
RESULTS AND DISCUSSION
CHAPTER IV

4.1 Catalyst Preparation

This part reports the w ashcoating results o f  ceram ic m onolith  used as a 
catalytic support and also som e inform ation o f  all library m em bers.

4.1.1 M onolith  W ashcoating
The original and bit m onoliths w ere investigated  for their surface 

m orphologies using SEM , as show n in Figure 4 .1 . Som e surface roughness has been  
observed after the acid biting expected  to enhance the attachm ent betw een  
m onolith ic w all and alum ina slurry. A fter bit m onoliths w ere dipped into Y-AI2 O 3  

slurry and calc in ed  at 500°c, their alum ina coated th ick n esses w ere also estim ated  
by SEM . Figure 4 .2  illustrates the results at the different m agnifications o f  the 
w ashcoated  m onolith . It w as indicated that Y-AI2 O 3 w as coated as a layer on the 
m onolith ic w a lls  w ith  the th ickness o f  around 30-35 pm . The SEM  result o f  bare 
m onolith , as show n in Figure 4 .3 , also confirm s the ex istin g  o f  additional Y-AI2 O 3  

layers onto m on olith ic  w alls.

Figure 4.1 SEM  im ages o f  (a) original ceram ic m onolith , and (b) bit m onolith  
(dipped w ith  2.5% w t acetic acid solution  for around 2 m in).
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Figure 4.2 SEM  im ages o f  y -A l2 0 3  w ashcoated m onolith  w ith  the m agnifications o f  
(a) 50, (b) 75 , and (c) 750  tim es.

Figure 4.3 SEM  im age o f  bare ceram ic m onolith .
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4 .1 .2  Library I: C atalysts for Studying the E ffect o f  C alcination Step
E ight m onolith ic catalysts w ere se lected  to observe the effect o f  

calcination  related to alum ina phase. There are three m ain categories: i) unloaded  
catalysts, ii) palladium -based catalysts (both bi- and tri- elem ents), and iii) platinum - 
based catalysts. A ll o f  them  are identified  and a lso  listed  in Table 4 .1 .

Table 4.1 C atalyst form ulations prepared by incip ient w etn ess m ethod to achieve  
5% total loading for studying the effect o f  catalyst preparation

N o. C atalyst
R elative ratio o f  

elem ental loading (%) Rem ark
Pd Pt La

1 CM - - - Bare M onolith
2 C 22 - - - W ashcoated M onolith
3 C 19A 80 2 0 - M ethod A  (Pd-based)
4 C 19B 80 2 0 - M ethod B (Pd-based)
5 C 17A 60 2 0 2 0 M ethod A  (Pd-based)
6 C 17B 60 2 0 2 0 M ethod B (Pd-based)
7 C 02A - 80 2 0 M ethod A  (Pt-based)
8 C 02B - 80 2 0 M ethod B (Pt-based)

Note: Method A: washcoated monolith was calcined at 500°c and re-calcined at 900°c for 3 hrs after 
metal loading.

Method B: washcoated monolith was calcined at 900°c and re-calcined at 900°c for 3 hrs after 
metal loading.

The X R D  patterns in  Figure 4 .4  indicate that M ethod A  generates 
y-alum ina phase w h ile  m ixed  y- and ô-alum ina phases are ach ieved  from  M ethod B  
(both patterns w ere m atched w ith  the X R D  references: PD F N o . 2 9 -6 3 , and 4 6 -1 1 3 1 , 
respectively).
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3 h rs.

4 .1 .3  L ib r a r y  บ : C a ta ly s t s  fo r  S t u d y in g  th e  E f f e c t  o f  L o a d in g  A m o u n t
E ig h t  p a l la d iu m  s u p p o r te d  Y-AI2O3 w a s h c o a t e d  c e r a m ic  m o n o l i t h s  

w e r e  p r e p a r e d  w i t h  d i f f e r e n t  to ta l  lo a d in g  a m o u n ts  w i t h  a n  a p p r o p r ia te  c a lc in a t io n  

s t e p  fr o m  th e  p r e v io u s  e x p e r im e n t .  A l l  o f  th e m  a re  id e n t i f ie d  a n d  a l s o  l i s t e d  in  T a b le
4 .2 .

T a b le  4.2 C a t a ly s t  fo r m u la t io n s  p r e p a r e d  b y  in c ip ie n t  w e t n e s s  m e t h o d  fo r  s t u d y in g  

th e  e f f e c t  o f  lo a d in g  a m o u n t

N o . C a ta ly s t P d  lo a d in g  (% w t) N o . C a ta ly s t P d  lo a d in g  (% w t)

1 M L 1 1% 5 M L 5 7 %

2 M L 2 2 % 6 M L 6 8 %

3 M L 3 4 % 7 M L 7 1 0 %
4 M L 4 5% 8 M L 8 1 2 %
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4 .1 .4  L ib r a r y  III: C a t a ly s t s  fo r  S t u d y in g  th e  E f f e c t  o f  U s in g  P d , P t  a n d  L a  in  

m o n o - ,  b i - ,  a n d  t r i - e le m e n t s  S y s t e m
T w e n t y - o n e  c a t a ly s t s  lo a d e d  w ith  P d , P t, a n d  L a  s im u l t a n e o u s ly  b y  a  

2 0 %  in te r v a l ,  in  m o n o - ,  b i - ,  a n d  t r i - e le m e n t s  s y s t e m  w e r e  p r e p a r e d  a c c o r d in g  to  

te r t ia r y  d ia g r a m . T h e  c a lc in a t io n  s t e p  a n d  to ta l  lo a d in g  w e r e  u s e d  a s  th e  a p p r o p r ia te  

c o n d i t io n s  r e c e iv e d  f r o m  th e  p r e v io u s  s tu d y . A l l  o f  th e m  a re  id e n t i f ie d  a n d  a ls o  l is t e d  

in  T a b le  4 .3 ,  a n d  F ig u r e  4 .5 .

T a b le  4 .3  C a t a ly s t  f o r m u la t io n s  fo r  s t u d y in g  th e  f e a s ib i l i t y  o f  u s in g  P d , P t, a n d  L a  

in  m o n o - ,  b i - ,  a n d  t r i - e le m e n t s  s y s t e m

N o C a ta ly s t
R e la t iv e  ra tio  o f  

e le m e n t a l  lo a d in g *  (% ) N o C a ta ly s t
R e la t iv e  r a t io  o f  

e le m e n t a l  lo a d in g *  (% )
P d P t L a P d P t L a

1 C 0 1 a - 1 0 0 - 13 C 13 e 4 0 4 0 2 0
2 C 0 2 b - 8 0 2 0 14 C l  4 e 4 0 2 0 4 0
3 C 0 3 b - 6 0 4 0 15 C 1 5 b 4 0 - 6 0
4 C 0 4 b - 4 0 6 0 1 6 C 1 6 b 6 0 4 0 -
5 C 0 5 b - 2 0 8 0 1 7 C l  7 e 6 0 2 0 2 0
6 C 0 6 a - - 1 0 0 18 C 1 8 b 6 0 - 4 0
7 C 0 7 b 2 0 8 0 - 1 9 C 1 9 b 8 0 2 0 -
8 C 0 8 c 2 0 6 0 2 0 2 0 C 2 0 b 8 0 - 2 0
9 C 0 9 c 2 0 4 0 4 0 21 C 2 1 a 1 0 0 - -

1 0 C 1 0 c 2 0 2 0 6 0 2 2 C 2 2 * - - -
11 C l  l b 2 0 - 8 0 2 3 C 2 3 J - - -
1 2 C 1 2 b 4 0 6 0 -

a single-element catalysts
b catalysts in the bi-element system: Pt/La, Pa/La, or Pd/Pt 
c catalysts in the tri-element system of Pd, Pt and La
* unloaded catalyst (y-Al20 3 washcoated ceramic monolith)
* quartz wool to represent the non-catalytic case
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L a n th a n u m

Figure 4 .5  A  r ig h t a n g le d  t r ia n g le  te r t ia r y  d ia g r a m  r e p r e s e n t in g  a  s y s t e m a t ic  

a r r a n g e m e n t  o f  c a t a ly s t s  in  L ib r a r y  III.

A c t i v e  E le m e n t ( s )  
S o lu t io n s

Figure 4 .6  A  p ic tu r e  o f  w a s h c o a t e d  m o n o l i t h s  ( in  th e  l e f t - h a n d - s id e )  to  b e  

im p r e g n a te d  w i t h  a c t iv e  e l e m e n t ( s )  s o lu t io n s  ( in  th e  r ig h t - h a n d - s id e ) .
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4.2 Catalytic Activity Screening

T h is  s e c t io n  s h o w s  th e  a c t iv i t y  o f  a ll  c a t a ly s t s  in  th e  l ib r a r ie s . T h e  a c t iv i t y  

t e s t in g  w a s  in v e s t ig a t e d  u n d e r  th e  s im u la t e d  o p e r a t in g  c o n d i t io n s  o f  a  s m a ll  tu r b in e  

u n it  a t 1 a tm . T h e  c o n d i t io n s  w e r e  2 %  m e th a n e  in  a ir  w i t h  1 m /s  l in e a r  v e l o c i t y  a t  

f i x e d  d i f f e r e n t  g iv e n  te m p e r a tu r e s  in  e a c h  e x p e r im e n t .

4 .2 .1  A c t i v i t y  S c r e e n in g  o f  L ib r a r y  I: S t u d y  o f  th e  E f f e c t  o f  C a lc in a t io n  S t e p  

T h e  e x p e r im e n t s  w e r e  p e r fo r m e d  a t 650°c to  o b s e r v e  s o m e  d i f f e r e n c e s  

b e t w e e n  t w o  p r e p a r a t io n  m e t h o d s  r e la te d  to  a lu m in a  p h a s e .  T h e  c o m p o s i t io n s  o f  a ll  
c a t a ly s t  f o r m u la t io n s  u s e d  in  th is  s tu d y  a re  d i s p la y e d  in  T a b le  4 .1 .  F r o m  G C  d a ta ,  
100% s e l e c t i v i t y  w a s  a c h ie v e d  w i t h  c o n v e r s io n  a s  i l lu s tr a te d  in  F ig u r e  4 .7 .

• CM
o C22
▼ C19A
V C19B
■ C17A
□ C17B
♦ C02A
o C02B

Time on stream (mm)

Figure 4.7 M e th a n e  c o n v e r s io n  o f  c a t a ly s t s  in  L ib r a r y  I fr o m  th e  a c t iv i t y  s c r e e n in g  

u s in g  e ig h t  tu b u la r  f l o w  r e a c to r s  ( f i l l e d  s y m b o l s  in d ic a t e  th e  c a t a ly s t s  p r e p a r e d  fr o m  

M e t h o d  A  w h i l e  th e  o p e n e d  s y m b o ls  in d ic a t e  th e  c a t a ly s t s  p r e p a r e d  f r o m  M e t h o d  B).
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The results indicate that Pd-based catalysts has a high potential to 
combust a lean mixture of methane since some of them have almost 100% 
conversion and 100% selectivity. Moreover, no significant difference was observed 
in a long period when the different calcination steps were applied to prepare Pd- 
based catalysts. On the other hand, loading Pt-based elements on y-phase alumina, 
using Method A, gave a higher activity when compared to the other one from 
Method B. Therefore, Method A, which washcoated monoliths were calcined at 
500°c before re-calcination at 900°c after metal loading, is suggested to be the 
appropriate condition for preparing the methane combustion catalysts.

4.2.1 Activity Screening of Library II: รณdv of the Effect of Loading Amount 
The appropriate preparation condition suggested from the previous test 

was used to produce a catalyst library for studying the effect of loading amount. 
Eight different loaded catalysts were investigated for their combustion activity under 
three different temperatures: 350, 400, and 450°c, as shown in Figures 4.8 to 4.10.

Figure 4.8 represents the methane conversion at 350°c. The screening 
results showed the needs of palladium to be loaded in higher amounts at this 
temperature since the activity of all catalysts was still low, around 10-15% 
conversion. However, the results at 450°c, as illustrated in Figure 4.10, evidenced 
that it was not necessary to load metals in very high amounts because most of 
catalysts with about 4% loading can give almost complete combustion of methane.

In Figure 4.9, the methane conversion at 400°c is exhibited, and also 
confirmed the conclusion that it was not necessary to load metals in very high 
amounts since almost the same activity, around 25-35% conversion, were observed 
for all catalysts containing about 4% loading or higher in a long period of time. 
Therefore, 5% is suggested to be an optimum loading on the accounts of high activity 
assured and metals cost benefited.
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■ ML5 (7% Pd)
□ ML6 (8% Pd)
♦ ML7 (10% Pd)
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Figure 4.8 Methane conversion of catalysts in Library II from the activity screening 
at 350°c with eight tubular flow reactors.

100

Time on stream (min)

• ML1 (1% Pd)
๐ ML2 (2% Pd)
▼ ML3 (4% Pd)
V ML4 (5% Pd)
■ ML5 (7% Pd)
□ ML6 (8% Pd)
♦ ML7 (10% Pd)
o ML8 (12% Pd)

Figure 4.9 Methane conversion of catalysts in Library II from the activity screening 
at 400°c with eight tubular flow reactors.
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Figure 4.10 Methane conversion of catalysts in Library II from the activity 
screening at 450°c with eight tubular flow reactors.

4.2.1 Activity Screening of Library III: Study of the Effect of Using Pd. Pt, 
and La in mono-, bi-. and tri-elements System
Twenty-one catalysts were prepared in mono-, bi-, and tri-elements 

system according to the appropriate preparation condition and the optimum loading 
from the previous two experiments. Their compositions are shown in Table 4.3 and 
Figure 4.5. For studying the feasibility of multi-element system, the experiments 
were designed to perform within the range 400-600°C with a 50°c increment, which 
is the applicable range of low-temperature catalyst in a catalytic combustor. Another 
experiment at 800°c was also investigated to study the feasibility of using the 
catalysts in severe conditions, e.g. the overheating condition.

Conversions along time-on-stream at different temperatures of all 
catalyst members are illustrated in Figures 4.11 to 4.33 by the identified order, 
respectively.
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Figure 4.11 Conversion at different temperatures of 5% pure Pt loaded monolithic 
catalyst (C01).

• 400°c
o 450°c
▼ 500°c
V 550°c
■ 600°c
อ 800°c

Figure 4.12 Conversion at different temperatures of 5% loaded monolithic catalyst
whose loading was relatively composed of 80% Pt and 20% La (C02).
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• 400°c
๐ 450°c▼ 500°c
V 550°c■ 600°c□ 800°c

Figure 4.13 Conversion at different temperatures of 5% loaded monolithic catalyst 
whose loading was relatively composed of 60% Pt and 40% La (C03).

Time on stream (min)

Figure 4.14 Conversion at different temperatures of 5% loaded monolithic catalyst
whose loading was relatively composed of 40% Pt and 60% La (C04).
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Time on stream (min)
Figure 4.15 Conversion different temperatures of 5% loaded monolithic catalyst 
whose loading was relatively composed of 20% Pt and 80% La (C05).

Time on stream (min)

Figure 4.16 Conversion at different temperatures of 5% pure La loaded monolithic
catalyst (C06).
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Figure 4.17 Conversion at different temperatures of 5% loaded monolithic catalyst 
whose loading was relatively composed of 20% Pd and 80% Pt (C07).

• 400°co 450°c▼ 500°c
V 550°c■ 600°c□ 800°c

Figure 4.18 Conversion at different temperatures of 5% loaded monolithic catalyst
whose loading was relatively composed of 20% Pd, 60% Pt, and 20% La (C08).
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Figure 4.19 Conversion at different temperatures of 5% loaded monolithic catalyst 
whose loading was relatively composed of 20% Pd, 40% Pt, and 40% La (C09).

Figure 4.20 Conversion at different temperatures of 5% loaded monolithic catalyst
whose loading was relatively composed of 20% Pd, 20% Pt, and 60% La (CIO).
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Time on stream (min)

F ig u re  4.21 Conversion at different temperatures of 5% loaded monolithic catalyst 
whose loading was relatively composed of 20% Pd and 80% La (Cl 1).

• 400°co 450°c▼ 500°c
V 550°c■ 600°c□ 800°c

Figure 4.22 Conversion at different temperatures of 5% loaded monolithic catalyst
whose loading was relatively composed of 40% Pd and 60% Pt (Cl2).
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Time on stream (min)

F ig u re  4 .23  Conversion at different temperatures of 5% loaded monolithic catalyst 
whose loading was relatively composed of 40% Pd, 40% Pt, and 20% La (C l3).

Time on stream (min)

Figure 4.24 Conversion at different temperatures of 5% loaded monolithic catalyst
whose loading was relatively composed of 40% Pd, 20% Pt, and 40% La (Cl4).
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F ig u re  4 .25  Conversion at different temperatures of 5% loaded monolithic catalyst 
whose loading was relatively composed of 40% Pd and 60% La (C l5).

• 400°c
๐ 450°c
▼ 500°c
V 550°c
■ 600°c
□ 800°c

Figure 4.26 Conversion at different temperatures of 5% loaded monolithic catalyst
whose loading was relatively composed of 60% Pd and 40% Pt (Cl6).
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F ig u re  4 .27  Conversion at different temperatures of 5% loaded monolithic catalyst 
whose loading was relatively composed of 60% Pd, 20% Pt, and 20% La (C l7).

• 400°c
๐ 450°c
▼ 500°c
V 550°c
■ 600°c
□ 800°c

Figure 4.28 Conversion at different temperatures of 5% loaded monolithic catalyst
whose loading was relatively composed of 60% Pd and 40% La (Cl8).
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Time on stream (min)

Figure 4.29 C o n v e r s io n  a t d i f f e r e n t  te m p e r a tu r e s  o f  5 %  lo a d e d  m o n o l i t h ic  c a t a ly s t  

w h o s e  lo a d in g  w a s  r e la t iv e ly  c o m p o s e d  o f  8 0 %  P d  a n d  2 0 %  P t ( C l 9 ) .

Time on stream (min)

Figure 4.30 Conversion at different temperatures of 5% loaded monolithic catalyst
whose loading was relatively composed of 80% Pd and 20% La (C20).
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Figure 4.31 C o n v e r s io n  a t d i f f e r e n t  te m p e r a tu r e s  o f  5 %  p u r e  P d  lo a d e d  m o n o l i t h ic  

c a t a ly s t  ( C 2 1 ) .

• 400°c
o 450°c
▼ 500°c
V 550°c
■ 60 0 °c
□ 80 0 °c

Figure 4.32 C o n v e r s io n  o f  w a s h c o a t e d  m o n o l i t h ic  c a t a ly s t  ( w i t h o u t  lo a d e d  

e le m e n t ) .
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Time on stream (min)

Figure 4.33 C o n v e r s io n  o f  m e th a n e  w it h o u t  c a t a ly s t  ( h o m o g e n e o u s  c o m b u s t io n ) .

F r o m  th e  r e s u lt s ,  a ll  c a t a ly t ic  a c t iv i t i e s  b e t w e e n  400-600°C w e r e  

o b s e r v e d  to  in c r e a s e  w i t h  th e  r e a c t io n  te m p e r a tu r e s ,  w h ic h  in d ic a t e d  th e  s u r f a c e  

k in e t ic  c o n t r o l  m e c h a n is m . A t  th e  h ig h e r  te m p e r a tu r e  o f  a b o u t  800°c, s o m e  

h o m o g e n e o u s  c o m b u s t io n  a re  e x p e c t e d  to  o c c u r  s in c e  a t le a s t  1 2 %  c o n v e r s io n  o f  

m e th a n e  h a s  b e e n  o b s e r v e d  fr o m  th e  r e a c t io n  w it h o u t  c a ta ly s t .  T h is  p h e n o m e n o n  

a ls o  r e s u lt e d  in  a lm o s t  1 0 0 %  c o n v e r s io n  o f  a l l  lo a d e d  c a t a ly s t s  a t th is  h ig h  

te m p e r a tu r e .
F o r  th e  c a r b o n  d io x id e  s e l e c t i v i t y ,  it  w a s  o b s e r v e d  th a t  a l l  m e th a n e  

c o m b u s t e d  o n  c a t a ly t ic  s u r f a c e  w a s  c o m p le t e ly  c o n v e r t e d  to  o n l y  c a r b o n  d io x id e .  
T h a t  m e a n s  o n l y  to ta l  c o m b u s t io n  o f  m e th a n e  h a s  b e e n  o c c u r r e d , w h ic h  r e s u lt e d  in  

1 0 0 %  s e l e c t iv i t y .
T h e  c o n t o u r  p lo t s  in  r ig h ta n g le d  te r t ia r y  d ia g r a m  o f  a ll  c a t a ly s t s ,  

a c c o r d in g  to  F ig u r e  4 .5 ,  a t th e  d i f f e r e n t  t e m p e r a tu r e s  w e r e  c o n s t r u c t e d  w i t h  th e  
s t e a d y  s ta te  c o n v e r s io n .  T h e  c o lo r s  in  th is  d ia g r a m  in d ic a t e  th e  d i f f e r e n t  c o n v e r s io n  

a n d  a c t iv e  z o n e  fo r  e a c h  s e l e c t e d  te m p e r a tu r e  a n d  a ls o  in d ic a t e  th e  le a d  fo r m u la t io n s .  
T h e  p lo t s  a re  s h o w n  in  F ig u r e s  4 .3 4  a n d  4 .3 5 .



Platinum Palladium Platinum Palladium

Lanthanum

Platinum Palladium

(a) (b ) (c)

Figure 4 .3 4  C o n to u r  p lo t s  o f  a c t iv i t y  o f  c a t a ly s t s  in  L ib r a r y  III fr o m  th e  a c t iv i t y  s c r e e n in g  w i t h  e i g h t  tu b u la r  f l o w  r e a c to r s  a t  

(a )  400°c, (b )  450°c, a n d  ( c )  500°c.



Platinum Palladium Platinum Palladium Platinum Palladium

(a ) (b ) ( c )

Figure 4 .3 5  C o n to u r  p lo t s  o f  a c t iv i t y  o f  c a t a ly s t s  in  L ib r a r y  111 f r o m  th e  a c t iv i t y  s c r e e n in g  w i t h  e i g h t  tu b u la r  f l o w  r e a c to r s  a t  

(a )  550°c, (b )  600°c, a n d  ( c )  800°c.

ONto
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S in c e  th e  m a in  p u r p o s e  o f  th is  r e s e a r c h  i s  to  f in d  th e  c a t a ly s t s  th a t  c a n  

b e  u s e d  in  th e  lo w - te m p e r a t u r e  s e c t io n  o f  a  h y b r id  d e s ig n e d  c o m b u s t o r  ( 4 5 0 - 5 5 0 ° C ) .  
T h e  c r ite r io n  fo r  m a k in g  a  d e c i s i o n  to  s e l e c t  th e  le a d  fo r m u la t io n  h a s  to  b e  b a s e d  o n  

th e  re a l o b l ig a t io n  o f  th e  lo w - te m p e r a t u r e  c a t a ly s t ,  w h i c h  a im s  t o  p a r t ia l ly  c o m b u s t  a  

le a n  m ix t u r e  o f  f u e l .  T h u s , th e  c a t a ly s t  w i t h  c o n v e r s io n  o f  a b o u t  7 0 %  w a s  s e l e c t e d  a s  

th e  le a d  f o r m u la t io n s  s in c e  th is  m u c h  c o n v e r s io n  c a n  e n s u r e  a n  e n o u g h  c o m b u s t  

a c t iv i t y  u n d e r  th e  h ig h e r  l in e a r  v e l o c i t y  c o n d i t io n ,  w h i c h  i s  th e  o p e r a t in g  c o n d i t io n  

o f  a  c o m m e r c ia l iz e d  g a s  tu r b in e .
T h e  c o n t o u r  p lo t  a t 400°c (F ig u r e  4 .3 4 a )  in d ic a t e s  a  l o w  p o te n t ia l  o f  

m e th a n e  c o m b u s t io n  o n  c a t a ly t ic  s u r f a c e  s in c e  l e s s  th a n  4 0 %  c o n v e r s io n  w e r e  

o b s e r v e d  f o r  a l l  c a t a ly s t s .  W h e n  th e  te m p e r a tu r e  w a s  in c r e a s e d  to  450°c, a s  

i l lu s tr a te d  in  F ig u r e  4 .3 4 b ,  o n l y  c a t a ly s t  c o n t a in in g  r e la t iv e ly  2 0 % P d , 2 0 % P t  a n d  

6 0 % L a  (C I O )  s h o w s  th e  o u t s ta n d in g  a c t iv i t y  a r o u n d  o f  7 0 %  c o n v e r s io n ,  a n d  w a s  

a ls o  s e l e c t e d  a s  th e  f ir s t  le a d . S u b s e q u e n t ly ,  o th e r  c a t a ly s t s  c o n t a in in g  r e la t iv e ly  

2 0 % P d  in  v a r io u s  a m o u n ts  o f  P t a n d  L a  w e r e  a l s o  s e l e c t e d  a s  th e  l e a d s  d u e  t o  th e ir  

h ig h e r  c o n v e r s io n  th a n  7 0 %  a t a b o u t  500°c, a s  s h o w n  in  F ig u r e  4 .3 4 c .  T h e  a c t iv e  

a r e a  w a s  a ls o  d e v e lo p e d  o n  th e  P d -P t  b i - e l e m e n t  a n d  P d  m o n o - e le m e n t  c o m e r s  w h e n  

th e  te m p e r a tu r e  w a s  in c r e a s e d  to  550°c (F ig u r e  4 .3 5 a ) .  A s  a  r e s u lt ,  th e  c o m p o s i t io n s  

o f  le a d s  w e r e  l i s t e d  in  T a b le  4 .4  a n d  a ls o  s h o w n  in  F ig u r e  4 .3 6 .
F o r  th e  c a t a ly t ic  a c t iv it y  in v e s t ig a t e d  u n d e r  o v e r h e a t in g  c o n d i t io n  a t  

a b o u t  800°c, s o m e  h o m o g e n e o u s  c o m b u s t io n  w e r e  o b s e r v e d  a s  e x p e c t e d  s in c e  a t  

le a s t  1 2 %  c o n v e r s io n  o f  m e th a n e  h a s  b e e n  o b s e r v e d  fr o m  t h e  r e a c t io n  w i t h o u t  

c a ta ly s t .  A l m o s t  1 0 0 %  c o n v e r s io n  o f  a l l  lo a d e d  c a t a ly s t s  w a s  a c h i e v e d  a t th is  h ig h  

te m p e r a tu r e .
In  c o n c lu s io n ,  t h e s e  l e a d s  w e r e  c a t e g o r iz e d  in to  t w o  m a in  g r o u p s :  P d -P t  

b i - e l e m e n t  c a t a ly s t s ,  a n d  P d -P t -L a  t r i - e le m e n t  c a t a ly s t s  w i t h  r e la t iv e ly  c o n s ta n t  

2 0 % P d  ( e q u iv a le n t  t o  l% P d  o f  5 %  to ta l  e le m e n t a l  l o a d in g ) ,  f o r  th e  fu r th e r  

c h a r a c te r iz a t io n s .
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Table 4.4 L e a d  f o r m u la t io n s  s e l e c t e d  f r o m  th e  a c t iv i t y  s c r e e n in g  r e s u lt s  w i t h  th e  

e ig h t  tu b u la r  f l o w  r e a c to r s

N o . C a ta ly s t
R a t io  o f  e l e m e n t  lo a d in g  (% )

P d P t L a
1 C IO 2 0 2 0 6 0
2 C 0 9 2 0 4 0 4 0

3 C 0 8 2 0 6 0 2 0
4 C 0 7 2 0 8 0 -

5 C 1 2 4 0 6 0 -

6 C 1 6 6 0 4 0 -

7 C 1 9 8 0 2 0 -

8 C 2 1 1 0 0 - -

L a n th a n u m

Figure 4 .3 6  A  r ig h ta n g le d  t r ia n g le  te r t ia r y  d ia g r a m  r e p r e s e n t in g  a  s y s t e m a t ic  

a r r a n g e m e n t  o f  le a d  fo r m u la t io n s .
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4.3 Lead Characterizations

E ig h t  c a t a ly s t s  s e l e c t e d  a s  l e a d s  w e r e  c h a r a c te r iz e d  w i t h  X R D  a n d  T P O /M S  

in  o r d e r  to  in v e s t ig a t e  h o w  th e  e l e m e n t s  d e p o s i t  o n  t h e  c a t a ly s t  s u r f a c e ,  a n d  s o m e  

s y n e r g i s t ic  e f f e c t s  d u e  to  th e  u s e  o f  e l e m e n t s  in  b i - ,  a n d  t r i - e le m e n t  s y s t e m  r e la te d  to  

th e  c o m b u s t io n  a c t iv i t y  s c r e e n e d  fr o m  th e  e ig h t  tu b u la r  f l o w  r e a c to r s . T h e  o th e r  t w o  

c a t a ly s t s  c o n t a in e d  p u r e  P t  a n d  L a  w e r e  a ls o  s e l e c t e d  to  s tu d y  a n d  c h a r a c te r iz e  a s  

m o n o - e l e m e n t  (p u r e  lo a d e d )  c a ta ly s t s .

4 .3 .1  X -r a v  D i f f r a c t io n  ( X R D )
A l l  X R D  p a tte r n s  o f  le a d s  a re  i l lu s tr a te d  in  F ig u r e  4 .3 7 .  T h e  p a tte r n s  

o f  th r e e  p u r e  lo a d e d  c a t a ly s t s  in d ic a te  th e  e x i s t in g  p h a s e s  in  th e  c a s e  o f  p u r e  lo a d in g .  
N o  a d d it io n a l  p e a k  o b s e r v e d  fo r  L a /A l 2C>3 in d ic a t e s  th a t  L a  i s  n o t  p r e s e n t  a s  a  c r y s ta l  

c lu s t e r  o n  th e  c a t a ly t ic  s u r fa c e .  It s e e m s  th a t L a  d i f f u s e d  in to  A I 2O 3 m a tr ix , f o r m in g  

a  s o l id  s o lu t io n .  B o t h  P t a n d  P d  a re  s t i l l  p r e s e n t  o n  c a t a ly t ic  s u r f a c e ,  b u t  in  th e  

d if f e r e n t  f o r m s . M e t a l l i c  P t i s  id e n t i f ie d  a t 3 9 .7 °  o f  2 8  w h i l e  P d O  i s  o b s e r v e d  fr o m  

th e  2 0  p e a k  a t 3 3 .8 °  in  th e  X R D  p a tte r n  o f  P t /A l 2Û 3 a n d  P d /A l 20 3, r e s p e c t iv e ly .
F o r  th e  P d -P t  b i - e l e m e n t  c a t a ly s t s ,  th e  s u b s t i t u t io n  o f  P d  b y  P t  i s  

o b s e r v e d  t o  r e d u c e  th e  in t e n s it y  o f  P d O  p e a k s ,  m o r e o v e r ,  th e  n e w  p e a k  w h o s e  2 9  i s  

s h i f t e d  in to  th e  r e g io n  b e t w e e n  th e  d i f f r a c t io n  o f  P t  ( 3 9 .7 ° )  a n d  P d  ( 4 0 .1 ° )  a p p e a r s .  
T h is  p e a k  i s  e x p e c t e d  to  b e  th e  c o m b in a t io n  p e a k  b e t w e e n  m e t a l l i c  P t  a n d  P d  

s im i la r ly  to  th e  r e s u lt s  o f  O z a w a  et al. ( 2 0 0 3 ) .  T h e s e  o b s e r v a t io n s  a l s o  in d ic a t e  th a t  

th e  s u b s t i tu t io n  o f  P d  s u p p o r te d  A I 2O 3 b y  P t c a u s e s  th e  a l lo y  fo r m a t io n  b e t w e e n  

m e t a l l i c  P d  a n d  P t. W h e n  th e  r e la t iv e  a m o u n t  o f  s u b s t i tu te d  P t  i s  n o t  h ig h e r  th a n  

6 0 % , X R D  a n a ly s i s  in d ic a t e s  th a t b o th  P d O  a n d  P d -P t  a l lo y  w e r e  c o - e x i s t e d  o n  th e  

c a t a ly t ic  s u r f a c e  w h e r e a s  o n ly  P d -P t  a n d  P t - l ik e  p a tte r n  a re  o b s e r v e d  w h e n  P t  w a s  

s u b s t itu te d  in  th e  h ig h e r  a m o u n t  ( th e  P d O  p e a k  d is a p p e a r s ) .
F o r  th e  t r i - e le m e n t  le a d s ,  th e  s u b s t i t u t io n  o f  P t  b y  L a  t e n d s  to  

d e c r e a s e  th e  P d -P t  d i f f r a c t io n  p e a k  in t e n s it y  d u e  t o  th e  d i lu t io n  o f  a l lo y  b y  L a . T h e  

in te r e s t in g  X R D  p a tte r n  i s  o b s e r v e d  in  th e  c a s e  o f  a d d in g  P d  a n d  P t in  e q u iv a le n t  

w e i g h t  r a t io  w i t h  th r e e  t im e s  o f  d i lu t io n  b y  L a  ( s e e  c  10) s in c e  a  l i t t le  p e a k  o f  P d O  

w a s  o b s e r v e d  to  c o - e x i s t  o n  th e  c a t a ly t ic  s u r fa c e  w i t h  P d -P t  a l lo y .
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Figure 4.37 XRD patterns of fresh leads after calcined at 900°c for 3 hrs.
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4.3.2 Temperature Programmed Oxidation (TPO)
In order to investigate the oxygen desorption temperature affected 

from using Pd, Pt and La in bi- and tri-element system, temperature programmed 
oxidation (TPO) of leads were performed, and the results are illustrated in Figure 
4.38. The pure Pd catalyst shows 2 peaks of O2 desorption at around 770°c and 
815°c while pure La did not show any desorption peak For pure Pt catalyst, a small 
O2 consumption peak is observed at around 135°c without O2 desorption at higher 
temperature as observed on the pure Pd catalyst.

The substitution of Pd by Pt tends to reduce both O2 desorption 
temperature and intensity. This may be resulted from the dilution of PdO by Pt, and 
also from the formation of an alloy of metallic Pd with Pt, as indicated in XRD 
patterns. The further substitution of Pt by La in tri-element leads did not show any 
difference in TPO profiles when compared with those of La-free. These observations 
also confirmed the XRD results that only Pd-Pt alloy was existed. However, when Pt 
was substituted by La until its remaining weight was equal to that of Pd, some O2 

desorption peak is observed at around 715°c while a small O2 consumption peak is 
still existed at 158°c. It can be explained that both PdO and Pd-Pt alloy were co­
existed on the La-Al2 0 3  solid solution surface when Pt was co-loaded in the 
equivalent amount of Pd with three times dilution by La (CIO). Moreover, the shift 
of desorption temperature to the lower also indicates some synergistic effect between 
Pd-Pt-La co-loaded elements.

From both XRD and TPO results, the surface model of leads is 
proposed as illustrated in Figure 4.39.
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Figure 4.38 TPO profiles of fresh leads after calcined at 900°c for 3 hrs.



69

Lanthanum

Figure 4.39 Proposed surface models of leads suggested from XRD and TPO 
results.

All characterization data were used to explain what happened with the 
catalytic activity of leads when substituting Pd by Pt, and also subsequently 
substituting Pt by La. The methane conversions of leads are listed again in Table 4.5.

The substitution of Pd by Pt tends to increase the combustion activity at 
around 450-500°C. These results may be explained by the co-existence of PdO and 
Pd-Pt alloy as indicated by XRD. Since PdO dispersed on large crystallites of 
metallic Pd was reported to have a higher combustion activity than PdO dispersed on 
AI2 O3 (Hicks et al, 1990), the observation might suggest that the same phenomena 
could occur in our case. Ozawa et al. (2003) suggested that PdO would partially 
disperse on the large Pd-Pt crystallites at the initial and results in a higher TOF of 
Pd-Pt bi-element catalyst. Another reason that may explain the increase in activity is 
based on the dual site mechanism suggested by รน et al. (1998) and Carstens et al. 
(1998). Both metallic and oxide sites were believed to be active during the 
combustion, and both of them also co-existed in Pd-Pt bi-element system. The other
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characteristic that might explain the enhancement of activity due to Pt substitution is 
the O2 desorption temperature from TPO. The lower desorption temperature would 
mean the higher oxidation activity of catalyst due to the higher ability to release 
surface oxygen. The substitution of Pt seems to reduce this desorption temperature, 
indicating the increase of methane oxidation activity on the catalytic surface.

Table 4.5 Methane conversion3 (%) at different temperatures of leads

No Catalyst
Relative ratio of 

elemental 
loading* (%)

% Conversion at different 
temperatures (°C)

Pd Pt La 400 450 500 550 600 800
1 C21 1 0 0 - - 32.3 60.7 56.8 8 8 . 8 97.0 1 0 0

2 C19 80 2 0 - 26.3 58.0 79.9 8 6 . 0 96.3 87.5
3 C16 60 40 - 10.5 52.1 82.2 96.8 93.4 85.5
4 C12 40 60 - 11.5 58.8 84.7 87.0 8 6 . 0 1 0 0

5 C07 2 0 80 - 1 2 .1 56.6 91.6 97.7 89.9 1 0 0

6 C01 - 1 0 0 - 0 . 0 0 0 . 0 0 3.29 6.43 49.8 1 0 0

7 C08 2 0 60 2 0 1 1 . 2 53.3 89.9 87.4 89.6 1 0 0

8 C09 2 0 40 40 6.87 35.5 75.2 72.6 88.9 96.2
9 CIO 2 0 2 0 60 1 1 . 6 64.5 86.3 89.9 76.9 87.5

1 0 C06 - - 1 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 3.31 63.0
Note:a investigated at around 8 hrs time-on-stream 

t with 5% total elemental loading

When Pd, Pt and La were co-loaded in tri-element system, the conversion of 
catalysts whose relative Pd loading percentage was controlled at about 20% was 
observed to slightly decrease with the amount of substituted La at low temperatures. 
This may be resulted from the dilution of noble metal presented on catalytic surface 
by La. However, when La continued diluting until the relative Pt remaining weight 
was equal to the weight of Pd (20% Pd, 20% Pt and 60% La, or CIO), its combustion 
activity was slightly increased, and also higher than those of the other tri-element 
leads. Even though the combustion activity of this catalyst was not higher than that
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of the bi-element lead (C07), its combustion activity was still higher than those of the 
bi-element catalysts containing almost equal amounts of Pd and Pt (C l6 and C l7) 
and also high enough to ensure the partial combustion under the high linear velocity 
condition. Therefore, it is selected as the best catalyst. As shown in the TPO profile 
of CIO, the oxygen desorption peak occurs at the lowest temperature as compared 
with those of all catalysts, indicating that La might help releasing oxygen or 
providing oxygen during combustion and resulting in higher conversion. Both XRD 
and TPO results indicate the co-existence of PdO and Pd-Pt as similar as in Pd-Pt bi­
element system, but supported on LaA1 0 3  solid solution. Some synergistic effect 
might be expected to occur among Pd, Pt, and La since the combustion activity was 
higher.

Therefore, the best composition is Pd:Pt:La equal to 1:1:3 (CIO). La 
addition in the tri-element system not only gives high C H 4 conversion, but also 
reduces the usage of expensive noble metals.
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