  d io x id e  (S O 2 ) 3 0 6  p p m  in  h e liu m  w a s  o b ta in e d  from  

C r y o g e n ic  G a s In c .
- U ltra  h ig h  p u rity  (U H P ) o x y g e n  (O 2 )  w a s  o b ta in e d  fro m  P raxair  

(T h a ila n d ) C o ., L td . an d  C r y o g e n ic  G as Inc.
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- U ltra  h ig h  p u rity  (U H P ) h e liu m  (H e )  w a s  o b ta in e d  from  T h ai 
In d u stria l G a s (P u b lic )  C o ., L td. and  C r y o g e n ic  G a s In c.

- N itr o g e n  ( N 2 )  3 .1 1 %  in  h e liu m  u se d  a s  a  standard  g a s  w a s  ob ta in ed  
fro m  T h ai In d u str ia l G a s  (P u b lic )  C o ., Ltd.

3.2 Catalyst Preparation

T h e d iffe r e n t  p rep ara tio n  te c h n iq u e s  and h e a t  trea tm e n t w e r e  carried  ou t in  
ord er to  c o m p a r e  th e  a c t iv ity  o f  th e  c a ta ly s ts  a s  fo l lo w s :

3 .2 .1  S in g le  S te p  S o l-g e l
In  g e n e r a l, s o l -g e l  sy n th e s is  h a s  se v e r a l p r o m is in g  a d v a n ta g e s  b e c a u se  

it o ffe r s  h ig h  p u r ity , h o m o g e n e ity , and  a v a ila b ility  to  co n tro l th e  c o m p o s it io n , the  
tex tu re  and  structural p ro p er tie s  su ch  a s  su r fa ce  area , p o re  s iz e  d istr ib u tio n , and  
p o r o s ity . F ou r m a in  s te p s  are e x e c u te d  in  s o l -g e l  p rep aration : a  h y d r o g e l fo rm a tio n , 
a g in g , so lv e n t  r e m o v a l, an d  h ea t treatm en t (E rtl et ah,' 1 9 9 7 ) . T h e  p r o c e s s  first  
in v o lv e s  so l fo r m a tio n  f o l lo w e d  b y  g e l fo rm a tio n . A  p recu rso r  in  p rep ara tio n  ca n  b e  
e ith er  m eta l sa lt  or  m e ta l a lk o x id e . H o w e v e r , m eta l a lk o x id e s  h a v e  b e e n  e x te n s iv e ly  
u se d  d u e to  th e ir  c o m m e r c ia l a v a ila b ility  in  h ig h  p u r ity  an d  th e ir  w e ll-k n o w n  
so lu t io n  c h e m istr y .

T w o  ty p e s  o f  a lu m in u m  a lk o x id e  w e r e  u se d  a s  an  in it ia l c h e m ic a l in  
th is  s o l -g e l  s y n th e s is  to  fo rm  a lu m in a  su p p ort. P t an d  A u  w e r e  a c t iv e  in g r e d ie n ts  o f  
th e  f in ish e d  c a ta ly s ts . A  p recu rsor  o f  th e  a c t iv e  m eta l w a s  in tr o d u c e d  d u rin g  th e  so l  
sta te  so  c a lle d  s in g le  s te p  s o l-g e l  m e th o d . H y d r o g e n  h e x a c h lo r id e p la t in a te  (IV )  
h yd ra te  and g o ld  (III) a c e ta te  w e r e  m eta l p recu rso rs u se d  in  th e  p rep ara tio n  o f  P t and  
A u  c a ta ly s ts , r e s p e c t iv e ly . T h e  d e ta ils  o f  th e  c a ta ly s t  p rep ara tio n  from  ea ch  
p recu rsor  are g iv e n  as th e  fo llo w in g s :
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Table 3 .1  T h e  m a n u fa ctu rer  an d  p u r ity  o f  th e  c h e m ic a ls

Chemical Manufacturer Purity (%)
H y d r o g e n  te tra ch lo ro a u ra te  (III) A ld r ic h > 9 9 .9
trih yd rate  (H A u C14 .3 H 2 0 ) (tr a c e s  m e ta ls  b a s is )
G o ld  (III) ace ta te A lfa  A e sa r 9 9 .9
( A u ( 0 2 c c h 3)3) (m e ta ls  b a s is )
D ih y d r o g e n  h e x a c h lo r o p la tin a te A  J o h n so n  M a tth e y 9 9 .9 9 9
(IV ) h y d ra te  (H 2 P tC l6 .x H 2 0 ) C o m p a n y (m e ta ls  b a s is )
A lu m in u m  iso p r o p o x id e A lfa  A e sa r >  9 9 .9 9
(A l[O C H (C H 3) 2]3) (m e ta ls  b a s is )
A lu m in u m  tr i-s e c -b u to x id e A lfa  A e sa r 95
(A 1 [0 (C H 3 )C H C 2 H 5]3)
A lu m in u m  o x id e , a c t iv a te d , n eu tra l, A ld r ic h su r fa c e  area: 1 5 0  m 2/g
g a m m a -p h a se  (y -A l2 0 3) p o r e  s iz e :  5 8  Â
E th an o l A ld r ic h > 9 9 .5
(C H 3 C H 2 O H ) (a n h y d ro u s)
Iso p ro p a n o l A ld r ic h 9 9 .5
((C H 3 ) 2 C H O H ) (a n h y d ro u s)
1 ,3 -B u ta n e d io l A ld r ic h > 9 9
(C H 3 C H (O H )C H 2 C H 2 O H ) (a n h y d ro u s)
E th y le n e d ia m in e  (N H 2 C H 2 C H 2N H 2) F lu k a > 9 9 .5
E th yl a c e to a c e ta te A v o c a d o  R e se a r c h > 9 9
(C H 3 C 0 C H 2 C 0 2 C H 2 C H 3) C h e m ic a ls
N itr ic  a c id  ( H N 0 3) A ld r ic h 7 0
A m m o n iu m  h y d r o x id e  (N H 4O H ) A ld r ic h 2 8 - 3 0  (N H 3 b a s is )
S o d iu m  h y d r o x id e  (N a O H ) A ld r ic h > 9 8 .5
A c e to n e  (C H 3 C O C H 3) A ld r ic h > 9 9 .5
n -O c ta n e  (C H 3 (C H 2 ) 6C H 3) A ld r ic h >  9 9  (a n h y d ro u s)
U rea  (N H 2 C O N H 2) A ld r ic h > 9 9 .5
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ร. 2.1.1 Aluminum tri-sec-Butoxide
T h e  s o l -g e l  c a ta ly s ts  s y n th e s iz e d  fro m  a lu m in u m  tri-sec- 

b u to x id e  w e r e  p rep ared  in  th e  sa m e  m an n er  a s  d e sc r ib e d  b y  S e k e r  (2000). A lu m in u m  
tri-s’e c -b u to x id e  w a s  fir st m ix e d  w ith  th e  w a te r -e th a n o l s o lu t io n  an d  th en  the  
n e c e ssa r y  a m o u n t o f  c h lo r o p la tin ic  ac id  o f  p la tin u m  or  g o ld  a c e ta te  w a s  a d d ed  in to  
th e  a lu m in u m  s o l  so lu t io n . T h e  o b ta in ed  g e l w a s  d ried  at 100 °c fo r  12 h f o l lo w e d  b y  
c a lc in a t io n  at 600 °c fo r  24 h.

3.2.1.2 Aluminum Isopr opr oxide
D e s ir e d  am o u n t o f  a lu m in u m  iso p r o p r o x id e  w a s  in it ia lly  

d is s o lv e d  in  h o t w a ter  an d  k ep t at 8 5  °c u n d er  a g ita tio n  fo r  se v e r a l m in u te s  to  form  
a lu m in u m  h y d r o x id e . T h en  n itr ic  a c id  w a s  ad d ed  in  ord er  to  r e d isp e r se  th e  a lu m in u m  
so l. A fte r  stirr in g  th e  m ix tu re  for  1 h  u n d er  th e  sa m e  tem p era tu re , an  ap p ropriate  
a m o u n t o f  th e  m e ta l p recu rsor  e ith er  o f  P t or A u  p r e -m ix e d  w ith  a m o d if ie r  su ch  as
1,3 b u ta n e d io l w a s  s lo w ly  in tro d u ced  in to  th e  sy s te m . It w a s  furth er k ep t stirr in g  at 
th is  tem p era tu re  fo r  an o th er  h ou r fo l lo w e d  b y  a g in g  at th e  r o o m  tem p era tu re  
o v e r n ig h t. T h e  s o lv e n t  w a s  r e m o v e d  b y  lo w  h e a tin g  u n d er  a red u c e d  p ressu re  
c o n d it io n  for  g e la t io n . D r y in g  at 1 0 0  °c for  12 h w a s  a p p lie d  to  th e  o b ta in ed  g e l  
f o l lo w e d  b y  c a lc in a t io n  at 6 0 0  °c for  2 4  h.

3 .2 .2  D e p o s it io n -P r e c ip ita tio n
T h e  d e p o s it io n -p r e c ip ia tio n  te c h n iq u e  i s  an  a ltern a tiv e  c h o ic e  to  

o b ta in  a u n ifo r m  d is tr ib u tio n  o f  sm a ll p a r tic le s  o v e r  a  su p p o rt. T h e  s o lu t io n  o f  m eta l 
p recu rsor  is  f ir st  m ix e d  w ith  th e  p refo rm ed  su p p o rt in to  slu rry  an d  f o l lo w e d  b y  
a d d in g  a s u f f ic ie n t  a lk a li s o lu t io n  to  c a u se  p r e c ip ita t io n  o f  th e  m e ta l h y d ro x id e . 
T h ere  are tw o  p r o c e s s e s  in v o lv e d  in  th e  d e p o s it io n  a s  f o l lo w s  (P e r e g o  and  V illa ,
1 9 9 7 ):

1 ) p rec ip ita t io n  fro m  b u lk  s o lu t io n  or  fr o m  p ore  f lu id s
2 ) in tera c tio n  w ith  th e su p p ort su r fa ce
H o w e v e r , rap id  n u c lé a t io n  and  g r o w th  r e su lt in g  in  p r e c ip ita tio n  in  the  

b u lk  s o lu t io n  is  u n w a n ted . S in c e  it g iv e s  th e  la rg e  p a r t ic le s  w h ic h  w i l l  b e  u n a b le  to  
en ter  in to  th e  p o r e s  in s id e  th e  su p p ort, b ut w i l l  d e p o s it  o n ly  o n  th e  ex tern a l su rfa ce . 
T h is  le a d s  to  la rg e  c r y s ta llite s  an d  in h o m o g e n e o u s  d is tr ib u tio n . C o n se q u e n t ly , the
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p r e c ip ita tio n  o f  th e  m e ta l h y d r o x id e  p a r tic le s  o n  th e  in tern a l area  o f  th e  su p p ort is  
p refered  in  ord er  to  o b ta in  a w e ll-d is p e r s e d  an d  u n ifo rm  a c t iv e  p h a se  o v e r  the  
su p p ort. H e n c e , th e  h ig h e r  n u c lé a t io n  rate at th e  su r fa c e  th an  that in  th e  b u lk  s o lu t io n  
m u st b e  p r e se r v e d . H o m o g e n e o u s  d istr ib u tio n  a ls o  o c c u r s  w h e n  th e  O H  gro u p s o f  the  
su p p ort in teract d ir e c t ly  w ith  th e  m e ta l io n  p r e se n t in  th e  p recu rso r  so lu t io n . T o  
a c h ie v e  th e  b e s t  r e su lts , it sh o u ld  a p p ly  a  w e l l  m ix in g  p r o c e s s  and  a  s lo w  a d d itio n  o f  
th e  b a s ic  so lu t io n  to  a v o id  th e  lo c a l O H ' b u ild  up.

H y d r o g e n  tetra ch o roa u ra te  (III) h y d ra te  p recu rso r  w a s  u se d  w ith  tw o  
ty p e s  o f  a lu m in a  to  s y n th e s iz e  g o ld  su p p o rted  ca ta ly s t . F irst su p p o rt w a s  g a m m a  
a lu m in a  su p p lie d  fro m  A ld r ic h . T h e  o th er  w a s  s o l -g e l  a lu m in a  p rep ared  from  
a lu m in u m  tr i-s e c -b u to x id e  b y  th e  sa m e  p ro ced u re  a s  p r e v io u s ly  d e sc r ib e d  e x c e p t  
m eta l p recu rso r  a d d in g . T h e  p ro ced u re  o f  U e d a  et al. ( 1 9 9 7 )  w a s  a p p lie d  in  th e  
c a ta ly s t  p rep ara tio n . T h e  p H  o f  a q u e o u s  so lu t io n  o f  g o ld  sa lt  w a s  a d ju sted  to  7 .0  b y  
a d d in g  0.1 M  o f  N a O H . T h e n  a lu m in a  w a s  in tro d u ced  to  th e  s o lu t io n  u n d er a g ita tio n  
for 1 h  to  d e p o s it  g o ld  h y d r o x id e  o n  th e  a lu m in a  su r fa ce . T h e  p r e c ip ita te  w a s  filtra ted  
and w a sh e d  se v e r a l t im e s  to  e lim in a te  th e  e x c e s s  io n s . A fte r  th a t th e  fin a l p rec ip ita te  
w a s  d ried  at 1 0 0  °c for  5 h  an d  c a lc in e d  at 5 0 0  °c fo r  5 h.

3 .2 .3  Im p reg n a tio n
Im p r e g n a tio n  is  a s im p le  m e th o d  to  p rep are th e  c a ta ly s ts . T h is  

te c h n iq u e  is  to  b r in g  a  s o lu t io n  c o n ta in in g  a c t iv e  m eta l p recu rso r  in  c o n ta c t  w ith  th e  
su p p ort m ater ia l w h ic h  is  su b se q u e n tly  d ried  to  r e m o v e  im b ib e d  s o lv e n t . A fte r  that it 
is  a c t iv a te d  b y  th e  ap p ro p ria te  trea tm en t su ch  a s  c a lc in a t io n , r e d u c tio n , e tc . T h ere  are 
tw o  m e th o d s  u se d  in  th is  p rep ara tion  w h ic h  are dry an d  w e t  im p r e g n a tio n . D u r in g  
im p r e g n a tio n , th ree  p r o c e s s e s  o c c u r  as f o l lo w s  (A n d e r so n  an d  G a rc ia , 2 0 0 5 ):

1 ) so lu te  tran sp orta tion  to  the p o r e  s y s te m  o f  th e  su p p o rt
2 ) so lu te  d if fu s io n  w ith in  the p o re  s y s te m
3 ) so lu te  u p ta k e  b y  th e  p ore  w a ll
In c a s e  o f  w e t  im p r e g n a tio n , so lu te  tran sp orta tion  to  th e  ou ter  p a rtic le  

su r fa ce  is  an a d d it io n a l s tep . D iffe r e n t  a c t iv e  p h a se  p r o f ile s  w i l l  b e  o b ta in ed  
d e p e n d in g  o n  th e  p r o c e s s  c o n d it io n s  d u rin g  im p r e g n a tio n  and d r y in g  su ch  a s  th e  p H ,
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the temperature, weak or strong support interaction (Pinna, 1998; Campanati et a l, 
2003).

In this work, dry impregnation (or incipient wetness impregnation) 
was employed. The support was filled with an active phase solution of which the 
quantity corresponds to its total pore volume. The same gold precursor and alumina 
in deposition-precipitation were applied in the synthesis. The sol-gel alumina 
synthesized from aluminum tri-sec-butoxide or the commercial gamma alumina was 
impregnated by the appropriate amount of hydrogen tetrachloroaurate dissolved in 
water to achieve the desired amount of gold loading. The same drying procedure was 
employed followed by 500 °c calcination for 5 h.

After calcinations, all types of catalysts were ground and sieved into 80-120 
mesh sizes before activity test.

3.3 Experimental Equipment

The schematic diagram of the experimental apparatus is shown in Figure 3.1 
in which it was divided into 3 main parts as follows:

3.3.1 Gas Blending System
The reactant gas mixtures consisted of 0-1,000 ppm NO, 0-14% O2, 0- 

1,000 ppm reducing agent (C3H6 or urea) and 25 ppm SO2 (when used) balanced in 
Helium. Each gas was controlled independently by mass flow controller to achieve 
an approximate space velocity of 50,000-105,000 cm3 h'1 g'1. Water was introduced 
to the system by passing the gas mixtures through a bubbler at the room temperature 
to obtain around 2-3% moisture in gas stream. The humid stream route was heated to 
avoid water condensation. Either bubbler or injection pump was employed to deliver 
urea to the system. In the former method, the reactant gas mixtures were sent in the 
same manner as water delivery through the bubbler containing 1.4 wt% urea aqueous 
solution. In the latter method, 1.4 wt% of urea aqueous solution was transferred to 
the system by a peristaltic tube pump; supplied from Cole Parmer, at the appropriate 
flow rate to achieve the desired portion in the reactant gas mixtures. When octane
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was used as a reducing agent, it was introduced to the system by passing helium gas 
through the saturature. It contained octane liquid which was controlled at the right 
temperature to achieve the desired concentration range.

3.3.2 Reactor
The catalytic activity was studied over a fixed bed microreactor at the 

atmospheric pressure. The catalyst was placed between two quartz wool layers in a 
quartz บ tube reactor, 3 mm ID. The reaction temperature was electrically heated 
from 150 to 500 °c with a 50 °c increment. It was controlled by a PID temperature 
controller; a Yokogawa instruments model UP27, equipped with a chromel-alumel 
thermocouple of which tip was located right on the top quartz wool layer on the fixed 
bed catalyst.

3.3.3 Analytical Instrumentation
Product analysis was performed after the reaction reached a steady 

state condition; at least 1 hour time on stream. The outlet stream from the reactor was 
removed water out by passing through a membrane dryer supplied from Perma Pure 
Inc. Then the dehydrated effluent gas was qualitatively and quantitatively analyzed 
by the following instruments.

3.3.3.1 NOx Chemiluminescence Analyzer
Nitric oxide (NO) and nitrogen dioxide (NO2) were 

determined by a Thermo Environmental 42CHL NO* chemiluminescence analyzer. 
The sample gas was mixed with ozone, which was generated from dry air or oxygen, 
in the reaction chamber. Consequently, NO reacted with O3 to form NO2. Some 
electronically excited NO2 were produced. These molecules returned to their ground 
energy level by giving off energy in the form of light emission (chemiluminescence) 
with intensity linearly proportional to the concentration of NO. These processes was 
delineated by Clough and Thrush (1967) as the equations below:

NO + O3 —> NO2 + 02 
NO + O3 —> NO2 + O2

(3.1)
(3.2)
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N 02* -> NO2 + hv (-600-3,000 nm) (3.3)

The chemiluminescence resulted from the reaction was 
monitored through an optical bandpass filter by a high sensitivity detector; 
photomultiplier ณbe (PMT), located at the end of the reaction chamber. After that, an 
electronic package took the output signal from the detector and processed it to 
voltage, current level, or digital signal. Finally, it was reported to NO-N02-NOx 
quantities.

The sample inlet generally had two flows modes. The first one; 
NO mode, was a direct path of sample to the reaction chamber. Ideally, only the NO 
in the sample reacted with the ozone to produce light emission. The other one; NO* 
mode, was routed through a converter that transformed the N 02 to NO before further 
delivery to the reaction chamber. The different signal between these two modes was 
interpreted to the corresponding N 02 portion.

3.3.3.2 Gas Chromatography (GC)
' ' A gas chromatography is an instrument used to separate the

mixtures. In the chromatographic separation, the sample is transported in a mobile 
phase which is gas in this case. This mobile phase is then forced through an 
immiscible stationary phase that can be a liquid or solid fixed in a column or on a 
solid surface. The sample will be introduced to the chromatographic system via an 
injector. Its component which strongly interacted with the staionary phase will be 
retained in the column so that it will take time longer to travel through the column. 
On the other hand, the component which is weakly held will move relatively rapidly. 
After each component leaves the column, it will be carried by carrier gas to the 
detector where data is collected and sent out as a signal. It will be further processed 
and reported as a chromatogram. The observed peaks were identified by the retention 
time in comparison with those of the standard gases. While the composition of the 
effluent gas was quantitatively determined from the peak area by using calibration 
curve as a reference.

The effluent gas from the reactor was analyzed by a SRI 
8610C gas chromatograph equipped with a helium ionization detector (HID) and a 
thermal conductivity detector (TCD) or by a Hewlett Packard 5890 series II gas
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chromatograph equipped with thermal conductivity detector (TCD). Product gases 
were separated in an appropriate column such as a 36 ft long HayeSep DB column, a 
6 ft long Porapak N column to further analyze its composition both qualitatively and 
quantitatively.

3.3.3.3 Fourier-Transform Infrared Spectroscopy (FTIR)
Infrared spectroscopy reveals the information about the 

vibrational states of a molecule. IR radiation is passed through a sample. Some of the 
infrared radiation is absorbed by the sample and some of it is passed through 
(transmitted). Intensity and spectral position of IR absorptions allow the 
identification of structural elements of molecule. Typical vibrations of functional 
groups can be determined by this method. As well as in the gas phase, a rotational 
fine structure can often be observed from the moment of inertia of the molecule. 
When a spectrum is recorded using a conventional, dispersive IR spectrometer, each 
data point reveals the transmitted light at the respective frequency. The signal 
provided by the FTIR technique contains information about the complete spectrum of 
the probe. This signal will be transformed from the time-domain into the frequency- 
domain in order to give the spectrum. This transformation is so called Fourier 
transformation.

The relationship between the amount of the radiation absorbed 
or transmitted and the concentration of the sample at a particular wavelength is 
known as Beer’s law (Szymanski, 1964) as given below:

where

log Po = abc 
p

A = absorbance 
T = transmittance
Po = the amount of radiation of one wavelength incident on the sample 
p = the amount of transmitted by the sample 
a = absorptivity 
b = the path length in the sample 
c = the concentration of the sample
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In this work, carbon monoxide (CO), carbon dioxide (CO2) 
and nitrous oxide (N2O) were analyzed by a Mattson Galaxy 7020 A Fourier- 
transform infrared spectroscopy (FTIR) equipped with a 10 cm path length gas cell. 
This instrument is an interferometer equipped with potassium bromide (KBr) beam 
splitter and mercury cadmium telluride (MCT) detector, which is kept at 77 K with 
liquid nitrogen. MCT detector measures the transmitted IR coming out of the sample 
gas cell. A moving mirror and a fixed mirror together with the beam splitter inside 
the instrument create an interference pattern. The result is the IR intensity versus the 
position of the moving mirror, which is determined by a He-Ne laser. It is called an 
interferogram. Then a Fourier transform procedure performed in the electronics of 
the instrument converts the interferogram into the intensity versus frequency. Then 
the gas spectra were analyzed by WinFirst software version 3.61 giving the 
information of molecular structures and the corresponding quantities.

3.4 Catalytic Activity Measurement

3.4.1 Activation Process
Before testing, activation process was applied for the fresh catalysts. 

The catalysts were kept at the temperature from 100 to 500 °c with the 50 °c 
increment under the flow rate of 77 ml/min of wet reactant gases stream, consisting 
of 750 ppm NO, 750 ppm C3H6 and 7% O2 balanced in He. They were held at each 
temperature for 1 hour and kept overnight once the temperature reached 500 °c. This 
heat treatment cycle was employed until the catalysts reached their stable activity 
levels.

3.4.2 Activity Testing Procedure
After the cataysts were activated, they were examined the activity at 

the atmospheric pressure and the temperature ranging from 100 to 500 °c under wet 
and dry reactant gas mixtures. The different reducing agents were employed in this 
study. Either C3 H 6 , urea or N H 3  was used in each test. The water containing in the 
outlet gases was trapped by a condenser and a water selective membrane dryer from 
Perma Pure Inc. In addition, the effluent gases were passed through the phosphoric
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acid to eliminate NH3 and HNCO when urea or NH3 was used as a reducing agent. 
The dehydrated stream was subsequently determined the composition by analytical 
instrumentation; NO* analyzer, GC, and FTIR.

3.4.3 Conversion and Selectivity Calculation
3.4.3.1 Hydrocarbon Conversion

The hydrocarbon conversion was defined as:

( mole of CO + mole of CO2 ) J

( ท X  mole of CnHm )

3.4.3.2 NOx Conversion
The NOx conversion was defined as:

( mole of NOin +  mole of NC>2 in ) -  ( mole of NOout + mole of N 0 2 out) X  100% 
( mole of NOjn + mole of N O 2  in )

3.4.3.3 N2 Selectivity
The N2 selectivity was defined as:

mole of N2 product X  2 100%
( mole of NOin + mole of N O 2  in ) -  ( mole of NOout + mole of N O 2  out)

3.5 Catalyst Characterization

The physical and chemical properties of the catalysts were examined by 
some characterization techniques to understand more about the catalytic behavior. 
The following techniques were applied in this work.

3.5.1 BET Surface Area Measurement
Most heterogeneous catalysts are porous solids. The porosity arises 

from the preparation methods. Typically, the catalysts contain one or more groups of
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pores whose size and volume depend on preparation method. Surface area, pore size, 
pore size distribution, pore structure, and pore volume of the carrier are the important 
factors of catalytic activity because the active sites are present or dispersed 
throughout the internal surface through which reactants and products are transported. 
The size and number of pores determine the internal surface area. High surface area 
maximizes the dispersion of active components that benefits the reaction. However, 
the diffusion resistance of reactants or products grows if the pore size is too small. 
The pores are classified in different classes depending on their sizes (Leofanti et al, 
1997):

1) micropore (<|) < 2 nm), molecular diffusion
2) mesopore (2 < (})< 50 nm), Knudsen diffusion
3) macropore (<t> > 50 nm), bulk diffusion

The Brunauer-Emmett-Teller method (BET) was used to determine 
the surface area and the pore size. BET surface area was measured with a 
Micromeritics 2010 instrument. About 0.1 g of catalyst sample was degassed under 
vacuum at 300 °c until the pressure inside the sample tube reached around 5 pmHg 
steady state. Then N2 adsorption was proceeded at 77 K. A standard Micromeretics 
program was employed to calculate both BET surface area and BJH pore size 
distribution.

3.5.2 X-ray Diffraction (XRD)
Approximate crystallite size and phases present in the catalysts were 

determined by X-ray diffraction, Riguku powder diffractometer, operated at 40 kv 
and 100 mA with Cu Ka radiation. The average size was calculated by the Debye- 
Scherrer equation (Niemantsverdriet, 1993). However, this technique has some 
limitations. Amorphous phase and small particles give either broad and weak 
diffraction lines or no diffraction at all. Hence, the particle size ranges below 5 nm 
can not be determined. Furthermore, large crystallite sizes above 50 nm give sharp 
peak so that the change in peak shape is small leading to insensible in calculation
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(Anderson and Pratt, 1985). In practical, cystallite size ranged 5-50 nm can be 
calculated by applying the Debye-Scherrer equation as shown below:

L = KX
B COSÔ

where
L = a measure for the dimension of the particle in the direction 

perpendicular to the reflecting plane 
B = the width at half peak height 
X = X-ray wavelength, 0.154 nm for Cu Ka radiation 
0 = diffraction angel 
K = a constant, usually equal to 1

3.5.3 High Resolution Transmission Electron Microscopy (HRTEM)
In transmission electron microscopy, a thin sample is subjected to a 

beam of electrons. The ability to pass through the object gives the different contrast 
of image. The dense areas in the sample inhibit electron transmission giving the dark 
spots on the film. Therefore, metal particles can be determined from the dark spot 
outline. This technique also offers the particle size distribution information.

JEOL 4000 HRTEM was used to determine Pt and Au particle size 
and their distributions. The catalyst powder was ground in z-propyl alcohol and 
subsequently kept in a sonic bath for 15 min. A drop of the alcohol powder 
suspension was put on a holly carbon-coated copper screen and then alcohol was 
evaporated at room temperature under vacuum before transferring to HRTEM 
column. An amount of 90-200 crystallites pictures for each catalyst were collected 
spatially over holly carbon coated copper screen to find the crystallite size 
distribution (Seker et a i, 2002).

3.5.4 Neutron Activation Analysis (NAA)
The neutron activation analysis technique was employed at the Ford 

Nuclear Reactor at the University of Michigan to find the gold amount in the 
catalysts. The concentration of gold in alumina matrix was determined through direct
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comparison to the standard reference material NBS-SRM-2128-1 (1 + 0.01% Au). 
Approximately 100 mg of the liquid standard was placed on thin strips of filter paper 
in polyethylene vials, the mass recorded to the nearest 0.1 mg, and the standards 
dried to constant weight. Similarly, an approximate 10 mg of the samples was 
prepared. Samples and standards were irradiated in position L10D (with an average 
thermal neutron flux of ca. 3.9 X 1011) for 1 h, and were rotated during irradiation to 
ensure equal exposure to neutron flux. After irradiation, the resulting gamma activity 
in each vial was counted using a high purity germanium (HPGe) detector for 5,000 ร. 
The resulting in peak areas with associated errors of less than 1% gold concentrations 
in the unknowns were based on the decay-corrected gamma activity per milligram 
averaged across four standards, while a fifth replicate was served as a check 
standards for quality control. The check standard indicated a total measurement error 
of ca. 0.04% (Seker et al., 2002).
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