





state, and also enhances the water gas shift reaction for the removal of CO
under O,-deficient conditions [34].

From table 5.1, six catalysts, namely CAT.1 to CAT.6, were studied.
This part is the effect of cerium addition on catalytic performance study. In
this section, the variation of weight percent of cerium loading was done in
the range of 0% to 13% while the ratio of P/Rh was fixed at 3:1. The
catalytic performances were tested using () CO and HC oxidation reaction,
and (i) NOx reduction reaction. After the activity test, all catalysts were
characterized by using metal active sites and BET surface area

measurement techniques.

Table 5.1 Prepared catalysts in this section.

Catalyst Sample Metal Content
CAT. 1 0%Ce-0.01%Rh-0.03%Pt
CAT. 2 2%Ce-0.01%Rh-0.03%Pt
CAT. 3 5%Ce-0.01%Rh-0.03%Pt
CAT. 4 7%Ce-0.01%Rh-0.03%Pt
CAT. 5 9%Ce-0.01%Rh-0.03%Pt
CAT. 6 13%Ce-0.01%Rh-0.03%Pt

Figures 5.1, 52, and 5.3 show the conversion of CO, HC and NO
as a function of reaction temperature. It was observed that the activity of
catalyst increased as a function of the temperature. The more weight

percent of cerium loaded, the more activities of the catalyst were.
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Table 5.2 The light - off temperature of the prepared catalysts.

Catalyst Light - off Temperature (°C)
CO CsHs NO
CAT. 1 278 375 -
CAT. 2 302 422 470
CAT. 3 270 442 511
CAT. 4 277 440 508
CAT.5 240 424 470
CAT. 6 262 442 570

Table 5.3 showed the amount of catalyst active sites which was
measured by CO chemisorption and BET surface area. As the physical
properties data of alumina shown in Appendix B, surface area of alumina
was about 350 m%g but BET surface area of the catalysts shown in
table 5.3 was in the range from 147 to 190 m?g. This result could be
explained that the pores cf support was plugged by the loaded metal (Pt
Rh, and Ce). Therefore, the surface area of catalyst was lower than the

surface area of alumina.
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Table 53 The active site and BET Surface Area of prepared
catalysts
Catalyst Active Site BET Surface Area
(molecule/g, cat.) (m’/g. cat.)
CAT. 1 2.36X10" 167.29
CAT. 2 2.43X10" 147.89
CAT. 3 1.21X10" 126.89
CAT. 4 2.82X10" 154.45
CAT.5 1.78X10" 186.75
CAT. 6 1.22X10" 194.45

From the previous results, it can be suggested that, there is a

promotional effect of Ce addition. Its role in three-way catalysts (TWC) had

been variously  described as: oxygen storage component under the cyclic

lean-rich composition. This fluctuation is common when the automotive engine

is operated at near the stoichiometric point. The CeO, component provides

oxygen, which is stored under lean conditions, for the CO oxidation activity,

it may lead to the higher performance for HC and NOx conversion [32].
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lowest ratio of catalyst exhibited the maximum activity at 550 °C. The
activities of CAT. 7 and CAT.5 were higher than CAT. 8, 9, and 10. The
propane ﬁonversion on CAT.7 and 5 attained 100% at 500 °C while CAT.
8, 9, and 10 gave 100% propane conversion at 550 °C.

The experimental results observed during NO to N reduction were
significantly different from those observed during CO or C;Hg oxidation. On
the contrary, the activities of catalysts on NO conversion were decreased as
soon as the ratio of catalysts were increased. Fig. 5.6 clearly shows that
the variation of Rh content slightly affected NO to N, conversion. However,
when the Rh content .was increased from 0.007% to 0.01%, NO conversion
could jump from around 30% to 100%at high temperatures.

The light - off iemperature of the prepared catalysts are shown in
Table 5.5. Since NO conversions of CAT.8, 9, and CAT. 10 were always
lower than 50%, therefore, these 3 catalysts had no light-off temperature for
NO. The activities of CAT. 7 and CAT. 5 were slightly different on propane
and NO conversion. From these results, one can conclude that the best

catalysts were CAT.7 and CAT. 5.
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The measured active sites and BET surface areas are tabulated in

Table 5.6 below.

Table 5.6 The active sites and BET surface area of prepared catalysts

Catalyst Active Site BET Surface Area
(molecule/g, cat.) (m?/g. cat.)

CAT.5 1.78X10" 186.75

CAT.7 1.61X10" 213.03

CAT. 8 2.037X10" 183.48

CAT. 9 1.962X10" 196.77

CAT. 10 1.113X10" 137.65

-

The active sites measurement could support the platinum-rhodium

alloy model. From CAT. 10 to CAT. 8, the Rh content increased, as the

value of active site increased. But at tne low PURh ratio,

the high Rh

content might give an alloy effect resulting in obivous decrease of, the value

of active site. Rh-migration could affect the active sites of Pt which

converted the CO pollutant. Thus, CO conversion was decreased at high

temperature.
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For these reasons, the orders of activity of all the reactions were
CO converison :
CAT. 10 ~ CAT. 9 ~ CAT. 8 > CAT. 5 > CAT. 7
CsHs converison :
CAT. 7 ~CAT. 5> CAT. 8> CAT. 9> CAT 10
NO to N, converison :
CAT. 7 ~ CAT. 5>> CAT. 10 > CAT. 9 > CAT. 8
Therefore, the catalyst with the best overall performance was 9wt%Ce-

0.01%Rh-0.03%Pt (CAT. 5).
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Table 5.7 The light - off temperatures of the various catalysts.

Catalyst Light - off Temperature (°C)
CcO CsHs NO

CAT. 5 240 424 470
CAT. 11 240 427 8575
CAT. 12 252 427 520

The active site and BET surface area of the catalysts in this part

are illustrated in table 5. 8. The order of active sites was
CAT. 5 > CAT. 12 = CAT. 11

Table 5.8 The active site and BET surface of all catalysts

Catalyst Active Site BET Surface Area
(molecule/g, cat.) (m?/g. cat.)

CAT.5 1.78X10" 186.75

CAT. 11 0.91X10" 133.43

CATBE - 1.29X10" 179.00

The result of active site measurement could confirm the activity of
catalyst as mentioned above.

The results described above agreed with those previously reported by
Marecot et al [36, 37] and Hegedus et al [47]. Marecot et al demonstrated
that the catalytic activity of catalyst prepared by sequencial impregnation was

higher than the activities of the catalyst prepared by coimpregnatoin. While
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Hegedus et al concluded that a layer catalyst having an exterior layer
principally platinum and an interior layer with the major portion of the rhodium
on the catalyst, resulted in improved overall three-way performance when

operated close to the stoichiometric point.



5.2 Effect of the Calcination Condition on Catalytic Performance.

This part of experiment was designed to study the modification of
the conventional three-way catalyst. The objective of the modification is to
develop a high performance three-way catalyst The modification was
performed by changing the atmosphere and temperature of calcination of
three conventional catalysts. The conventional catalyst was 9 wt%Ce-0.01
wt%Rh-0.03 wt%Pt (CAT. 5) calcined in a reference conditions (ie. in air at

500 °C). The modified calcination conditions are shown in Table 5.9.

Table 5.9 The prepared catalysts in this part.

Catalyst Sample ] Calcination Condition
CAT. 5(conventional) Calcined in air at 500° C (ref. condition)
CAT. 13 Calcined in 10%H; at 400°C
CAT. 14 Calcined in 10%H, at 500° C
CAT. 15 Calcined in 10%H, at 600° C
CAT. 16 Calcined in 10%H, at 700° C

The results of CO, C3Hs, and NO to N, conversion at the
temperature range of 150 - 600 ° C are shown in figures 5.10, 5.11, and
5.12, respectively.

The modified catalysts gave the interesting influence on the efficiency
and CO conversion of catalyst. Figure 5.10 shows the advantage of
calcination in a H, atmosphere for the oxidation of CO to CO,. The results

clearly show that the catalysts calcined in the H, atmosphere were much
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Table 5.11 The BET surface area and Active site of catalysts prepared by

different calcination atmosphere.

Catalyst Active Site BET
(CO molecule/g. cat.) (m?%g. cat)
CAT.5 1.78X10"™ 186.75
CAT. 13" 1.808X10" 191.57
CAT. 14" 1.201X10"® 203.79
CAT. 15" 0.449X10"® 159.00
CAT. 16~ 0.514X10" 214.11

* Atomsphere : Air 500°C 4 hours

** Atmosphere :  10% Hi/N;

The active site measurement can give the particle size of metal. The
decrease of CO showed that the metal particle size was increased by the
reducing calcination atmosphere and high temperature calcination. These

effect could be attributed to the strong-metal-support-interaction phenomenon.
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5.3.2 Effect of simulated A/F ratio on Catalytic Performance.
This experiment involved an investigation of the conversion efficiency
of CO, CsHs, and NO as a function of stoichiometric number. The activity at
a sample temperature of 500 °C was measured at different gas compositions.

The gas compositions were characterized by the stoichiometric number (S).
Table 5.12 The gas compositions.

S - value
0.67 0.72 0.897 0.98 1.05 1.31 1.45
Gas
0, 0.96 0.94 1.07 138 1.57 1.75 1.97
CcO 0.30 0.30 0.30 030 030 0.30 0.30
NO -0.05 0.05 0.05 005 005 0.05 0.05
CsHs 0.264 0.241 0214 0251 0235 0241 0.245

He balance balance balance balance balance balance balance

As shown in figure 5.17, it appears clearly that the catalyst needs
to operate close to the stoichiometric point in order to effectively convert
simultaneously the pollutants. On the rich side the limiting factor was the CO
conversion and on the lean side it was the NO conversion. In oxygen -
deficient atmosphere, propane can be partially oxidized into carbon oxides
and hydrogen on PtRh/CeQ./Al,O; catalysts at 330 - 550 °C. H, was formed
by steam reforming (slow reaction) and water - gas shift (fast .reaction)

appeared in the reaction products after the complete disappearance of O, in
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the gas phase. Rhodium was the key component of the catalyst for the
formation of H, [19]. And from results in previous paper [48], rhodium can
support water - gas shift reaction and steam reforming. It could widen the
catalyst's window. The definition of window here is the A/F range that could
convert all pollutants more than 80% conversion. Table 5.13 shows the
amount of hydrogen formed from steam - reforming and water - gas shift
reactions. Both reactions could enhance the CO conversion of various

catalysts.

Table 5.13 The amount of hydrogen formed on rich side (0.67 - 0.897).

(arbitrary unit)

S-value
Catalyst Sample 0.67 | 0.69 0.73 0.897
CAT.5 516 430 - -
CAT. 16 - - 513 354

As can be seen in figure 5.29, the modified catalyst had higher
performance on both CO and NO conversion than the conventional three -
way catayst. The window of the modified catalyst was 1 + 0.03 while that

window of conventional catalyst was 1 + 0.02.






100

@
(@)
e

~ %
% CAT. 17, $=0.98

~®- CAT. 18 S=1.01
—¥- CAT. 19, §S=0.97
“*- CAT. 20, S=1.01

CO CONVERSION(%)
IN o
o o

20

X

0 l‘-':'l""l""I'_“'l""l""l""l""I"'
150 200 250 300 350 400 450 500 550 600

TEMPERATURE (°C)

Figure 5.18 Effect of the pre-treatment condition on conventional catalysts
for CO Conversion :

pre-treated condition - CAT. 17 S, = 0.68
Sz = 1.00

GHSV =15,000". -CAT. 18 S:.# 1.00
Sz = 1.00

Gci



. )
% CAT. 17, S=0.98

©- CAT. 18, §=1.01
- CAT. 19, $=0.97

* CAT. 20, S=1.01
N 7

PROPANE CONVERSION(%)

TEMPERATURE (°C)

Figure 5.19 Effect of the pre-treatment condition on conventional catalysts
for Propane Conversion :
pre-treated condition - CAT. 17 S; = 0.68
S, = 1.00
GHSV = 15000 h' -CAT.18  S; = 1.00
Sz = 1.00

ocl



100 +
-
;\? -
Z 80
o
7))
o
>
~+
> 60
o)
o
N
2 40 / )
= % CAT. 17, $=0.98
O '
z : ¥ -0 CAT. 18, S$=1.01
Tt =~ CAT. 19, §=0.97
*- CAT. 20, S=1.01
. SR A2 T L J

150 200 250 300 350 400 450 500 550 600
TEMPERATURE (°C)

Fiugre 5.20 Effect of the pre-treatment condition on conventional catalysts
for NO Conversion :

pre-treated condition - CAT. 17 S; = 068
SQ = 1.00
GHSV = 15,000". - CAT. 18 Sy =.1.00
S, = 1.00

21



Table 5.14 The catalysts used in this part.

Catalyst Pretreatment Condition
CAT. 17 Calcined in air at 500 °C
CAT. 18 Calcined in 10%H, at 700 °C
CAT. 19 S = 0.68 (rich condition)

S;= 1.00
CAT. 20 S;= 1.00 (stoichiometric)

S;= 1.00

From these resulits,

128

it can be summarized that CAT. 19 exerted the

highest efficiency and activtiy, considering from the temperatures at which

the catalyst attained the highest activity which was the lowest for CAT. 19.

Whereas, CAT. 20 exhibited the lower efficiency than CAT. 17.

Table 5.15 The light - off temperature of pretreated catalysts.

Catalyst Light - off Temperature (°C)

CO Propane NO
CAT. 17 240 424 470
CAT. 18 155 351 375
CAT. 19 162 300 325
CAT. 20 240 426 565

Table 5.15 shows the light - off temperature (50% conversion). It clearly

shows that CAT. 19 gave the maximum activity at the lowest overall light-off

temperature. For this reason, CAT. 19 exhibited the highest efficiency.
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Table 5.16 Comparison of the active site among CAT. 17, CAT. 18, and

CAT. 19.
Catalyst Active Site
(CO molecule/g.cat.)
CAT. 17 1.78X10"
CAT. 18 0.514X10"
CAT. 19 0.389X10"®

The active site measurement in Table 5.16 can confirm the size of
metal which was increased. The increase of metal size can be affected from
SMSI phenomena.

From the data described above it can be suggested that the
pretreatment condition in rich exhaust gas was similar to i1educing
atmosphere. This method was the same as the modification of conventional

three-way catalyst. However, the pretreatment method can give the higher

efficiency.
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Conclusion

The best catalyst was the pretreated catalyst in rich condition at 700° C
for 7 hours (CAT. 19).

From the experimental results explained in each section it can be
concluded that' the best catalyst was CAT. 19 comprising of 9 wt%Ce-0.01
wt%Rh-0.03 wt%Pt and its preparations were as follows :

1. Loading Ce salt on y-Al,O3, and then calcined.
2. Impregnating with Rh salt, and then calcined.

3. Finally, reimpregnating with Pt salt in form of chloroplatinic acid.
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