CHAPTER IV
RESULTS AND DISCUSSION

4.1 Catalyst Preparation

This part reports the washcoating results of ceramic monolith used as a
catalytic support and also some information of all library members.

4.1.1 Monolith Washcoating

The original and bit monoliths were investigated for their surface
morphologies using SEM, as shown in Figure 4.1, Some surface roughness has been
observed after the acid biting expected to enhance the attachment between
monolithic wall and alumina slurry. After bit monoliths were dipped into Y-Al203
slurry and calcined at 500°C, their alumina coated thicknesses were also estimated
by SEM. Figure 4.2 illustrates the results at the different magnifications of the
washcoated monolith. It was indicated that Y-Al.0s was coated as a layer on the
monolithic walls with the thickness of around 30-35 pm. The SEM result of bare
monolith, as shown in Figure 4.3, also confirms the existing of additional Y-Al203
layers onto monolithic walls.

(a)

Figure 4.1 SEM images of (a) original ceramic monolith, and (b) bit monolith
(dipped with 2.5%wt acetic acid solution for around 2 min).
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(c)
Figure 4.2 SEM images ofy-Al20s washcoated monolith with the magnifications of
(a) 50, (b) 75, and (c) 750 times.
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Figure 43 SEM image of bare ceramic monolith,
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4.1.2 Library I: Catalysts for Studying the Effect of Calcination Step
Eight monolithic catalysts were selected to observe the effect of
calcination related to alumina phase. There are three main categories: i) unloaded
catalysts, ii) palladium-based catalysts (both bi- and tri- elements), and iii) platinum-
based catalysts. All of them are identified and also listed in Table 4.1.

Table 41 Catalyst formulations prepared by incipient wetness method to achieve
5% total loading for studying the effect of catalyst preparation

Relative ratio of

No.  Catalyst elemental loading (%) Remark
Pd Pt La

1 CM - - - Bare Monolith

2 C22 - - - Washcoated Monolith
3 C19A 80 20 - Method A (Pd-based)
4 C19B 80 20 - Method B (Pd-based)
5 CL7A 60 20 20 Method A (Pd-based)
6 Cl7B 60 20 20 Method B (Pd-based)
7 C02A - 80 20 Method A (Pt-based)
8 C02B 80 20 Method B (Pt-based)

Note: Method A: washcoated monollth was calcined at 500°c and re-calcined at 900°c for 3 hrs after

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

The XRD patterns in Figure 4.4 indicate that Method A generates
y-alumina phase while mixed y- and 6-alumina phases are achieved from Method B
(both patterns were matched with the XRD references: PDF No. 29-63, and 46-1131,
respectively).
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Figure 4.4 XRD patterns of original y-Al,Os, calcined y-Al,O3 at 500 and 900°C for
3 hrs.

4.1.3 Library : Catalysts for Studying the Effect of Loading Amount
Eight palladium supported Y-AI203 washcoated ceramic monoliths
were prepared with different total loading amounts with an appropriate calcination
step from the previous experiment. All of them are identified and also listed in Table

4.2.

Table 4.2 Catalyst formulations prepared by incipient wetness method for studying

the effect of loading amount

No. Catalyst Pd loading (%wt) No. Catalyst Pd loading (% wt)

1 ML1 1% 5 ML5 %
2 ML2 2% b ML6 8%
3 ML3 4% 7 ML7 10%
4 ML4 5% 8 ML3 12%
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4.1.4 Library HI: Catalysts for Studying the Effect of Using Pd, Pt and La in
mono-, bi-, and tri-elements System

Twenty-one catalysts loaded with Pd, Pt, and La simultaneously by a

20% interval, in mono-, bi-, and tri-elements system were prepared according to

tertiary diagram. The calcination step and total loading were used as the appropriate

conditions received from the previous study. All of them are identified and also listed

in Table 4.3, and Figure 4.5.

Table 4.3 Catalyst formulations for studying the feasibility of using Pd, Pt, and La

inmono-, bi-, and tri-elements system

Relative ratio of Relative ratio of

No Catalyst elemental loading™ (%) nNo  catalyst ~ elemental loading* (%)

Pd Pt La Pd Pt La
1 Cola - 100 - 13 C 13e 40 40 20
2 C02b - 80 20 14 Clde 40 20 40
3 C03b - 60 40 15 C15b 40 - 60
4 C04b - 40 60 16 C16b 60 40
5 CO05b - 20 80 17 ClTe 60 20 20
6 Co06a - - 100 18 C18b 60 - 40
7 CO7hb 20 80 - 19 C19b 80 20
8 C08¢ 20 60 20 20 C20b 80 - 20
9 C09c 20 40 40 21 C2la 100
10 C10c 20 20 60 22 C22*
11 Cllb 20 - 80 23 C23J
12 Cl2b 40 60

single-eleme ata s
ﬁ a’stsmlﬁ |eementsstem P}/Lg Pa/L orPd
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Figure 4.5 A rightangled triangle tertiary diagram representing a systematic
arrangement of catalysts in Library IlI.
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Figure 46 A picture of washcoated monoliths (in the left-hand-side) to be

impregnated with active element(s) solutions (in the right-hand-side).



45

4.2 Catalytic Activity Screening

This section shows the activity of all catalysts in the libraries. The activity
testing was investigated under the simulated operating conditions of a small turbine
unit at 1 atm. The conditions were 2% methane in air with 1 m/s linear velocity at

fixed different given temperatures in each experiment.

4.2.1 Activity Screening of Library I: Study of the Effect of Calcination Step
The experiments were performed at 650°C to observe some differences
between two preparation methods related to alumina phase. The compositions of all
catalyst formulations used in this study are displayed in Table 4.1. From GC data,
100%selectivity was achieved with conversion as illustrated in Figure 4.7.
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Figure 4.7 Methane conversion of catalysts in Library | from the activity screening
using eight tubular flow reactors (filled symbols indicate the catalysts prepared from

Method A while the opened symbols indicate the catalysts prepared from Method 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.

421 Activity Screening of Library II:  dv ofthe 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
threg 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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Figure 4.8 Methane conversion of catalysts in Library Il from the activity screening
at 350°c with eight tubular flow reactors.
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Figure 49 Methane conversion of catalysts in Library |1 from the activity screening
at 400°c with eight tubular flow reactors.
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Figure 410 Methane conversion of catalysts in Library Il from the activity

screening at 450°c with eight tubular flow reactors.

42.1 Activity Screening of Library lIl; 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 (COL).
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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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Figure 4.13 Conversion at different temperatures of 5% loaded monolithic catalyst
whose loading was relatively composed of 60% Pt and 40% La (C03).
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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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Figure 4.15 Conversion different temperatures of 5% loaded monolithic catalyst
whose loading was relatively composed of 20% Pt and 80% La (C05).
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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 (CO7).
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Fiure 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 4.21 CONVersion at different temperatures of 5% loaded monolithic catalyst
whose loading was relatively composed of 20% Pd and 80% La (CI 1),
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Figure 4.22 Conversion at different temperatures of 5% loaded monolithic catalyst
whose loading was relatively composed of 40% Pd and 60% Pt (CI2).
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Figure 4.2 CONVersion at different temperatures of 5% loaded monolithic catalyst
whose loading was relatively composed of 40% Pd, 40% Pt, and 20% La (CI3).
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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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Figure 4.25  CONVersion at different temperatures of 5% loaded monolithic catalyst
whose loading was relatively composed of 40% Pd and 60% La (C15).
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Figqure 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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Figure 4.27 CONVersion at different temperatures of 5% loaded monolithic catalyst

whose loading was relatively composed of 60% Pd, 20% Pt, and 20% La (C17).
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Figure 4.28 Conversion at different temperatures of 5% loaded monolithic catalyst
whose loading was relatively composed of 60% Pd and 40% La (CI8).
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Figure 429 Conversion at different temperatures of 5% loaded monolithic catalyst
whose loading was relatively composed of 80% Pd and 20% Pt (C 19).
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Figure 430 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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at different temperatures of 5% pure Pd loaded monolithic
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Figure 4.32 conversion of washcoated monolithic catalyst (without loaded

element).
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Figure 4,33 Conversion of methane without catalyst (homogeneous combustion).

From the results, all catalytic activities between 400-600°C were
observed to increase with the reaction temperatures, which indicated the surface
kinetic control mechanism. At the higher temperature of about 800°C, some
homogeneous combustion are expected to occur since at least 12% conversion of
methane has been observed from the reaction without catalyst. This phenomenon
also resulted in almost 100% conversion of all loaded catalysts at this high
temperature.

For the carbon dioxide selectivity, it was observed that all methane
combusted on catalytic surface was completely converted to only carbon dioxide.
That means only total combustion of methane has been occurred, which resulted in
100% selectivity.

The contour plots in rightangled tertiary diagram of all catalysts,
according to Figure 4.5, at the different temperatures were constructed with the
steady state conversion. The colors in this diagram indicate the different conversion
and active zone for each selected temperature and also indicate the lead formulations.

The plots are shown in Figures 4.34 and 4.35.
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Since the main purpose of this research is to find the catalysts that can
be used in the low-temperature section of a hybrid designed combustor (450-550°C).
The criterion for making a decision to select the lead formulation has to be based on
the real obligation of the low-temperature catalyst, which aims to partially combust a
lean mixture of fuel. Thus, the catalyst with conversion of about 70% was selected as
the lead formulations since this much conversion can ensure an enough combust
activity under the higher linear velocity condition, which is the operating condition
ofacommercialized gas turbine.

The contour plot at 400°C (Figure 4.34a) indicates a low potential of
methane combustion on catalytic surface since less than 40% conversion were
observed for all catalysts. When the temperature was increased to 45000, as
illustrated in Figure 4.34b, only catalyst containing relatively 20%Pd, 20% Pt and
60% La (C10) shows the outstanding activity around of 70% conversion, and was
also selected as the first lead. Subsequently, other catalysts containing relatively
20% Pd in various amounts of Pt and La were also selected as the leads due to their
higher conversion than 70% at about 500°C, as shown in Figure 4.34c. The active
areawas also developed on the Pd-Pt bi-element and Pd mono-element comers when
the temperature was increased to 550°C (Figure 4.35a). As a result, the compositions
of leads were listed in Table 4.4 and also shown in Figure 4.36.

For the catalytic activity investigated under overheating condition at
about 800°C, some homogeneous combustion were observed as expected since at
least 12% conversion of methane has been observed from the reaction without
catalyst. Almost 100% conversion of all loaded catalysts was achieved at this high
temperature.

In conclusion, these leads were categorized into two main groups: Pd-Pt
bi-element catalysts, and Pd-Pt-La tri-element catalysts with relatively constant
20%Pd (equivalent to 1%Pd of 5% total elemental loading), for the further

characterizations.



Table 44 Lead formulations selected from the activity screening results with the

eight tubular flow reactors

Ratio of element loading (%)
No. Catalyst

Pd Pt La
1 Clo 20 20 60
2 Co9 20 40 40
3 co8 20 60 20
4 co7 20 80
5 C12 40 60
6 C16 60 40
7 C19 80 20
8 C21 100

Lanthanum

. Lead Formulations

Platinum Palladium

Figure 4.36 A rightangled triangle tertiary diagram representing a systematic

arrangement of lead formulations.
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4.3 Lead Characterizations

Eight catalysts selected as leads were characterized with XRD and TPO/MS
in order to investigate how the elements deposit on the catalyst surface, and some
synergistic effects due to the use of elements in bi-, and tri-element system related to
the combustion activity screened from the eight tubular flow reactors. The other two
catalysts contained pure Pt and La were also selected to study and characterize as

mono-element (pure loaded) catalysts.

4.3.1 X-rav Diffraction (XRD)

All XRD patterns of leads are illustrated in Figure 4.37. The patterns
of three pure loaded catalysts indicate the existing phases in the case of pure loading.
No additional peak observed for La/Al2C3 indicates that La is not present as a crystal
cluster on the catalytic surface. It seems that La diffused into A1203 matrix, forming
a solid solution. Both Pt and Pd are still present on catalytic surface, but in the
different forms. Metallic Pt is identified at 39.7° of 28 while PdO is observed from
the 20 peak at 33.8° in the XRD pattern of Pt/A1203 and Pd/A 120 3, respectively.

For the Pd-Pt bi-element catalysts, the substitution of Pd by Pt is
observed to reduce the intensity of PdO peaks, moreover, the new peak whose 29 is
shifted into the region between the diffraction of Pt (39.7°) and Pd (40.1°) appears.
This peak is expected to he the combination peak between metallic Pt and Pd
similarly to the results of Ozawa et al. (2003). These observations also indicate that
the substitution of Pd supported Al203 by Pt causes the alloy formation between
metallic Pd and Pt. When the relative amount of substituted Pt is not higher than
60%, XRD analysis indicates that both PdO and Pd-Pt alloy were co-existed on the
catalytic surface whereas only Pd-Pt and Pt-like pattern are observed when Pt was
substituted in the higher amount (the PdO peak disappears).

For the tri-element leads, the substitution of Pt by La tends to
decrease the Pd-Pt diffraction peak intensity due to the dilution of alloy by La. The
interesting XRD pattern is observed in the case of adding Pd and Pt in equivalent
weight ratio with three times of dilution by La (see C].O) since a little peak of PdO

was observed to co-exist on the catalytic surface with Pd-Pt alloy.
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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 Q. desorption at around 770°C and
815°c while pure La did not show any desorption peak For pure Pt catalyst, a small
02 consumption peak is observed at around 135°c without Q. desorption at higher
temperature as observed on the pure Pd catalyst.

The substitution of Pd by Pt tends to reduce both O. 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 O
desorption peak is observed at around 715°c while a small O. 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-Alos 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.



68

100%Pd (C21)
M

80%Pd20%Pt(Cl9)

_ 60%Pd 40%Pt (C16)

; 40%Pd 60%Pt (C12 —

20%Pd 80%Pt (C07)

100%Pt (CO1)
™SNe—

TCD Signal (mV)

20%Pd 60%Pt 20%La (C08)

20%Pd 40%Pt 40%La (C09)
"\,

%20%1% 6%LaCl0)

100%La (C06)

\ : : e S S~

100 200 300 400 500 600 700 800 80C
Temperature (°C)

Figure 4.38 TPO profiles of fresh leads after calcined at 900°c for 3 hrs.
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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
Al Qs (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 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 O 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

Re'g}é‘ﬁernatgf of % Conversion at different
No Catalyst  loading* (%) temperatures (°C)

Pd Pt La 400 450 500 550 600 800
1 Cl w0 - - 33 607 568 ses 970 100
2 C19 80 0 - 23 80 79 o %3 875
3 C16 o0 40 - 105 51 82 %8 B4 85
4 C12 40 60 - 15 B8 &7 80 80 100
5 C07 0 80 - w1 %6 916 97 899 1
6 co1 - 100 = o000 o000 329 643 498 100
! C08 50 00 20 12 B33 899 814 896 10

8 C09 00 40 40 687 H5 2 726 B9 %2
9 ClO 20 20 60 1 645 863 89 769 875

C06 - 100 000 000 o000 o000 331 630

Note ain estl ated at around 8|hrs fime-on-stream
twith 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 CI0), 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 (C16 and CI7)
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 LaAses 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 cw 4 conversion, but also
reduces the usage of expensive noble metals.
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